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Step-by-Step Solutions to
Problems in this Chapter,
“Units of Measurement”

LENGTH
® PROBLEM 1

The Eiffel Tower is 984 feet high. Express this height in
meters, in kilometers, in centimeters, and in millimeters.

I

Solution: A meter is equivalent to 39,370 inches, In this

problem, the height of the tower in feet must be converted

to inches and then the inches can be converted to meters.

There are 12 inches in 1 foot. Therefore, feet can be

converted to inches by using the factor 12 inches/l foot.
984 feet x 12 inches/l foot = 118 x 10! inches.

Once the height is found in inches, this can be converted
to meters by the factor 1 meter/39.370 inches.

11808 inches x 1 meter/39.370 inches = 300 m.
Therefore, the height in meters is 300 m,

There are 1,000 meters in one kilometer., Meters can
be converted to kilometers by using the factor 1 km/1000 m.

300 m = 1 km/1000 m = ,300 km.

As such, there are .300 kilometers in 300 m.

There are 100 centimeters in 1 meter, thus meters can
be converted to centimeters by multiplying by the factor
100 em/1 m.

300 m x 100 em/1l m = 300 x 10? cm.

There are 30,000 centimeters in 300 m.

There are 1,000 millimeters in 1 meter; therefore,



meters can be converted to millimeters by the factor
1000 mm./l m.

300 m x 1,000 mm/1l m = 300 x 10° mm.

There are 300,000 millimeters in 300 meters.

® PROBLEM 2

The unaided eye can perceive objects which have a
diameter of 0.1 mm, What is the diameter in inches?

Solution: From a standard table of conversion factors,
one can find that 1 inch = 2.54 em. Thus, cm can be con-
verted to inches by multiplying by 1 inch/2.54 cm. Here,
one is given the diameter in mm, which is .1 cm. Milli-
meters are converted to cm by multiplying the number of
mm by .l cm/1 mm. Solving for cm, you obtain:

0.1 mm x .1 em/1 mm = ,01 cm,
Solving for inches:

.01 cm x !ig"l‘lg = 3,94 x 10~° inches.

AREA
® PROBLEM 3

One cubic millimeter of oil is spread on the surface of
water so that the oil film has an area of 1 square meter.
What is the thickness of the oil film in angstrom units?

Solution: Since one is asked to give the final thickness
of the Film in angstroms, it is useful to convert the

o
other dimensions given to angstroms first. 1A = 10-''m =
107 mm. Therefore, 1 mm = 1A/10~7 = 107A.

Cubing both sides of this equation gives the number
of cubic angstroms in 1 cubic millimeter.

-]
(Lmm)® = (107A)°
L mm® =10%'A’ = volume of oil.
The final area of the film is given as 1 m?. One



-] -] o
knows that 1 m = 10'%A; therefore, 1 m? = (10'°a)% =107°A%,
The volume is equal to the area of the film multiplied
by the thickness. Thus, one can find the thickness of
the film by dividing the volume by the area.

10282
10%°a?

thickness = = 10 ;.

® PROBLEM 4

How much area, in square meters, will one liter of paint
cover if it is brushed out to a uniform thickness of
100 microns?

Solution: Because one is asked to give the final area in
sguare meters, one should first convert the volume and
thickness to meter units, One liter is egqual to 1,000 cc.
Since 1 m = 100 cm, one can convert centimeters to meter
units by cubing both sides of the equality:

i = {100cn]3
1n3 = 1,0 x 1060c
) o
1.0 x 108
10'6n3 = lcc
Therefore, 1000 cc or 1 liter is equal to 10~%* m? = 1,000
or 10! m?, There are 10° microns in 1 m. Thus, 1 micron =
10* m and 100 microns = 10~" m, The area of the film is
equal to the volume divided by the thickness.

107 m?
10"* m

Therefore, area = =10 m?.

VOLUME
® PROBLEM 5

I Determine the number of cubic centimeters in one cubic anhJ

Solution: One meter equals 39.37 inches and, since there
are centimeters in 1 meter, there are 39.37 inches in
100 cm. Thus, 1 inch is equal to 100/39.37 com.




cm = 2,54 cm,

- 100
1 inch = 33737

By cubing both sides of this equation, one can solve for
the number of cubic centimeters in 1 cubic inch.
(1 inch)® = (2,54 cm)’®

1 inch? = 16.4 ce.

® PROBLEM 6

Calculate the number of liters in one cubic meter. I

Solution: There are 1,000 milliliters (ml) or cubic
centimeters (cc) in one liter., Thus, if one wishes to
convert one cubic meter to liters, the cubic meter must
be converted to cubic centimeters.

1l meter = 100 centimeters
{1 meter)® = (100 centimeters)’
= 1,000,000 centimeters®
= 1 x 10° cubic centimeters
Cubic centimeters can be converted to liters by multi-
ing the number of cubic centimeters by the factor
1l liter/1,000 cubic centimeters,
1 = 10% cubic centimeters = 1 liter/1,000 cubic centimeters
= 1,000 liters.

There are 1,000 liters in one cubic meter.

® PROBLEM 7

What is the volume, in cubic centimeters, of a cube which
is 150.0 mm along each edge?

Solution: There are 10 mn in 1 cm; therefore, millimeters
Can De converted to centimeters by multiplying the number
of millimeters by 1 cm/10 mm.

length of edge in cm = 150 mm * 1 ecm/10 mm = 15 cm.

The volume of a cube is equal to the length of the side
cubed.

volume = (15 cm)? = 3375 cc.



¢ PROBLEM 8

_—

What volume (in cc) is occupied by a block of wood of
dimensions 25.0 m x 10.0 om x 300 mm, All edges are
90° to one another,

Solution: Since all of the edges are 90° to one another,
one knows that the block is a rectangular solid, The
volume of a rectangle is equal to the length times the
width times the height. If one wishes to find the volume
in cubic centimeters, the lengths of all of the sides
must be first expressed in centimeters.

There are 100 cm in 1 m; thus, to convert meters
to centimeters, the number of meters must be multiplied
by 100 cm/1 m.

25.0 m x 100 em/1l m = 2500 cm.

There are 10 mm in 1 cm; thus, to convert milli-
meters to centimeters, multiply the number of milli-
meters by 1 cm/10 mm.

300 mm = 1 em/10 mm = 30 cm

Solving for the volume:

volume = 2500 em x 10.0 cm x 30 em = 7,50 = 10* cc.

* PROBLEM 9

What is the volume in liters of a rectangular tank which
measures 2,0 m by 50 cm by 200 mm?

Solution: One liter is equal to 1000 cc; therefore, one
shou ind the volume of the tank in cubic centimeters
first and then convert to liters. This method is best for
this problem because the sides of the tank are given in
units which can quickly be converted to centimeters.

There are 100 ¢m in 1 m. Thus, 2 m is equal to
2,0 m x 100 cm/1 m or 200 cm. There are 10 mm in 1 cm,
therefore 200 mm is equal to 200 mm x 1 cm/10 mm or
20 cm.

Solving for the volume of the tank in cubic
centimeters:

volume = 200 cm x 50 cm * 20 em = 2.0 = 10° cc.

To convert from cubic centimeters to liters
multiply by 1 liter/1000 cc.

volume in liters = 2.0 x 10° cc x 1 liter/1000 cc
= 200 liters.



® PROBLEM 10

—

A rectangular box is 5.00 in, wide, 8.00 in. long, and
6.0 in. deep. Calculate the volume in both cubic centi-
meters and in liters.

Solution: The volume of a solid is found by multiplying
the height times the length times the width,

volume = (6.0 in} x (8.0 in) x (5,0 in) = 240 in’.
From a standard conversion table, one finds that 1 inch =
2.54 cm. One finds the volume of cubic inches in cubic
centimeters by cubing both sides of this equality.

1l inch = 2,54 em

(1 inch)? = (2.5kem)>
1 inch? = 16.4 cc,

Thus, one can convert the volume of the rectangle
from cubic inches to cubic centimeters by multiplying
the number of cubic inches by the conversion factor,
16.4 cc/l inch?,

volume of rectangle = 240 in’ x 16.4 cc/l in’

= 3936 cec.

There are 1000 cc in 1 liter, Therefore, to convert
from cubic centimeters to liters, multiply the number of
cubic centimeters by 1 liter/1000 cc.

volume in liters = 3936 ce x 1 liter/1000 cc

= 3,936 liters.

¢ PROBLEM 11

A student made three successive weighings of an object as
follows: 9.17 g, 9.15 g, and 9,20 g. What is the average
weight of the object in milligrams?

—

Solution: The average of a set of weights is found by
ng together all of the weights and then dividing by
the number of weighings used,



avg. - (9.17 g + 9.15 g + 9.20 q) = 2?-?2 9_ = 9.17 g
k] . .

weight
Now that the average weight in grams has been
determined, convert it to milligrams using the conversion
factor of 1,000 mg/g.

9.17 g x 1'°—°g—mi— = 9170 mg.

* PROBLEM 12

A silver dollar weighs about 0,943 ounces, Express this
weight in grams, in kilograms, and in milligrams,

Solution: One ounce is equal to 28,35 g; thus, to
convert from ounces to grams, one multiplies the number
of ounces by the conversion factor, 28,35 g/l ounce.

no. of grams = 0,943 ounces x 28,35 g/l ounce
= 26,73 g.

There are 1,000 g in 1 kg; therefore, to convert
from grams to kilograms, one multiplies the number of
grams by 1 kg/1,000 g.

no. of kg = 26,73gx 1 kg/1000 g = .02673 kg,

There are 1,000 mg in one gram; thus, to convert
from grams to milligrams, multiply the number of grams
by the conversion factor, 1000 mg/l g.

no., of mg = 26,73 g x 1000 mg/l g = 26730 mg.

¢ PROBLEM 13
—————

It is estimated that 3 x 10° tons of sulfur dioxide, SO0,
enters the atmosphere daily owing to the burning of coal
and petroleum products. Assuming an even distribution of
the sulfur dioxide throughout the earth's atmosphere
(which is not the case), calculate in parts per million
by weight the concentration of $0:; added daily to the
atmosphere. The weight of the atmosphere is 4.5 x

10'% tons. (On the average, about 40 days are required
for the removal of the S0:; by rain).

Solution: Hare. one is asked to find the number of tons
of 50; per 10° tons, i.e. per million, of atmosphere. This
is done by ulinq the following ratio: Let x = no. of tons
of 50; per 10° tons of atmosphere,




3.0 x 10° tons S0; _ x
4.5 x 1013 tons atm 10% tons atm

3.0 x 10’ tons S02 x 10° tons atm

x= . ons atm

x = 6.67 x 10™* tons S0: or 6.67 x 10”° ppm SO:.

DENSITY

o PROBLEM 14

The density of alcohol is 0,8 g/ml. What is the weight of
50 ml. of alcohol?

Solution: Density is defined as weight per unit volume.

conasy = S - g

Thus, one can solve for the weight of the alcohol by multi-
plying the density by the volume,

weight = density x volume

weight = 0.8 g/ml x 50 ml = 40 g.

o PROBLEM 15

Calculate the density of a block of wood which weighs
750 kg and has the dimensions 25 cm x 0.10 m x 50,0 m,

Solution: The density is a measure of weight per unit
volume and is usually expressed in g/cc. Therefore, one
must find the weight of this block in grams and the
volume in cubic centimeters, The density is then found
by dividing the weight by the volume.

1 kg = 1,000 g; therefore, 750 kg = 750 x 1,000 g
= 7.5 x 10° g. To find the volume in cubic
centimeters, all of the dimensions must be converted to
centimeters first.
lme= 100 cm; thus, .10 m = 10 cm and
50.0 m = 5,000 cm,

Volume = 25 cm x 10 cm x 5,000 cm = 1.25 x 10° cec.



Solving for the density:

s

o PROBLEM 16

The density of concentrated sulfuric acid is 1,85 g/ml,
what volume of the acid would weigh 74.0 g?

Solution: Density is defined as weight per unit volume.
weight
density = Jiime = Al

weight
Therefore: volume ﬁlt_y .

Solving for the volume:

volume = 1—_}?3731- = 40,0 ml,

o PROBLEM 17

If 2.02 g of hydrogen gas occupies 22.4 liters, calculate
the density of hydrogen gas in grams per milliliter.

weight _
Solution: Density '\Tsfguﬁ E}.

one is given the weight as 2.02 g but the volume is
given in liters. Therefore, before calculating the density
in g/ml, one must convert liters to milliliters., 1 liter =
1,000 ml; therefore, 22,4 1 = 22400 ml. Solving for the
density:

density = y3igsplr = 9.0 x 107° g/ml.

& PROBLEM 18

oOne kilogram of metallic osmium, the "heaviest" substance
known, occupies a volume of 44.5 cm®. Calculate the

density of osmium in grams per cm?®.

Solution: oOne is told that one kilogram of osmium occupies
7.5 cm® and is then asked how many grams of osmium occupy
one cm®. To find the density in grams per cm’, one kilo-



gram must be first converted to grams after which this

number of grams is divided by 44.5 cm®, the volume that

they occupy. There are 1000 grams in one kilogram. As

such, kilograms are converted to grams by multiplying

the number of kilograms present by the factor 1,000 g/1 kg.
1l kg x 1,000/1 kg = 1,000 gq.

Therefore, 1,000 g occupy 44.5 cm’. To find the number
of grams present in 1 cm®, 1,000 g is divided by 44.5 cm®,

1000 g/44.5 cm® = 22,5 g/cm?

The density of osmium is 22.5 g/cm’.

TEMPERATURE

® PROBLEM 19

Body temperature on the average is 98,6°F. What is this
on (a) the Celsius scale and (b) the Kelvin scale?

_ I |

Solution: (a) one converts °F to °C by using the
ollowing eguation.

°C = 5/9 (°F - 32)
°C = 5/9 (98.6 - 32)
= 5/9 (66.6) = 37.00°C.

(b) °C can be converted to °K by adding 273,15 to
the Celsius temperature.

°K = °C + 273.15
°K = 37.0 + 273,15 = 310.15°K,

© PROBLEM 20

Liquid helium boils at 4°K. What is the boiling temperature
on the Fahrenheit scale?

— R -

Solution: The temperature in Kelvin is the temperature
egrees Centigrade added to 273. In this problem, the
boiling point is given in °K. Hence, the temperature should
be converted to °C and, then, to Fahrenheit using the

relation

°F = 9/5 °C + 32

10



The boiling peoint of helium can be converted to °C
by subtracting 273 from the boiling point in °K.

°C = 9K - 273

°C = 4°K - 273 = - 269°C.
After the temperature is converted to the Centigrade
scale, the temperature on the Fahrenheit scale can be
determined.

°F = 9/5 °C + 32

°F = 9/5 (- 269°C) + 32 = - 452°F

The boiling point of helium on the Fahrenheit scale is
- 452°9F.

® PROBLEM 21

The freezing point of silver is 960.8°C and the freezing
point of gold is 1063.0°C, Convert these two readings to
Kelvin (°K), Fahrenheit (°F), and Rankine (°R).

Beiling point of water a13° 100 212° 672"
Freezing point of waler 273° 0* 32° 4827
Absolute 2¢ro of P L -273° -460% 0
Kelvin Celsius Fahrenheit Rankine
{Centigrade)

Solution: Kelvin: Temperatures measured in Celsius (°C)
are converted to °K by adding 273,15 to the original
measurement .
freezing point of silver = 960.8°C + 273,15 = 1234°K
freezing point of gold = 1063,.0°C + 273.15 = 1336.2°K

Fahrenheit: °C are converted to °F by using the
equatiIon °F = 9/5 (°C) + 32.

freezing point of silver 9/5 (960,8°C) + 32 = 1761°F
freezing point of gold = 9/5 (1063.0°C) + 32 = 1945°F
Rankine: The Rankine scale is an absolute scale

11



used by engineers. Its unit is the Fahrenheit degree,
Absolute zero is equal to zero degrees Rankine. Convert
°K to °R by using the equation
°R = 9/5 (°K)
freezing point of silver = 9/5 (1234°K) = 2221°R

freezing point of gold = 9/5 (1336.2°K) = 2405°R.



CHAPTER 2

GASES

Basic Attacks and Strategies for Solving Problems
in this Chapter. See pages 13 to 60 for step-by-step
solutions to problems.

Gases, which represent one of the three important states of matter, differ
remarkably from solids and liquids. Gases expand to uniformly fill a con-
tainer and, unlike either solids or liquids, the volume is strongly dependent on
the temp and p The p , volume, and temp -
called the state vamblu —are s:mply related for gases at low to moderate
pressures by the ideal gas law or the ideal equation of state.

PV =nRT 2-1
The terms in this equation are defined as foll
P = absolute pressure (P = 0 is a perfect vacuum)
V= volume
n = number of moles of gas*
T = absolute temperature (T = 0 where all molecular motion ceases) in
kelvins

R = universal gas constant; it has the same value for all gases

In this chapter, the principl ingthe p 1by acolumn
of static fluid are llhjmml, and I]l: Laws of Boyle, Charles, Gay-Lussac, and
Avogadro (all early scientists who studied gas properties) are presented.
These laws are combined into the ideal gas law, and a basic procedure for

using the ideal gas law to calculale gas properties is outlined. It should be

A i weight. T1 contains Avogedr s namber, 6.0
= 107, dmvﬁﬂuﬂc&umlmhmrwﬁn!hm&hwm il is the mass
sumerically equal in Ths. to the molecular weight. Note that & 1b. mole does nol costain Avogadro's pumber of
molecules.
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remembered that ideal gases, i.c., gases which obey the ideal gas law or ideal
equation of state exactly, do not exist. But the behavior of real gases is often
so closely approximated by the ideal gas law that it is very useful. A useful
rule of thumb is that at pressures below 1 atmosphere and temperatures above
the critical temperature (the temperature above which a gas cannot be
liquified by an increase in pressure), real gases obey the ideal gas law
extremely well.

Pressure

The pressure exerted by a column of fluid is equal to the weight of the fluid
divided by the cross sectional area of the column. One simple equation, called
the barometric equation, can be used to calculate this pressure.

P = pgh (barometric equation) 22
where p is the fluid density, g is the gravitational constant, and 4 is the

height of the column. The principles or rules used to attack static pressure
problems are as follows:

1. The pressure contribution of different static fluids in the same column,
whether calculated from the barometric equation or obtained another way,
can simply be added together to obtain the total pressure.

2. Inastatic fluid, all points at the same elevation have the same pressure.

In Problem 24, for example, the pressure at level 4, is the same in every
column. Therefore:

Pl = Pz + pgh: =P+ pg(h;"‘ h]) 23

Since the level in column 2 is the same as the level open to the atmosphere,

P,=P,_.Fromthevaluesofh and P and P, are casily calculated and vice
versa.

Gas Laws

The Laws of Boyle, Charles, Gay-Lussac, and Avogadro were developed
from experimental observations.

Boyle's Law: The pressure of a quantity of a gas is inversely
proportional to volume at constant temperature; P
= 1/V at constant T, n.

13-B



Charles’ Law: The volume of a quantity of a gas is proportional to
the absolute temperature at constant pressure; V =
T at constant P, n.

Gay-Lussac’s Law: The pressure of a quantity of a gas is proportional to
the temperature at constant volume; P = T at con-
stant V, n.

Avogadro’s Law: At the same temperature and pressure, equal vol-
umes of all gases contain the same number of
molecules or moles; V = n at constant T and P.

The four laws above can be combined into a single law — the ideal gas law
or ideal equation of state.

Boyle’s Law: P=kJ/V (T= constant)
Charles’ Law: V=kT (P = constant)
Gay-Lussac’s Law: P=kT (V = constant)
Avogadro’s Law: V=kn (P and T constant)
Combined Law:

PV = constant or PV = nRT 2-4
nT

The value of R, the universal gas constant, depends on the units of
pressure, volume, and temperature and is given in Table 1 for several common
sets of units.

Table 1 - Value and Units of Universal Gas Constant (R)
82.057 (atm cc){(mol°K) 0.7302 (atm cubic feet)/(Ib. mol R)
0.082 (atm liter)/(mol °K) 10.73 (psi cubic feet)/(Ib. mol R)
62.361 (torr liter)/(mol °K) 1545 (Ibf/ft? cubic feet)/(Ib. mol R)
8.31  (Pascal m*)/(mol°K) or (ft Ibf)/(Ib. mol K)

or joule/(mol°K)

In solving ideal gas law problems, it is not necessary to remember the
separate Laws of Boyle, Charles, Gay-Lussac, and Avogadro. They are all
special cases of the ideal gas law which can be expressed in the following
forms:

13-C



B4 BV o pv=mrT 25

nh, mT,

The best procedure for attacking gas law problems is to tabulate, in one
column, what is known and, in a second, what is to be calculated. Then select
the form of the gas law that is the most convenient. Observe that the form on
the left above permits variables which donotchange (e.g., 7, and T, inaconstant
temperature problem) to be canceled from both sides of the equation. Let us
examine Problem 54 in the text from this perspective.

Known To be calculated
Pl’ VI’ Tl VZ

P,T,

n=n= constant

Remember to convert Celsius to Kelvin.

v. o B¥mT, _ (600 torr}350 ml)}298K)
* PaT, (25 torr)(873K)

= 24,600 ml

Note that the unit for each quantity is written, and the unit of the answer
is calculated along with its numerical value as discussed in Chapter 1.

Let us illustrate this procedure again using Problem 56 in the text.

Known To be calculated

Fo s Vo, A=ng +ny

P Vs, ny, = Py Vy | RT

T = constant o, = PqVq /RT
V=V, + Vg, =3liters + 2 liters = 5 liters
P,

!
From the ideal gas law:
P, =n,(RT)/V, =(n,, +n, JRT)/V,
=(P,Vs, / RT + B,V / RT)RT /5 lters

= [(195 torr)(3 liters) + (530 torr)(2 liters))/5 liters = 329 torr

13-D



Step-by-Step Solutions to
Problems in this Chapter,
“Gases”

PRESSURE

® PROBLEM 22

Given the setup in the figure, what would be the pressure
of the gas (in atm) if Patm is 745 Torr and Pliq is the

equivalent of a mercury column 3.0 cm high?

Solution: A manometer is used to measure the pressure of
a trapped sample of gas. If the right hand tube is open to
the atmosphere, the pressure which is exerted in the right-

hand surface is atmospheric pressure, Potm’ If the liquid

level is the same in both arms of the tube, the pressures
must be equal; otherwise, there would be a flow of liguid
from one arm to the other. At the level indicated by the
dashed line in the figure, the pressure in the left arm

13



is equal to the pressure of the trapped gas, P as’ plus

the pressure of the column of liquid above the dashed
line, Pliq‘ One can write

Pqas = Patm ~ Pligq

Here, one is given that Pnt.m is 745 Torr and that Pliq

is equivalent to a mercury column 3.0 cm high. One wishes
to find Pg“ in atm, thus, one must convert 745 Torr to

atm and find the Pliq' There are 760 Torr in 1 atm, which
means
= 745 Torr -
no. of atm in P’m ~5%0 Torr/I atm .98 atm

One atmosphere pressure supports 76 cm of mercury,
thus 3 cm of mercury supports 3/76 atm. Therefore,
pliq = 3 cm/76 cm/atm = ,039 atm.

Solving for Pgas

Pga; = _980 atm - .039 atm = ,941 atm.

& PROBLEM 23
S——

Consider the manometer, illustrated below, first con-
structed by Robert Boyle, When h = 40 mm, what is the

pressure of the gas trapped in the volume, V as* The

temperature is constant, and atmospheric pressure is

patm = 1 atm.

Solution: We do not need to know any gas law to solve
this problem. All we must realize is that the pressure
exerted on the gas, Ptoul' is equal to the sum of the

pressure exerted by the mercury, Pﬂq. and the pressure
exerted by the air, P . Since 1 mm Hg = 1 torr and
1l atm = 760 torr,

atm

P“g-lnmnq-iotorrand Pam-latm-'istlt.orr.

=P + P = 40 torr + 760 torr = B0O torr.

Then  Piotal = Pag * Patm

"



mercury

o PROBLEM 24
_

Consider gases confined by a liquid, as shown in the
diagram below. Find an expression for the pressures
P,, P, and P, in terms of the density of the liquid,
p (g/mi), the heights h, and h, (mm), and the baro-
metric pressure Patm (mm Hg) .

Py P2 Py

!

g

Solution: The device shown above is called a eudiometer.
It 1s used to compare the pressures of several gases.

The pressure of the confined gas is equal to the baro-
metric pressure plus the pressure needed to depress the
column of liquid (for P,;) or to the barometric pressure
minus the pressure needed to support the column of
liquid (for P,). The pressure of the liquid column is
given by

it Hiomta = "G O x5 (o/mt(ay/ca?) (cn/10mm)

15



Hence:

P, = barometric pressure + pressure needed to depress
liquid

Potm * My Xp (8Y/en? ) cm/10mm
2
= Patn + 0.1 h1 (g/cm )fn
P; = barometric pressure + pressure needed to depress
ligquid (or - pressure needed
to elevate ligquid)

-Pam-*(}xpxml/cn’xu/m—

= Patm

P, = barometric pressure - pressure needed to elevate
liquid

=Pom - Py XpX n.l./cm3 x cm/10mm
= Puep - 0-1 0y (g/en’)p

® PROBLEM 25

S

(a) A diver descends to a depth of 15.0 m in pure water
(density 1.00 g/cm’). The barometric pressure is 1,02
standard atmospheres, What is the total pressure on the
diver, expressed in atmospheres? (b) If, at the same
barometric pressure, the water were the Dead Sea

(1.20 g/cm?), what would the total pressure be?

———

Solution: Pressure is defined as force per unit area,.
Atmospheric is measured by using a barometer (usually

a mercury barometer; see figure). It is constructed by
inverting a tube longer than 76 cm filled with mercury
into a dish of mercury. The atmosphere will support only
that height of mercury which exerts an egquivalent
pressure; any excess mercury will fall into the reservoir
and leave a space with zero air pressure above it,.

The pressure exerted on the diver from above is
equal to the sum of the pressure exerted by the sea
water and the pressure exerted by the atmosphere, One
standard atmosphere equals the pressure exerted by
exactly 76 cm (= exactly 760 mm) of mercury at 0°C



Zero air pressure

Barometric Barometric
(atmospheric) pressure
pressure :

Mercury
Mercury Barometer
(density Hg = 13,5951 g/cm?) and at standard gravity,
980,665 cm/s?., Thus, 1 standard atm equals 13.5951 g/cm?
x 76 cm (exactly) x 980.665 cm/s®= 1,01325 x 10° dynes/cm?®,
The pressure exerted by the water is found similarly:
pressure of water = density x height x standard gravity
= 1.00 g/em® % 1,5 x 10? cm » 980.665 cm/s?
= 1.47 x 10* dynes/cm?,

However, the problem states that atmospheric press-
ure is 1.02 standard atmospheres and, therefore, eguals
{1.02) {1,01325 x 10° dynes/cm?) = 1,03 x 10° dynes/cm?.
To this atmospheric pressure, the pressure of the water
is added to yield a total pressure of

{1.03 x 10° dynes/cm?) + (1.47 = 10* dynes/cm?)
= 2,50 x 10° dynes/cm?.

This answer expressed in atmospheres gives

& 2
2.50 = 10* dynes/cm = 2.48 atm.
1.01 x 10° dynes/cm?/atm

{b) This part is very similar to part (a). The total
pressure exerted is the pressure of the water plus the
pressure of the atmosphere, The pressure of the atmosphere
from part (a) is 1.03 x 10°% drnc-/cn‘. The pressure of the
water must be calculated:
pressure of water = density x height x standard gravity

= 1,20 g/em® x 1,5 x 10® cm x 980.665 cm/s?

= 1,77 x 10°* dynes/cm?.
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The total pressure is 1,77 x 10°® dynes/cm? + 1.03
x 10° dynes/cm’ equals 2,80 x 10° dynes/cm?.

This answer expressed in atmospheres is

2.80 x 10° dynes/cm?
1.01 x 10° (dynes/cm? atm

= 2,77 atm,

® PROBLEM 26

How many full strokes of a bicycle pump (chamber 4.0 cm
diameter and 40.0 cm long) would you need to make in order
to pump up an automobile tire from a gauge pressure of
zero to 24 pounds per square inch(psi) (1.63 atm.)?

Assume temperature stays constant at 25°C and atmospher-
ic pressure is one atmosphere. Note, that gauge pressure
measures only the excess over atmospheric pressure. A
typical tire volume is about 25 liters.

18

Solution: One atmosphere equals 14,7 psi, therefore, the
amount of pressure needed to fill the tire is 24 + 14.7 psi
or 38.7 psi. Converting back to atm:

i;?iaiiﬁttiﬂid in _ 38,7 psi x 1 atm/14.7 psi = 2.63 atm,

when the tire is deflated the pressure is 1 atm and
the volume is 25 &, Each atm of pressure occupies 25 L.
Therefore, the volume of the tire when inflated is
25L x 2,63 atm.

Volume of inflated tire = 258 x 2,63 = 65,751

Since there is 251 present in the tire before in-
flation, the volume that the pump must contribute is
65.75 - 25L or 40,75R.

The volume of air forced into the tire at each
stroke of the pump is egual to the volume of the pump.

volume of pump = wr*h = n x (2 cmP x 40 cm = 503 cm®/stroke

There are 1000 cm® in 1 liter, therefore 40750 cm?®
of air must be pumped into the tire. If 503 cm’ is pumped
in per stroke the number of strokes necessary to fill the
tire is 40750 cm’

503 cm?/stroke

40750 cm’®
503 cm?/stroke

No. of strokes = = Bl strokes.



BOYLE'S LAW, CHARLES' LAW, LAW OF GAY-LUSSAC

® PROBLEM 27

100 ml. of gas are enclosed in a cylinder under a pressure
of 760 Torr. What would the volume of the same gas be at a
pressure of 1520 Torr?

P=Pressure

: H
It the pressure on & gas ls
tod (a1 stant temp A
Nwhntu;hmd{kwlt'!m!-

Solution: Since this problem deals with the pressure and
volume of a gas at a constant temperature, Boyle's law can
be used. Boyle's law states that the volume, V, of a given
mass of gas, at constant temperature, varies inversely with
the pressure, P. It can be stated as

v=kx1l/P,

where k is a constant.

Hence, k = PV

For a particular system, at constant temperature, k
is constant. Therefore, if either the pressure or the
volume is changed, the other must adjust accordingly.

Here, P = 760 Torr and V = 100 ml 80

k = 760 = 100 = 76000 Torr-ml.

If P is doubled to 1520 Torr, then
k = 76000 Torr-ml = 1520 Torr x V

6000 Torr-ml _
V = 79526 Torr - 0™
Since k is a constant for a given system,another form of
Boyle's Law can be expressed as
P,V = P,V,
This says that the pressure of the original system times

the volume of the original system is egual to the new
pressure times the new volume, Here,
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760 Torr x 100 ml = 1520 Torr x v,

50 m1 =V,

o PROBLEM 28

What pressure is required to compress 5 liters of gas at
1l atm. pressure to 1 liter at a constant temperature?

Solution: In solving this problem, one uses Boyle's Law:

volume of a given mass of gas at constant temperature
varies inversely with the pressure. This means that, for
a given gas, the pressure and the volume are proportional;
at a constant temperature, and their product equals a
constant.

PxV=K

where P is the pressure, V is the volume and K is a constant.
From this one can propose the following equation

PyVy= PaV3,

where P, is the original pressure, V; is the original
volume, P; is the new pressure and V; is the new volume.

In this problem, one is asked to find the new
pressure and is given the original pressure and volume and
the new volume.

PyVy= PiV: P, = 1 atm.
Vv, = 5 liters
1 atm x 5 liters = P; » 1 liter P; = ?
1l atm !t:rlitera =P, Vs = 1 liter
5 atm., = P;,
o PROBLEM 29

A mass of gas is under a pressure 760 mm Hg and occupies
a volume of 525 ml, If the pressure were doubled, what

volume would the gas now occupy? Assume the temperature
is constant.

Solution: This guestion can be answered by using Boyle's
Taw. This law states that, under constant temperature,
the pressure is inversely proportional to the volume of
a gas. In other words, PV = K, where P = pressure, V =
volume and K = constant. Therefore, for a given gas at
constant temperature, P,V, = P:V:, where P, and V; are



the initial pressure and volume, and P; and V; are the
final values.

In this problem P, = 760 mm Hg, V; = ,525 liter
{525 ml) and P; = 1520 mmHg. The unknown, Vi, can be
determined by substituting these values into P,V, = P:V:.

(760) (.525) = 1520 (Vz) Solving for
V2, you obtain V; = ,2625 L = 262.5 ml,

* PROBLEM 30

A gaseous sample of neon, maintained at constant tem-
perature, occupies 500 ml at 2.00 atm. Calculate the
volume when the pressure is changed to each of the
following: (a) 4.00 atm; (b) 760 torr; (c) 1.8 =

107 torr.

Solution: We need a relationship between volume and
pressure. Such a relationship is provided by Boyle's
Law, which states that the product of pressure P and
volume V of an ideal gas is a constant, k, or PV = k,

We must first determine k for the neon sample. We
are given a value of P corresponding to a given value
of V.

Therefore, k = PV = 2,00 atm % 500 ml = 2.00 atm
x 0,500 £ = 1,00i~atm. Now that k is determined, we
can obtain the value of V corresponding to the given
values of P by using the formula V = k/P,

- . - ko 1.008-atm, _
(a) P 4.00 atm: V 7 atm 0.252

(b) P = 760 torr = 760 torr x TE%‘E%%E =1 atm :
X _ 1.00%-atm.
vek= i-a = 1.00%

=3 -
(6) P = 1.8 x 107 torr = 1.8 x 107 torr x ygr—asn

- 2.3 x 10°" atm:

k 1.00L-atm,

veZX= B = 4.35 x 10° 1.
2.3 x 107 atm
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e PROBLEM 31

A sample of gaseocus krypton, maintained at constant press-
ure, is found to have a volume of 10.5% at 25°C, If the
system is heated to 250°C, what is the resulting volume?

Solution: We need a relationship between volume and
temperature, Such a relationship is provided by Charles®
Law, which states that volume V and absolute temperature
T are proportional, or, as an equality, V = kT, where k
is a constant,

We can determine k for our system from the initial
volume and temperature, Thus,

<V _ 10,52 _10.5% _ Oy
k== —gsbc— = TETIvR " 0-0352 K

The volume corresponding to a temperature of 250°C,
which is 523.15°K, is V = kT = 0,0352 2=K-! x 523.15°K
= 18.41 &,

¢ PROBLEM 32

A certain gas occupies a volume of 100 ml at a temperature
of 20°C. what will its volume be at 10°C, if the pressure
remains constant?

Solution: In a gaseous system, when the volume is changed

ncreasing the temperature, keeping the pressure
constant, Charles! Law can be used to determine the new
volume. Charled' Law states that, at a constant pressure,
the volume of a given mass of gas is directly proportional
to the absolute temperature, Charles' Law may also be
written

v, V2

T
where V, is the volume at the original temperature T, and
V: is the volume at the new temperature T;.

To use Charles' Law, the temperature must be ex-
pressed on the absolute scale. The absolute temperature
is calculated by adding 273 to the temperature in degrees
Centigrade. In this problem, the centigrade temperatures
are given and one must convert them to the absolute scale,

T; = 20°C + 273 = 293°K
Tz = 10°C + 273 = 2B3°K



Using Charled' Law,
vV, = 100 ml

T, = 293°K

T: = 283°K

Vy = ?

v, _V v, T
V) . Ve ViTy
T, T Va = =

(100 ml) (283°K)
vy = U0 TN

Vy = 96.6 ml.

® PROBLEM 33

Assume that one cubic foot of air near a thermonuclear
explosion is heated from 0°C to 546,000°C, To what
volume does the air expand?

Solution: Charles' Law(V,/T, = k, where V, is the
initial volume, T, the initial absolute temperature,
and k is a constant)states that the volume is directly
proportional to the temperature,

VaT

a means 'is proportional to,'

The absolute temperature can be found by adding
273 to the temperature in °C,

Ty =0+ 273 = 273

T: = 546,000 + 273 = 546,273

Using the Charles' Law, one can set up the
following ratio

Vi. ¥
Ty = Ty '
where V; is the original volume, V; is the final volume,
T, is the original temperature, and T, is the final tem-
perature, Using this ratio, one can determine the final
volume.

ViV
o



Substituting, one obtains

1 fe!? v
=T " 516,373

546,273

Vp = SEe—— (1 £t?) = 2001 ft’,

¢ PROBLEM 34

—

The volume of a sample of fﬂllonl argon maintained at
constant pressure was studied as a function of
temperature and the follewing data were obtained:

Temperature, T (°K) Volume, V (2)
250 0.005
300 0.006
350 0.007

Calculate and confirm the Charles' Law constant for
this system. Determine the temperature corresponding
to a volume of 22.4 £,

Solution: Charles' law states that the volume and
absolute temperature of an ideal gas are directly pro-
portional, i.e. V = kT, k is a constant. To determine the
Charles' law constant k, we can use any one of the

three sets of temperature-volume measurement., Choosing

the first of these, we obtain

k= 5= L58052% = 2,00 x 107° 171, This value

is confirmed by showing that the other two sets of data
give the same value for k:

v _ 0.006 2
T 300°K

k = = 2.00 x 10-% 29"} and

= 2,00 x 10-5 291,

k= Vo 0.007 8
T = ~I50°K

To determine the temperature corresponding to
22.4 L, we solve Charles' law for T, obtaining

Te=)a 22.4 2 = 1,12 x 10°°K

2.00 x 10-% 1P~}

or about a million degrees Kelvin,



e PROBLEM 35

Consider the gas thermometer illustrated below. At 0°C,
the volume of the gas is 1.25 liters. Assuming that the

cross-sectional area of the graduated arm is 1 cm?
what is the distance (in cm.) from the 0°C reuding and
a reading at 35°C?

leveling bulb

(adjust height until the
liquid level in the level-
ing bulb is at the same
height as the liquid level
in the graduated arm)

Solution: Since volume, V, and absolute temperature, T,
are the only two variables being considered, we can
approach this problem by means of Charles' Law, V = kT,
where k is the Charles' law constant, to be determined
for our system.

We can determine k by using the initial values
of 0°C (0°C = 273.15°K) and 1.25 liters (= 1250 ml =
1250 em?). Then,

-V _ 1250 cm® _ 1.0,~1
k = F = 37510 = 4.576 cm’ K

=)

The volume at 35;0 (308.15°K) can now be determined:

= KT = 4.576 em*®K~ 1 x 308,15°K = 1410.1 cm’= 1.410 2.
Tha difference between this volume and the initial volume
is 1410.1 cm? - 1250 cm” = 160,1 cm’, This volume of
liquid will be displaced in the graduated arm.

The difference in height of the liquid in the
graduated arm, can now be calculated from the volume
displaced and the cross-sectional area:

. volume _ 160.1 cm® _
height ~area T em? 160.1 cm,



® PROBLEM 36

The air in a tank has a pressure of 640 mm of Hg at 23°C.
When placed in sunlight the temperature rose to 48°C, what
was the pressure in the tank?

Solution: The law of Gay-Lussac deals with the relation-
ship existing between pressure and the absolute temperature
(°C + 273°), for a given mass of gas at constant volume.
The relationship is expressed in the law of Gay-Lussac:
volume constant, the pressure exerted by a given mass of
gas varies directly with the absolute temperature. That
1851:

P a T (volume and mass of gas constant),

The variation that exists between pressure and tem-
perature at different states can be expressed as

By . B

Ty T2
where P, = pressure of original state, T, = absolute tem-
perature of original state, P; = pressure of final state,
and T; = absolute temperature of final state.

Thus this problem is solved by substituting the
given values into Gay-Lussac's Law.

P; = 640 mm Hg T, = 23°C + 273° = 296°K
P: = 2 T, = 48°C + 273° = 321°K

Substituting and solving,

640 mn _ P,
969K
P: = 640 mm x Jarve

= 694 mm of Hg.

® PROBLEM 37

A sealed glass bulb contained helium at a pressure of
750 mm Hg and 27°C. The bulb was packed in dry ice at
- 73°C. What was the resultant pressure of the helium?

Sglution: The only parameters mentioned in this problem
are pressure (P} and temperature (T). One is given the
initial pressure and temperature and the final temperature.
One is asked to determine the pressure at - 73°C. The



Law of Gay-Lussac relates temperature and pressure. It
can be stated mathematically

P P2

il
where P, is the initial pressure, T, the initial absolute
temperature, P; the final pressure and T; the final
absolute temperature.

The temperature in °C is converted to °K by adding
273.

T, = 27°C + 273 = 300°K
T = - 73°C + 273 = 200°K

Solving for P,

750 Hi P
350°K— ~ = 700%%

2 o
p, = 150 m g) (200°K) 500 py g,

COMBINED GAS LAWS

® PROBLEM 38

—

A gas occupies a volume of 1.0 liter at a temperature of
27°C and 500 Torr pressure. Calculate the volume of the
gas if the temperature is changed to 60°C and the press-
ure to 700 Torr.

solution: For a given mass of gas, the volume is in-
versely proportional to the pressure and directly pro-

portional to the absolute temperature, This combined law
can also be written:

PV, _ P2Ve
T, Ta

where P, is the original pressure, V, is the original
volume, T, is the original absolute temperature, P,
is the new temperature, V, is the new volume, and T,
is the new absolute temperature,

In this problem, one is given the original press~
ure, temperature, and volume and the new temperature



and pressure. One is asked to calculate the new volume.
The temperatures are given in °C; they must be con-
verted to the absolute scale before using the combined
la"é This can be done by adding 273 to the temperature
in °C.

Converting the temperature:

T, = 27° + 273 = 300°K

Ty = 60° + 273 = 333°K

Using the combined law:

P]V; - PaV2

T, T

P; = 500 Torr P, = 700 Torr
V; = 1.0 liter Ve =7

T: = 300°K T, = 333°K

{500 Torr) (1.0 liter) _ (700 Torr) (Vi)
3] (333°K)

(500 Torr) (1,0 liter) (333°K)

=
Va ‘orr

V: = 0.79 liter.

Calculate the pressure required to compress 2 liters of
a gas at 700 mm pressure and 20°C into a container of
0.1 liter capacity at a temperature of - 150°C.

Solution: One is dealing with changing volumes, press-
ures and temperatures of a gas. Therefore, this problem
can be solved using the combined gas law. It states
that as the pressure increases, the volume decreases
and that as the temperature increases, the volume in-
creases. These factors are related by the equation

PV P2V2

5 i
where P,, ¥y and T, are the initial pressure, volume and
temperature and P;, V3, and T; are the final values,

For any problem dealing with gases, the first step
always involves converting all of the temperatures to
the degree Kelvin scale by the eguation

°K = °C + 273



For this question
T, = 20°C = 20 + 273 = 293°K
Ty = = 150°C = - 150 + 273 = 123°K,

This seems to indicate that the pressure would
decrease. But one is also told that the volume de-
creases, which would have the effect of increasing the
pressure. Therefore, one cannot predict the final
change in volume,

For the sake of clarity, set up a table as given
below.

P, = 700 mm P =7
V: = 2 liters V: = 0.1 liter
Ty = 293°K T; = 123°K

Since one is given 5 of the 6 values, it is poss-
ible to use the combined gas law equation to determine P;

B\Vy _ B2V

Ty F
T,V P
—2¥1°1

Py = ™V

123°K (2 liters) (700 mm)
293K (0.1 liter)

= 5877 mm.

® PROBLEM 40

750 ml of gas at 300 torr pressure and 50°C is heated until
the volume of gas is 2000 ml at a pressure of 700 torr.
what is the final temperature of the gas?

Solution: Here, one is given a gaseous system involwving
pressure, volume and temperature, where two of the variables
are changed in going from the original system to the final
system, This indicates that the combined gas law should be
used. It can be stated: For a given mass of gas, the

volume is inversely proportional to the pressure and direct-
ly proportional to the absolute temperature. This gas law
can also be stated

P]VI P2V
T, - T

where P, is the original pressure, V,; is the original volume,
T: is the original absolute temperature, P; is the final



pressure, V; is the final volume, and T; is the final
absolute temperature.

In this problem, you are given the original pressure,
volume and temperature and the final pressure and volume.
You are asked to find the final temperature. The temperature
in °C must be converted to the absolute scale before using
the combined law. This can be done by adding 273 to the
temperature in °C.

Converting the temperature:

T, = S0 + 273 = 323°K

Using the combined law:

BV = PaV2

T 2

P; = 300 torr Pz = 700 torr
Vi = 750 ml Va2 = 2000 ml.
T, = 323°K T, = 2

(300 torr) (750 ml) _ (700 torr) (2000 ml)
323K T2

(700 torr) (2000 ml) (323°K)
torr m

T2 =
T; = 2010°K
Convert T; to centigrade by subtracting 273 from it.

2010 - 273 = 1737°C.

& PROBLEM 41
-

500 liters of a gas at 27°C and 700 torr would occupy
what volume at STP?

Solution: STP (Standard Temperature and Pressure) is
defined as being 0°C and 760 torr, thus, in this problem,
one is asked to find the new volume of a gas when the
temperature and pressure are changed. One refers to

the combined gas law in such a case. This law can be
stated: For a given mass of gas, the volume is in-
versely proportional to the pressure and directly pro-
portional to the absolute temperature, Stated algebrai-
cally



where P is the pressure, V is the volume, T is the absolute
temperature, and K is a constant. This means that if two of
the variables are changed, the third changes so that the
relation PV/T = K remains true., This means that one can
now state that

p]v, = BaVy
1 T!
where P, is the original pressure, V, is the original
volume, T, is the original temperature, P; is the new
pressure, V; is the new volume, and T, is the new
absolute temperature, In this problem, one is given the
temperature on the Celsius scale, It must be converted
to the absolute scale before using the combined gas law.
This can be done by adding 273 to the temperature in °C.
Ty = 27 + 273 = 300°K
Ty = 0 + 273 = 273°K

one knows Py, Vi, T1, P2, and T:, One is asked to
find V;.

Using the Combined Gas Laws:

E%¥i = E%%; Py = 700 torr

V1 = 500 liters
T, = 300°K

P; = 760 torr

V2 = 7
T, = 273°K
700 _torr x 500 liters _ 760 torr x V;
300°K 273%K
v = 700 torr x 500 liters x 273°K
2 760 torr x 300°K

Vz: = 419 liters.

* PROBLEM 42

A chemist has a certain amount of gas under a pressure
of 33.3 atm; it occupies 30 f at 273°C, For his research,
however, the gas must be at standard conditions. Under
standard conditions what will the volume of the gas be?

Solution: Standard conditions are defined to be 0°C and

31



1 atm. Hence, the gas is cooled and the pressure on it
is decreased, The combined gas law relates pressure P,
volume V and absoclute temperature T.

x = ZX

where k is a constant that is characteristic to the
system, Hence,

PIVI . PPVF
Ty Tp

where the subscript I indicates the initial values and
the subscript F indicates the final states,

In this problem one is asked to solve for Vg, The
temperatures in °C are converted to °K by adding 273.

TI = 273°C + 273 = 546°K

Tp = 0°C + 273 = 273°K

Solving for V?:

(33.3 atm) (30 g _ ‘1 atm (Vg)
03,3 atm (30 4)

v, = 499.,5 i,

F

* PROBLEM 43

On a hot day, the pressure in an automobile tire
increases. Assuming that the air in a tire at 59°F
increases in pressure from 28.0 1bs/in% (1.9 atm.) to 30.0
1bs/in?(2.04 atm.), (a) what is the temperature of the
air in the tire, assuming no change in volume? (b) What
will the pressure be if the temperature rises to 106°F?

Solution: {a) Because pressure, volume, and temperature
are involved, one thinks of the combined gas law. This
law can be stated: For a given mass of gas, the volume
is inversely proportional to the pressure and directly
proportional to the absolute temperature. This law

can be stated algebraically as:

BV .y,

T

where P is the pressure, V is the volume, T is the
absolute temperature, and K is a constant. This means
that if two of the parameters are changed, the third



will adjust itself so that PV/T = K is still true, The
following eguation is thus true:

P]v, = P2V2

1 2

where P, is the original temperature, V, is the original
yvolume, T; is the original absolute temperature, P; is
the new pressure, V; is the new volume, and T; is the new
absolute temperature. When V; = V;, as in this problem,
it follows from the formula that pressure is directly

proportional to absolute temperature. In this case, the
law can be written

Py = B2
T, T2

In this problem, the temperature is given in °F,
and must be converted to °K before it is used in the
combined gas law. This is done by first converting it
to °C and then adding 273.°F are converted to °C by
use of the following equation:

°c = 5/9(°F - 32)
T; in °C = 5/9 (59° - 32°) = 15°C
T, = 15 + 273 = 288°K.

One is given P;, P;, and T, and asked to find Ta.

Py = P = 2
T ﬁ- By 28.0 lbs/in

T, = 288°K
Pz = 30.0 lbs/in?

Ty =7

28.0 1bs/in? _ 30.0 lbs/in?
~28B°K T2

_ 30.0 lbs/in® x 288°K

T2 78.0 Ibs/in? = 309°K.

The absolute temperature can now be converted to °F
by first subtracting 273°, and then using the eguation for
conversion from °C to °F.

°F = 9/5 °C + 32

T: in °C = 309° - 273 = 36°C

Tz in F = 9/5 (36°) + 32 = 97°F,

(b) One can again use the shortened form of the
combined gas law, here:



Py, _ Bz

TT T
Here, one is given T;, T, and P, and asked to find P,.
The temperatures must be converted to the absclute scale
before use, The same method as used in part (a) will be
applied. :
Ty in °C = 5/9 (59 - 32) = 15°C
T, in °K = 15 + 273 = 288°K
T; in °C = 5/9 (106 - 32) = 41°C
T: = 41 + 273 = 314°K

The P; can now be found

%{ - ;% P, = 28,0 lbs/in?

T, = 2BB°K
Py =7

T; = 314°K

28.0 1bs/in? P
ZB8°K = ITEK

314°K x 28.0 lbs/in?
Z88°K

P = = 30.5 1lbs/in?,

& PROBLEM 44

wnen J.F. Piccard made a stratosphere flight in a ballocn,
the balloon seemed to be only half filled as it left the
ground near Detroit. The gas temperature was about 27°C,
the pressure 700 mm, and the volume of gas in the balloon
80,000 cubic feet(2.26 x 10f liters). what was the gas
volume at high altitude where the temperature was -3°C,
and the pressure 400 mm?

Solution: The solution to this problem necessitates the
use of the combined gas law. It is stated as follows:
For a given mass of gas, the volume is inversely pro-
portional to the pressure and directly proportional to
the absolute temperature. The general formula for the
combined gas laws may be written

PV, _ PaVa - P T2
T, e or V: \';!F:-xﬂ

in which P, and T; are pressure and absolute temperature



of the gas at volume V,; and P; and T: are pressure and
absolute temperature at volume V..

Thus, if
P; = 700 mm and P; = 400 mm
v, = 80,000 cu.ft. T, = 273° - 3° = 270°K

T, = 27° + 273° = 300°K

then V; can be determined by substitution in the general
formula above.

v

= (80,000) (}gg%]-[%}g;‘é] = 125,000 cu. ft.
(3.54 x 10° liters)

AVOGADRO'S LAW-THE MOLE CONCEPT

® PROBLEM 45

I How many moles are there in one atom? I

Solution: A mole of atoms is defined as containing
Avogadro's Number of atoms. Avogadro's number is

6.02 x 10%*, Therefore, the number of moles in one atom
is equal to 1 atom divided by 6.02 x 10*' atoms/mole.

1l atom
6§.02 x 10?? atoms/mole

No. of moles =

= 1,66 x 10~*" moles.

® PROBLEM 46

During the course of World war I, 1,1 x 10*® kg of poison
gas was fired on Allied soldiers by German troops. If
the gas is assumed to be phosgene (COCl,), how many
molecules of gas does this correspond to?

Solution: To solve this problem we must convert mass to
nunber of moles and then multiply by Avogadro's number
to obtain the corresponding number of molecules.



The number of moles of gas is given by

mass (grams)
moles = o yecular HBEEEE of COCl; (g/mole)

The mass of gas is 1.1 x 10® kg = 1,1 x 10® kg x 10* g/kg
= 1.1 x 10'' g. The molecular weight of COCl; is obtained
by adding the atomic weights (atm. wgt.) of its consti-
tuents, Thus,

molecular weight (COCl;) = atm wgt(C) + atm wgt(0)
+ 2 x atm wgt(Cl)

= 12.0 g/mole + 16.0 g/mole
+ 2 x 35,5 g/mole

= 99 g/mole.
Hence, the number of moles of gas is

mass _1l.1x10'' g
woles = molecular weight 59 g/mole

2 1.1 x 10° moles.

Multiplying the number of moles by Avogadro's
number, we obtain the number of molecules of gas:

number of molecules = moles x Avogadro's number

= 1,1 x 10 moles x 6 x
10?? molecules/mole

= 6.6 x 10'? molecules.

& PROBLEM 47

For a single year, the mtor vehicles in a large city
produced a total of 9.1 x 10° kg of the poisonous gas
carbon monoxide (CO)., How many moles of CO does this
correspond to?

Solution: The number of moles of a substance is
equal to the quotient of the mass (in grams) of that
substance and its molecular weight (in g/mole), or

mass (g)

moles = Tecular weight (g/mole)

The mass of CO is 9.1 x 10° kq-!lxln‘kgxmoo‘;/kg
= 9.1 x 10° g. The molecular weight of CO is the sum of
the atomic weight of C and the atomic weight of 0, or

molecular weight of (CO) = atomic weight (C) + atomic weight (0)



= 12 g/mole + 16 g/mole
= 28 g/mole.
Hence,

mass (g) = 9.1 = 10° g
molecular weight (g/mole] 28 g/mole

moles =

= 3.3 x 10* moles.

* PROBLEM 48

An automobile travelling at 10 miles per hour produces
0.33 1b of CO gas per mile, How many moles of CO are
produced per mile?

Solution: The number of moles of a substance is equal to
the quotient of the mass (in grams) of that substance and
its molecular weight (in g/mole}, or

mass (g)
molecular weight (g/mole)

moles =

The mass of CO is 0.33 1b = 0.33 1b x 454 g/1lb = 150 gq.
The molecular weight of CO is the sum of the atomic
weight of C and the atomic weight of 0, or

molecular weight (CO) = atomic weight (C) +
atomic weight (0)

= 12 g/mole + 16 g/mole
= 28 g/mole,
Hence,

mass (g) - 150 g
molecular weight (g/mole) 28 g/mole

moles =

= 5,4 moles per mile,

® PROBLEM 49

A flask containing H; at 0°C was sealed off at a pressure
of 1 atm and the gas was found to weigh, 4512 g. Calculate
the number of moles and the number of molecules of H.
present.

Solution: A mole is defined as 6.023 x 10°* molecules of
a substance. Hydrogen has a molecular weight of 1,008,

an



therefore, 1 mole of M, weighs 2,016 grams. The number of
moles present is therefore

rams 4512
moles = aTﬁT_ = 27513—375513 = ,2238 mole of H:

To calculate the number of molecules, recall that
1 mole of any gas at STP has 6.023 x 10?® molecules/mole.
Therefore,

no. of mclecules = 6,023 x 1027 mol:; <22 x no. of moles
= 6.023 x 1027 melecules y o 538 poles

= 1.348 x 1023 molecules of H,.

THE IDEAL GAS LAW

® PROBLEM 50

I —

Three researchers studied 1 mole of an ideal gas at

273°K in order to determine the value of the gas constant,
R. The first researcher found that at a pressure of 1 atm
the gas occupies 22.4 &. The second researcher found that
the gas occupies 22.4 i at a pressure of 760 torr. Finally,
the third researcher reported the product of pressure and
volume as 542 cal. What value for R did each researcher
determine?

Solution: This problem is an application of the ideal gas
eguation, PV = n RT, where P = pressure, V = volume, n =
number of moles, R = gas constant, and T = absolute tem-
perature, Specifically, we are trying to determine R from
the relation R = PV/nT, All three researchers worked with
one mole of gas (n = 1) at T = 273°K. Their results

are as follows:

First researcher: P = 1 atm, V = 22.4 2,
PV _ 1 atm x 22.4 2 ~-atm
R=aT ® Thmole % x = 0.0821 ®¢ooTe

Second researcher; P = 760 torr = 760 torr x 7%53%2—-

orr
=1 atm, V = 22.4 .

PV 1l atm.x 22.4 & _
R =% = Tmolex 273K 0.0821 &ﬁ!ﬁgi;



Third researcher: PV = 542 cal = nRT
= 1 mole (R)(273°K)

< PV _ 542 cal = °
R=35 T mole] [ZTT°KT 1.99 cal/mole °K.

® PROBLEM 51

How many moles of hydrogen gas are present in a 50 liter
steel cylinder if the pressure is 10 atmospheres and the
temperature is 27°C? R = .082 liter-atm/mole °K.

Solution: 1In this problem, one is asked to find the
number of moles of hydrogen gas present where the volume,
pressure and temperature are given. This would indicate
that the ldeal Gas Law should be used because this law
relates these guantities to each other. The Ideal Gas Law
can be stated:

PV = nRT,

where P is the pressure, V is the volume, n is the number
of moles, R is the gas constant (,082 liter-atm/mole °K),
and T is the absolute temperature. Here, one is given
the temperature in °C, which means it must be converted
to the absolute scale. P, V, and R are also known., To
convert a temperature in °C to the absolute scale, add
273 to the temperature in °C.

T =27 + 273 = 300°K

Using the Ideal Gas Law:

PV = nRT or n= ?ﬂ."
P = 10 atm

V = 50 liters

R = ,082 liter-atm/mole °K

T = 300°K

n = number of moles of H; present

(10 atm) (50 liters)
(.082 1icer-atm/mole °K} (3007K]

= 20 moles.



® PROBLEM 52

The barometric pressure on the lunar surface is about
107'¢ torr. At a temperature of 100°K, what volume of lunar
atmosphere contains (a) 10° molecules of gas, and (b)

1 millimole of gas?

Solution: This problem is an application of the ideal
gas equation, PV = nRT, where P = pressure, V = volume,
n = number of moles, R = gas constant, and T = absolute
temperature. Solving for V, V = nRT/P. In the first part
of this problem, we use the definition

number of molecules _ N
n= Avogadro's number =% We must then substitute

into the formula V = nRT/P =(N/A) (RT/P)in order to obtain
the volume corresponding to N molecules. In the second part
of this problem we can use V = nRT/P directly, remembering
that 1 millimole = 10~? mole,

Hence, for the first part of the problem,

v =SRT 10¢ molecules
A P §.02 x 102! molecules/mole

0.0821 ¢ -atm/°K - mole x 100°K
1.316 x 10='? atm

x

= 1,04 = 10-* £, where we have used P = 10~-!° torr =

-10 1 atm _ -11
10 torr x 120 torr 1.316 x 10 atm.

For the second part of the problem,V = EEE

_ 107° mole x .0821 % -atm/°K - mole x 100°K
1,316 x 10='? atm

= 6.24 x 10'° 2.

¢ PROBLEM 53

Describe the curve one would obtain by plotting pressure
versus volume for an ideal gas in which the temperature
and number of moles of gas are held constant.

Solution: This problem requires a plot of the ideal gas
equation. This equation reads

PV = DRT,



where P = pressure of gas, V = volume of gas, n = number
of moles of gas, R = gas constant, and T = absolute tem-
perature of gas, Since R is a constant and n and T are
held constant, the product nRT may be combined into a
single constant, call it k. Then, PV = nRT = k, or

PV = k
which is the equation of a hyperbola, Plotting P on the

abscissa axis and V on the ordinate axis, we obtain the
following curve:

P

Note: Even if we did not know PV = k is the graph of
a hyperbola, we could still obtain this graph. For ex-
ample, if k is a constant, P and V must vary inversely
with each other. In other words, if P is large, V must
be small for k to remain constant, Likewise, if V is
large, P must be small.

® PROBLEM 54

A sample of a gas exhibiting ideal behavior occupies a
volume of 350 mf at 25.0°C and 600 torr. Determine its
volume at 600°C and 25.0 torr.

Solution: We can solve this problem by determining the
humber of moles, n, of gas from the ideal gas equation,

PV = nRT (where P = pressure, V = volume, n = number of
moles, R = gas constant, and T = absolute temperature)

by using the first set of conditions and then substituting
this value of n along with P and T from the second set of
conditions into the ideal gas equation and solving for V.
However, we can save useless calculation by denoting the
first and second sets of conditions by subscripts "1" and
"2", respectively, to obtain

P;V: = nRT,, and P2V2 = nRT;,

where n is the same in both cases, Dividing the second
of these equations by the first we obtain
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PaVs nRT: PV, Ty
BF,v, ~mRT, °F BV, " T,

where we have cancelled n and R (both constant). Solving
for V;, we obtain

PV, T2
Al el ¥
. 600 torr = 350 mi x B73,.15°K
.0 torr . K

24.6 x 10° m1

]

24.6 1.

& PROBLEM 55

A sample of gas occupies 14.3 & at 19°C and 790 mm Hg.
Determine the number of moles of gas present. What
volume will this same amount of gas occupy at 190°C
and 79.0 mm Hg?

Solution: This problem involves an application of the

eal gas equation, PV = nRT, where P = pressure, V =
volume, n = number of moles, R = gas constant, T =
absolute temperature, We will solve this equation for n
and then use this value of the number of moles, and the
ideal gas eguation, to obtain V at the new temperature
and pressure.

For our gas, we initially have Vv = 14.3 ¢, T =
19°C = 292.15°K, P = 790 mmHg x 1 atm/760 mmatm/760 mm
Hg = 1.039 atm and R = 0,0821 t-a -mole. Solving
the ideal gas equation for n, we obtain

n=BY o 1.039 a;a x 14,32 o
RT . i-a -mole X .
= 0.6194 mole.

Under the new conditions, we have T = 190°C =
463.15°K and P = 79.0 mm Hg = 79.0 mmHg x 1 atm/760 mm Hg
= 0,1039 atm. Solving the ideal gas equation for Vv, the
new volume is

_ DRT _ 0,6194 mole x 0.0821 14#-»1- x 463.15%
vET . a

= 226.68 ¢.
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® PROBLEM 56

A 3-liter bulb containing oxygen at 195 torr is connected
to a 2-liter bulb containing nitrogen at 530 torr by means
of a closed valve, The valve is opened and the two gases
are allowed to eguilibrate at constant temperature, T.
Calculate the equilibrium pressure.

Solution: We will sclve for the final or equilibrium
pressure, Pf, by using the ideal gas law,

nRT
P, = —=
£ Vf
where n is the number of moles of 0: [nozl plus the number
of moles of N, [nN;J' that is, the total number of moles

of gas, R is the gas constant, T the absolute temperature,
and Ve the final volume (3 liters + 2 liters = 5 liters).

We cannot solve this equation directly, since we do not
know T.

The guantities 05, and n,, are calculated using the

initial conditions and the ideal gas law,
P_V
a'a
Ba ® ®T
where Pa is the original partial pressure of gas a and va
is the volume initially occupied by gas a. Thus,

PV
5 t lit
ny, = 0: 0: _ 19 g;r x 3 liters , and

P, V
N; ‘N 530 torr x 2 liters
nz-_..i..—kl 14

Multiplying both equations by RT and then adding,

n RT + nN! RT

[+}

-~ |195 torr x 3 liters
“RT

RT + [530 torr x 2 liters) RT

R
[n + e ] RT = 195 torr = 3 liters + 530 torr
02 2
x 2 liters.
Dividing both sides by Ver we obtain

195 torrx3 liters + 530 torrx2 liters

[nnz * nNz] sf = Vf




But ny, + nnx = n, and Pf - nRT/VI. Hence,
nRT RT
pf'vf_-[n():*'n}h]VE

= 195 torr x 3 liters + 530 torr x 2 liters
v
£

. 195 torr x 3 liters + 530 torr x 2 liters
5 liters

= 329 torr.

® PROBLEM 57

Determine the molecular weight of a gas if 4,50 g of it

occupies 4.0 liters at 950 torr Hg and 182°C.
R = ,082 liter - atm/mole - °K,

Solution: One can find the molecular weight of this gas,
once one knows the number of moles present in 4,50 g. The
molecular weight is equal to 4.50 g divided by the number
of moles present

4.50
MW = o5, of moles
The number of moles of the gas can be found by using the
Ideal Gas Law. This law is stated
PV = nRT,
where P is the pressure, V is the volume, n is the number
of moles, R is the gas constant (0.082 liter-atm/mole-°K)
and T is the absolute temperature, One must convert the
pressure in torr to atm to use the gas constant, There
are 760 torr in 1 atm. Thus, torr are converted to atm
by multiplying the number of torr by 1 atm/760 torr.
P (in atm.) = 950 torr x 1 atm/760 torr
= 1.25 atm,
To use the Ideal Gas Law, the temperature must be
in °K. Here, it is given in °C, Temperature in °C can be
converted to °K by adding 273 to the temperature in °C,

T = 182 + 273 = 455°K

One can now use the Ideal Gas Law to solve for n.



PV
n = P =1.25 atm,
R¥ V =4,0 liters
R = 0,082 liter-atm/mole-°K
T = 455°K

1,25 atm x 4.0 liters
Titer-a
0.082 ZEXSELRER . 4550k

= 0.13 moles

n=

In 4.50 g of this gas, there are 0.13 moles, The
molecular weight can now be found,

MH = ‘-520 = = 347,

* PROBLEM 58

A research worker isolated an unknown compound from one of
his reaction products. This compound was a volatile liquid
with a boiling point of 65°C. A .134 g sample of the liguid
was vaporized and the gas was collected. The temperature

of the collecting chamber was kept at 98°C in order that
liquefaction would not occur. After all the sample was
vaporized, the volume of the gas was measured as ,0532
liters at 98°9C and 737 mm. Calculate the molecular weight,

Solution: We are dealing with the variables m = mass, V =
volume, P = pressure, and T = temperature. Whenever this
occurs, it indicates that one should employ the ideal gas
equation, PV = nRT, where n = moles and R = universal gas
constant. An ideal gas is one in which the gas molecules
take up no space and do not attract one another. Real
gases do not completely meet these conditions, but at
values in the neighborhood of standard conditions ( 0°C
and 1 atm), the difference in the real and ideal values
is small enough such that the ideal gas law is accurate
enough to carry out the calculations.

One further bit of information is required, Since
M.W. (Molecular Weight! does nct appear anywhere in the
equation, a relation must be found between M.W, and one
of the 4 variables. The relation is n = moles = mass/M.¥,
Substituting this into the ideal gas egquation we obtain

PV g RT

Solving for the molecular weight, we obtain:

mRT
MW = By
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m = mass of the sample = 134 g
R = gas constant = .082 liter - atm/mole -~ °K
T = 98°C = 273 + 98 = 371°K
V= 0.0532 1
P = 737 mm, For the formula, P must be given in
atmospheres. To do this, we multiply 737 mm
by the conversion factor of %35525. Thus,
- . L atm _ 737
737 mm 737 mm Teo mm - TE0 atm.
MW = {0.134}t0.032!§3?1} = 79.018 g/mole.

o PROBLEM 59

Assuming ideal gas behavior, what is the molecular weight
of a gas with a density of 2.50 g/liter at 98°C and
.974 atm?

Solution: You must employ the ideal gas law to answer
s question. This law, also called the equation of state

for an ideal gas, relates pressure, volume, temperature,
and moles to each other gquantitatively. It states PV =
nRT, where R is called the universal gas constant, P =
pressure, V = volume, T = temperature in Kelvin, and

n = number of moles. You can also write this equation as
n/V = P/RT to determine moles per liter. By substituting,

(0BT TitesoataymoTe="RTTSTIRT = -0320 moles/liter.

Therefore, according to the above calculation, you
know there are .0320 moles in one liter. However, the
density is 2.50 g/liter., Hence, you can compare the two,
and obtain the fact that .0320 moles weighs 2,50 g. From
this, the molecule weight determination follows via a
proportion. If 0.032 moles weighs 2.50 g, then 1 mole weighs
%X grams, which equals the molecular weight. In other words,

.032 _ 1

525~ x ° Solving for x, we obtain x = 78.1 g.

e PROBLEM 60

A cylinder contains oxygen at a pressure of 10 atm and a
temperature of 300°K, The volume of the cylinder is
10 liters. What is the mass of the oxygen?

——



Solution: In this problem,we are dealing with 4 variables
M = mass, V = volume, P = pressure, and T = temperature,
Three of them are given; we must calculate the fourth.
These variables are governed by the ideal gas law.

An ideal gas is one in which the molecules have no
attraction for one another and the molecules themselves
occupy no space (a situation contrary to fact). Real

gases do not completely satisfy either of these conditions,

but under conditions close to STP (0°C and 1 atm), the
real gases come very close to meeting these conditions.
Therefore, the difference between the real and ideal
values is small enough such that the ideal gas law
egquation can be used. It is:

PV = n RT

where n is the number of moles., Moles is defined as
grams/molecular weight. R is a gas constant equal to
.0B2 (liter)-(atm)/(°K)-{mole).

We are asked to find the mass of oxygen, yet there
is no value for mass in the ideal gas equation. There-
fore, we must find an equation that involves mass and
moles. That equation is moles = grams/M.W. The molecular
weight of 02 = 32 g/ mole. Therefore, substitute the
mole equation into the ideal gas equation

PV = nRT = g~ RT

The only unknown value is mass and the solution is
arrived at by substituting in the appropriate values

(10 atm) (10 liter) = Ty (,082) (300°K)

= W = 130.08 grams.

x

e PROBLEM 61

Metallic sodium violently liberates H: gas according to the

reaction
2Na(s) + 2H,0(L) - 2NaOH + H;{g)

If you collect the gas at 25°C under 758 mm Hg of press-
ure, and it occupies 2.24 liters, (a) find the number of
moles of hydrogen produced, (b) find the number of moles
of water decomposed and (c) find the percent error in
(a) if thgh‘gaseoua hydrogen h;d been :ollacgad dry, o
ass vapor pregsure of water is 23.8 mm at 25°C.
(R -_fgﬁzt t-atm/mole EK.}
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Solution: (a) You want to determine the number of moles

of hydrogen gas liberated given its pressure, volume and
temperature. Therefore,you make use of the egquation of state,
which indicates that PV = nRT, where P = pressure, V =
volume, R = universal gas constant, T = temperature in
Kelvin (Celsius plus 273°), and n = moles. Thus, to find

n, substitute into this egquation and solve for n.

In 1 atm, there is 760 mm of pressure. You use
atmospheres as the units of pressure, since R is expressed
in atmospheres. Hence,

P = 758 mm = 738 atms = .997 atm.

We are given R in the problem statement and that T = 298°K
and V = 2,24 L. Substituting,

n = LBHUZ2A - - 0913 mole Ha.

Now that you know how many moles of H: are liberated, you
also know how much water decomposed via the stoichiometry
of the reaction.

In (b), therefore, you make use of the equation
2Na(s) + 2H:0(%) + 2NaOH + H:(g)},

which tells you that for every mole of H:(g) produced you
have 2 moles of H:0 decomposed. You calculated a release
of .0913 moles of H:. Therefore, 2 * .0913 = .183 mole of
water must have decomposed. For (c) you must realize that
if the hydrogen gas were wet (not dried), the pressure
given is not the true pressure of the H;. For in this
pressure is included the vapor pressure of water. Thus, the
actual pressure of H; is only 758 - 23.8 = 734.2, where
23.8 was the given vapor pressure of water at 25°C. The

% error is, then

T3F5 * 100 = 3.24 %,

Compare the number of H; and N; molecules in two containers
described as follows: (1) A 2-liter container of Hydrogen
filled at 127°C and 5 atm, (2) A 5-liter container of
nitrogen filled at 27°C and 3 atm.
——

Solution: Avogadro's Law states that equal numbers of
molecules are contained in egual volumes of different
gases if the pressure and temperature are the same.
Therefore, if the conditions were the same, then there
would be equal numbers of molecules of H: and N:.



For reasons of clarity, it is useful to set up a
table like that shown below.

gas v T P
Hz 2 liters 400°K 5 atm
Nz 5 liters 300°K 3 atm

By using the general gas eguation
PV = nRT

where n = number of moles, and R = 0.082 atm~liter/°K-mole,
one can find the number of moles of H; and N;.

Thus, for H:

5 atm) (2%
. atm=-£/mole-"K K

nngT—v-

= 0.305 moles

for N2

PV _ 3 atm) (5 &)
T RT m,- 0,610 moles.

There are twice as many moles of M; as there are of H,.
Since the number of molecules is directly proportional to
the number of moles, then there are twice as many molecules
of N; as molecules of H,,

® PROBLEM 63

A 0.100 ¢ container maintained at constant temperature
contains 5.0 x 10'° molecules of an ideal gas, How many
molecules remain if the volume is changed to 0,005 &?

what volume is occupied by 10,000 molecules at the
initial temperature and pressure?

Solution: Since only the volume changed and no molecules
were added to or withdrawn from the system, the number of
molecules at a volume of 0.005 & is the same as that at

a volume of 0.100 £, or 5.0 x 10'° molecules.

In the second part of the problem we require a
relationship between volume and number of molecules, taking
into account the fact that the number of molecules can
change. We will obtain such a relationship by modifying
the ideal gas equation, PV = nRT, where P = pressure,

V = volume, n = number of moles, R = gas constant, and

T = absolute temperature. Since the number of moles is
equal to the number of molecules, N, divided by Avogradro's
number, A, or n = N/A, we can write the ideal gas equation
as PV = nRT = N/A RT, or



PVA = NRT.

The initial and final pressure and temperature are
the same. Also, A and R are constants. Denoting the
initial volume and number of molecules by vi and Ni,
respectively, and the final volume and number of
molecules by Vf and N:' respectively, we obtain

PViB = NiRT and PVEA = NERT.

Dividing the second of these by the first we obtain

Pvfa ﬁfﬁr vf N:
= or =
VA T N AT “voN

where we have cancelled all the constants. Solving for the
final volume we obtain

N
Ve =V x ﬁi = 0.100 £ x 20000 _ 5, q10-0 4.
i i 5 x 101°

* PROBLEM 64

At 100°C and 720 mm Hg or 720 torr, what is the density
of carbon dioxide, CO:7?

Sclution: According to the kinetic theory of gases,
the parameters of pressure, volume, and temperature

of a gas are mutually dependent - that is, a change in
one influences the others. In this problem, you want
the density of CO:. Density is defined as mass/volume.
Thus, density =(mass of 1 mole CO;)/(volume of 1 mole CO:),
The mass of one mole of carbon dioxide is 44 g. (This
number represents the sum of the atomic weights of all
atoms in the gas,) Consequently, this problem involves
only the calculation of CO:'s volume at 100°C and

720 torr.

At standard temperature and pressure, one mole of
COz or any gas occupies 22,4 liters. (Recall that
standard temperature and pressure is 760 mm Hg and 0°C.)
Because the temperature and pressuré has been altered,
the volume will no longer be 22.4 liters for one mole
of COz.

According to the combined gas law, PV/T = constant.
Thus at standard temperature and pressure,

(760 mnzg (22.4 1liters) . . constant.




(You add 273° to the Celsjius temperature, since T must
be in Kelvin.) At 100°C and 720 mm Hg, you have

(720 wm H9) V . , constant,

According to this law, both expressions are egual, i.e.

(760 mm Hg) (22.4 liters) (720 mm Hg) (V)
— 3

Z73%

Solving for V in this egquation, you obtain
Vv = 32,3 liters.

The density is, therefore, 44/32.3 = 1.32 g/liter.

® PROBLEM 65

Using the ideal gas law, show that for an ideal gas of
density p, P/PT is a constant.

Solution: The ideal gas law reads PV = nRT, where P =
pressure, V = volume, n = number of moles, R = gas
constant, and T = absolute temperature. The number of
moles is equal to the mass m of a sample of gas divided
by the molecular weight MW of that gas: n = m/MW, Then
PV = nRT =(m/MW)RT. Dividing both sides by the volume,
we obtain P = é v . But mass per unit volume is
density, hence p = m/V and this equation becomes P =
(p/MW) RT or PApT) = R/MW. Since R is a universal constant
and MW, the molecular weight, is constant for a particular
gas, PApT) = R/MW = constant.

® PROBLEM 86

The density of a gas is measured as 0.222 g/ at 20.0°C
and 800 torr. What volume will 10.0 g of this gas occupy
under standard conditions?

Solution: Since we know the density at a given temperature
and pressure, we can apply the equation P/pT) = constant,
which holds for ideal gases of density ¢ at pressure P

and absolute temperature T, We must first determine the
constant for our system and then use this value along

with standard pressure (760 torr) and temperature
(273.15°K) to determine the density of the gas under
standard conditions. From this density, we obtain the
volume that 10.0 g of the gas occupies under standard
conditions.



The value of the constant is, as previously
indicated, PAPT

800 torr B00 torr torr-4i
= 7377 g/L * 20.0°C = UT?!I-E7T-?_!§TTT53f = 12,28 _E_:FR

Hence, for our gas,

P
5T =

torr - i =P 1
12,28 £OIL or P= & X YT 70 torr - 1/ g -°% °

Under standard conditions, the density of our gas is

p 1
then o= & % oy torr = /5 =K

760 torr 1
= I7T3I5% * Y78 torr = 175 —%k - 0-2265 g/%.

Density is defined as p = mass/volume. Hence,
volume = mass/p, and the volume occupied by 10.0 g of
our gas under standard conditions is

- mass 10.0
volume = B352 = —ppzegyt = 44.15 2.

® PROBLEM 67

At standard conditions, it is found that 28,0 g of carbon
monoxide occupies 22.4 L, what is the density of carbon
monoxide at 20°C and 600 torr?

Solution: The density of carbon monoxide under STP or
standard conditions (pressure = 1 atm or 760 torr and
temperature = 0°C or 273.15°K) is p = mass/volume.

28 g of CO, carbon monoxide, represents one mole and a
mole of any gas occupies 22.4 liters of volume under
standard conditions., Thus, ¢ = 28g9/22.4 & = 1,25 g/L.

We can apply the eguation PApT) = constant, which
holds for ideal gases of density p at pressure P and
absolute temperature T. We will first determine the
constant for our system and then use this value to
calculate the density at 20°C = 293,15°K and 600 torr.

The value of the constant for our system is

P__ 760 torr torr - 1
constant = Tx = yyEoTx ITTLISOR - 2-2%5 oo -
Hence, for our system P _ 5 gpg torr - & or
' P FE S 202 o

At 20°C = 293,15°K and

P 1
P =7 X F¥IS torr - L/3 =K °



600 torr, the density of CO is

P 1
P = § X 7,275 torr - &/ -°K

600 torr 1 =
= T3I5°K * TIIS torr - I/g - - 9198 9/t.
o PROBLEM 68
-

One gram of an unknown gaseous compound of boron (B,
atomic weight = 10.8 g/mole) and hydrogen (H, atomic
weight = 1.0 g/mole) occupies 0.820 liter at 1.00 atm
at 276 K. What is the molecular formula of this
compound?

Solution: The general formula for the compound is B!Hb,

where a and b are to be determined. To find these, we
must first find the molecular weight of the compound by
using the ideal gas law,

PV = nRT,

where P = pressure, V = volume, n = number of moles,
R = gas constant, and T = absolute temperature, n equals
the mass, m, divided by the molecular weight MW,PV =

m mRT
miu—-w-RT,Ol‘m--ﬁﬁ.

vy = BRT _ 1 g x 0.082 liter - atnmgmle-% x 276°K
W .00 atm x 0. ter
= 27.6 g/mole.

To find a and b, we use the relation MMB g T ax
a'b
atomic weight of B plus b x atomic weight of H, or

27.6 g/mole = a x 10.8 g/mole + b x 1,0 g/mole,
By trial and error, we find that a = 2 and b = 6

(2 x 10.8 g/mole + 6 x 1.0 g/mole = 27.6 g/mole), so that
the formula of our compound is B;H; (diborane).

o PROBLEM 69

Of the several ways in which the supersonic transport

(SST) acts as a pollutant, one is by the elimination of

carbon dioxide (CO:). During normal flight, CO: is

released at a temperature of about 627°C and at a press-

ure of 0.41 atm at an estimated rate of 6.6 x 10" kg per

hour. To what volume does this amount of gas correspond?
—




Solution: This problem is an application of the ideal
gas law, PV = nRT, where P = pressure, V = volume, n =
number of moles, R = gas constant, and T = absolute tem-
perature. Solving for V,

nRT

V = —

P
We know that R = 0.082(liter - atm/mole -°K), T =
627°C = 900°K, and P = 0.4]1 atm. n is obtained by dividing
the mass of CO2 (6.6 x 10* kg = 6,6 x 10" kg x 10* g/kg =
6.6 x 107 g) by the molecular weight of CO;. The molecular
weight of CO; is equal to

atomic mass. + 2 atomic mass, = 12 g/mole + 2(16 g/mole)

or 44 g/mole. Hence

- mass CO; - 6.6 x 107 g _ .
" * moYecular weight COz 44 g/mole 1.5 x 10° moles.

Substituting the values of n, R, T, and P into the
equation for V gives

v = BRT _ 1.5x10° molesx0.082 liter-atm/mole"K x300°K
P - a

= 2.7 x 10° liters.

* PROBLEM T0

KMnO, is added to a 350 ml solution of an approximately 3%
H,0, solution. It is found that 3.94 cm® of 0; gas is re-
leased. It is collected over H;0 at a pressure (barometric)
of 0.941 atm and 28°C. Assuming that the pressure due to
water vapor is 0.0373 atm, what is the actual concentration
of the H,0, solution?

Solution: The concentration of a solution is given in
rms of molarity, i.e., moles/liter. This means that

the number of moles of H;0; must be determined, since you

already know the volume.

To determine the number of moles of H;0;, you know
that, when oxidized, 1 mole of H;0; yields 1 mole of O0;.
Thus, if you know the number of moles of 0; produced, you
alsoc know the moles of H;0: originally present. To £ind
the number of moles of 02, you must use the equation of
state. This tells us PV = nRT, where P = pressure, V =
volume, n = number of moles, R = universal gas constant,
(.082057 l-atm mol~' deg~'), and T = temperature in
degrees Kelvin (degree Celsius plus 273°). Hence,

PV
noz'ﬂ.



All the values needed to find l'loz are known or can be

calculated. The pressure of O; will not be .941 atm,since
this figure also includes vapor pressure from water.
Therefore, the actual pressure of 0; is .941 - .0373.
That is, the difference between barometric and vapor
pressure. Substituting, you obtain

- £.941 - .0373)(3.94 x 107%) _ -
"o, TR ITT 144 10

moles of 0,. This means there were originally 1.44 x 10~*
moles. Now, recalling the definition of molarity, which
represents the concentration of a solution, you have

1.44 x 10~* moles

= -
- T 4.12 x 10°* M

which is the concentration of the H;0; solution.

* PROBLEM 71
E——— A— —

The van der Waal equation is a modification of the ideal
gas egquation. It reads

[p+%:-](v-nbi = nRT

where P = pressure, V = volume, n = number of moles,

R = gas constant, T = absolute temperature, and (a) and
(b) are constants for a particular gas. The term an?/v?
corrects the pressure for intermolecular attraction and
the term - nb corrects the volume for molecular volume.
Using this equation, determine whether a gas becomes more
or less ideal when: (a.) the gas is compressed at constant
temperature; (b.) more gas is added at constant volume
and temperature; and (c.) The temperature of the gas is
raised at constant volume.

Solution: As the behavior of a gas approaches ideality,

approaches 1. Hence, we must manipulate the van
der Waal equation into a form in which it can be de-
termined whether PV/nRT approaches 1 as the variables
are changed. Thus,

2
[P+%—}{V-nb)-nk‘l‘

2 2
w—pnb+;—'}—v—9-3-,nb-nn'r

2

w-pnh+%-%,l’--mu'

2 3
an an’b
PV-nRTi-Pnh--V-nr_vr. .



Dividing by nRT we obtain

BV _, ,Pb_ an _an’
nRT RT ~ FV T RTVT

(a.) when the gas is compressed at constant tem~
perature, volume decreases and pressure increases, Hence,
the last three terms on the right side increase, and
PV/nNRT deviates from 1, The gas thus becomes less ideal,

{b.) If more gas is added at constant volume and
temperature, both n and P increase, hence the last three
terms on the right side increase and the gas becomes
less ideal.

(c.) As the temperature of the gas is increased at
constant volume, the pressure increases, The last two
terms on the right side become smaller while the second
term (Pb/RT) increases slightly. Hence, the gas comes
closer to being ideal.

® PROBLEM 72

Using Van der Waal's equation, calculate the pressure
exerted by 1 mole of carbon dioxide at 0°C in a volume
of (a) 1.00 liter, (b) 0.05 liter,

Solution: Real gases are more compressible than ideal
gases because their molecules attract each other. The
ntermolecular attraction is provided for by adding to
the observed pressure a term of n®a/v? in the ideal gas
law (PV = nRT) where n is the number of moles, V is the
volume, and a is a van der Waal's constant, At very high
pressures, real gases occupy larger volumes than ideal
gases; this effect is provided for by subtracting an
excluded volume nb from the observed volume V to give the
actual volume in which the molecules move (b is a
constant). Thus, van der Waal's full equation is:

[P + E%;](v = nb} = nRT

To solve this problem one must 1) convert the tem-
perature from units of °C to °K by adding 273° to the®C
temperature. This is done because T is expressed in
the absolute. (P = pressure and R = gas constant.)2) Find
the values for the constants (a) and (b) (these can be
found in an¥ reference text). For CO:2; a =
3,592 liter? atm/mole?; b = 0,04267 liter/mole., 3) Sub-
stitute the known values into the van der Waal's e-
quation and solve for pressure.

Known values:

liter-atm T = 273°K

n=1 R=0,082 ioTe-°%



{a) v = 1.00 liter. Substituting,
[p + Lé%;igﬁggzl] [1.00 - (1)(0.04267) | = (1) (0.082) (273)

- . {0.082) { 273°K 3,592

P - 00T

- .

= 23.38 - 3,592
= 19.79 atm

(b) V= 0,05 liter, Substitute

T
[P , W (3.592:]:0.05 - (1) 0.04267) = (1) (0.082) (273 K)
o
P - (008227350 3,592

= 3054 - 1437

= 1617 atm.

o PROBLEM 73

Using the data from the accompanying figure, calculate
the pressure exerted by .250 moles of CO; in .275 liters
at 100°C. Compare this value with that expected for an
ideal gas.

van der Waals constants

Gas a, liter” atn/mol? b, liter, mol
Heliam 0.as 0.0217
Argon 1.35 0n3z2
Nirrogen 149 00391
Carbon diovide 339 00427
dcetslene +.39 00514
Carbon teirackloride 2039 0.138%

Solution: To solve this problem you must understand the
concept of an “ideal gas" and the formulas associated

with it. Boyle's law states that PV = constant, if the
temperature is fixed. In other words, if T is constant,
then a fixed mass of gas occupies a volume inversely pro-
portional to the pressure exerted on it. If a gas obeys
this law, it is termed an "ideal gas." When a gas is ideal,
PV = nRT, where P = pressure, V = volume, n = moles, R =
universal gas constant, and T = temperature in Kelvin.
When a gas is not ideal, it doesn't ocbey Boyle's Law;
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and instead of the Ideal Gas law you use Van der Waal's
equation,

2
[p + -‘1‘7%) (v - nb) = nRT, where,for CO;, a =
3,59 liter®- atm/mole? and b = ,0427 liter/mole. These

values are called Van der Waal's constants, Substitute
the values into these egquations and solve for P. As such,

2
[p ¢ £:250) " (3.59) |\t 595 _ (,250) (.0427)]

= (.250) (.08206) (373).
Solving for P, you obtain P = 26.0 atm,

If you had considered the gas as ideal, then
PV = nRT, and P = 27.8 atm,

e PROBLEM T4

0f the following two pairs, which member will more likely
deviate from ideal gas behavior? (1) N; versus Co, (2)
CH, wversus C:;Hg.

Solution: Characteristics of ideal gases include:

Gases are composed of molecules such that the actual
volume of the molecules is negligible compared with the
empty space between them. (2) There are no attractive
forces between molecules. (3) Molecules do not lose net
kinetic energy in collisions, (4) The average kinetic
energy is directly proportional to the absolute tem-
perature.

From these assumptions came the ideal equation of
state: PV = nRT, where P = pressure, V = volume, n =
moles, R = universal gas constant, and T = temperature.
No gas is ideal; they don't obey these assumptions
absolutely. To reflect these limitations the ideal gas
law can be written as:

2
[p + “?"‘-Jw - nb) = nRT.

The term V = nb can be thought of as representing the
free volume minus the volume occupied by the gas
molecules themselves. The magnitude of (b) is pro-
portional to a gas molecule's size. Thus, the greater
the size of a gas molecule, the greater the nb is, and,
the greater the deviation, since the volume is assumed
to equal exactly V in the Ideal Gas Law. V - nb is
smaller than V. The greater nb, the smaller it becomes.



The term n/V, a concentration term, when squared,
gives probability of collisions. (a) gives a measure of
the cohesive force between molecules, Real molecules do
have an attraction for each other. The greater the value
of (a), the larger n®a/V ’becomes, and the larger(P +
n*a/v*)gets. The ideal gas law assumes a value of ex-
actly P, Thus, as (a) increases, the more deviation.

To determine which gas deviates the most, look at
the size of the gas molecules and their dipole moment.
The dipole moment is an indication of unlike charges
separated by a given amount of distance. Unlike charges
on separate molecules will be attracted to each other.
Thus, a higher dipole moment indicates greater cohesive
attraction among molecules and greater deviation, Proceed
as follows:

{1) N; versus CO, The CO gas has a net dipole moment,
while N; does not. This is because 0 is more electro-
magnetic than C. In N: both of the atoms are the same
and thus their electronegativities are egqual and nc net
dipole moment exists., Thus, CO deviates to a greater
extent,

(2) CH., versus C;H¢. C:H¢ is a much larger molecule
and occupies more volume. Therefore, it is more likely to
deviate from ideal gas behavior.

& PROBLEM 75

What do the terms critical temperature and pressure mean?
If you want to liguefy a gas, what physical properties
must you consider? If one gas has a higher critical tem-
perature than another, what can be said about the relative
forces of attraction between like molecules?

Solution: The critical temperature is the temperature above

which a gas may not be liquefied regardless of the pressure.
The critical pressure is the pressure necessary to liquefy
a gas at its critical temperature.

Both temperature and pressure are factors in the
condensation of a gas. Molecules of a particular compound
have a lower kinetic energy in their liquid state than in
their gaseous state.

kinetic energy = mass x (velocity)?

Therefore, kinetic energy is proportional to the square
of the velocities of the particles. In the gaseous state
the velocities of the molecules are greater, when the
temperature of a system is decreased the velocities of
the molecules decrease and, hence, the kinetic energies
decrease. If the pressure of the system is increased, the



particles are forced closer together. At a certain point,
when the kinetic energy will be low and/or the particles
will be close enough together, the gas will liquefy. If a
gas has a high critical temperature, less energy is
necessary to liquefy it. In the liguid state the molecules
are much closer together than in the gas. When less energy
is needed to force the molecules together, the inter-
molecular forces of attraction are greater.



CHAPTER 3

GAS MIXTURES AND PHYSICAL
PROPERTIES OF GASES

Basic Attacks and Strategies for Solving Problems
in this Chapter. See pages 61 to 94 for step-by-step
solutions to problems.

Mixtures of Ideal Gases

In mixtures of ideal gases there is negligi ion mol-
ecules —either between the same or different species. Therefore, each com-
ponent in a mixture of ideal gases behaves as though it were present all by

itsclf.

The pressure exerted by each component in a mixture of gases is called
that comp 's partial p . Since the components in a gas mixture do
not i the partial p of a species in a mi is the total p
that component would exert if it were the only one present in the system. The
ideal gas law from Chapter 2 applies equally well for the individual compo-
nents in gas mixtures if we replace the total pressure with the partial pressure
and the total number of moles with the number of moles of the individual
component.

PV=nRT 31

This ion is identical to Equation 2-1 of Chapter 2 except that P, is the
partial prtssur: of species i, and n, is the number of moles of species i.

P, = partial (absolute) pressure of species i
V = volume

n, = number of males of species i

T = absolute temperature

R = universal gas constant
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It should be obvious intuitively that the total number of moles in a system
(n) will equal the sum of the numbers of moles of each of the individual
components.

n=n4n4n ...+n =3n 3-2

It follows, therefore, that at constant temperature and volume, the total
pressure of a system containing several gaseous species (P) is simply the sum
of the partial pressures.

P=3P,=(Sn)RTIV = nRT/V 33

This result (that each species exerts a partial pressure as though it were
present alone, and the sum of the partial pressures equals the total pressure)
is known as Dalton’s Law of Partial Pressures. An important corollary of
Dalton’s Law can be obtained by multiplying and dividing Equation 3-1 by
n, the total number of moles in the system.

P, = (n/mnRT/V = (n/n)P = NP 34
or
P/P=n/n=N,

The quantity n/n (written N) is defined as the mole fraction of species i
and is simply the fraction of the total number of moles or molecules in the
system that are of component i. Note that the mole fraction represents a
fraction of molecules; since unlike molecules normally have different masses,
the mole fraction and the mass fraction are not the same. This concept is
explained in greater detail in Chapter 4.

In this chapter, problems illustrating principles governing ideal gas
mixtures are presented. These problems are best attacked by applying the
ideal gas law to each individual species. While Dalton’s Law of Partial
Pressures is exact only for mixtures of ideal gases, it is often an excellent
approximation for real gases at pressures and temperatures where deviations
from ideal gas behavior are not significant.

Kinetic Theory of Gases/ Graham’s Law of Gaseous Diffusion

The kinetic theory of gases, first developed in the mid 1800s, explains
many observed properties of gases. The basic postulate of the kinetic theory
is that gas molecules move about at high velocities and collide elastically with
other molecules and the vessel walls. Collisions with the walls of the
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container exert a force we observe as the gas pressure. An important
observation is that the kinetic energy associated with the motion of a molecule
is proportional to the absolute temperature and is the same for all species.

E=12mv=32kT 3-5
where the terms in Equation 3-5 are defined as follows:

E, = kinetic energy of the gas molecule

m = mass of the gas molecule

v = velocity of the molecule

k = Boltzmann constant (1.38 x 10 J/K)
T = absolute temperature

There is a distribution of gas velocities in any gas, and several different
averages are defined in Problem 100. The important fact to remember is that
the average energy is a function of temperature and not the mass of the
molecule. If Equation 3-5 is multiplied by N,, the number of molecules in a
mole, the following equation is obtained:

E,= 12N,m* = 1/2Mv* = 312 RT 3-6

where (N, x m) is the molecular weight, M, of the gas, and (N, x k) is the
universal gas constant, R.

Graham’s Law of Gaseous Diffusion follows logically from Equation 3-
6. The rate at which a gas molecule will diffuse is proportional to its velocity.
Since all gases in a mixture are at the same temperature and have, therefore,
the same average kinetic energy per molecule, the molecular velocity is
inversely proportional to the square root of the molecular weight.

v:l:Dcx-l;—- 3-7

M

In Equation 3-7, D is the diffusivity; the equation provides a means for
comparison of the diffusivities of different gaseous species. Graham’s Law
of Diffusion states, however, that the rate of diffusion is inversely propor-
tional to the gas density, p. From the ideal gas law the density can be calcu-
lated as follows and is proportional to the molecular weight for a given
temperature and pressure.
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n-m
v

p=

<|3

PVenrT - 2oL
v RT

nM _PM
Vv RT

3-8

It follows that, at constant temperature and pressure, the rate of diffusion is
inversely proportional to the square root of the molecular weight of a gas.

rir = (pdp )" = (M/M)" ‘ 39

Problems in this chapter which involve the molecular diffusion of
different gases all require a comparison of rates of diffusion or diffusivity.
These problems are most efficiently attacked by observing the ratios in
Equation 3-9 and determining which of the quantities can be calculated from
those given.
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Step-by-Step Solutions to
Problems in this Chapter,
“Gas Mixtures and Other Physical
Properties of Gases”

MOLE FRACTION

e PROBLEM 176

Calculate the mole fractions of ethyl alcohol, C;HsOH,
and water in a solution made by dissolving 9.2 g of
alcohol in 18 g of H:0. M.W. of H;0 = 18, M.W. of
CyHsOH = 46.

Solution: Mole fraction problems are similar to %
composition problems. A mole fraction of a compound
tells us what fraction of 1 mole of solution is due to
that particular compound, Hence,
moles of solute
moles of solute + moles of solvent

The solute is the substance being dissolved into or added to
the solution. The solvent is the solution to which the
solute is added.

mole fraction of solute =

The equation for finding mole fractions is:

moles A = s
moles A + moles B - noie fraction A

Moles are defined as grams/molecular weight (MW).

Therefore, first find the number of moles of each compound
present and then use the above equation.

moles of C:HsOH = 13%ﬁ3395513 = .2 mole
18
moles of H:0 = Wﬁm = 1 mole

mole fraction of C;HsOH = ﬁg'T' .167



mole fraction of Hi0 = li_.!"' .833.,

Note, that the sum of the mole fractions is equal to 1.

& PROBLEM 77

the carcinogen 3,4-benzo[alpyrene, some of the more
abundant are listed in the following table along with
their mole fractions:

0f the many compounds present in cigarette smoke, such as I

Component Mole Fraction
Ha 0.016
02 0.12
co 0,036
CO2 0.079

wWhat is the mass of carbon monoxide in a 35,0 ml puff of
smoke at standard temperature and pressure (STP)?

Sclution: Assuming ideal gas behavior, we will calculate
the number of moles of ideal gas in a 35.0 ml volume.
Using the mole fraction of CO in smoke, we will then
obtain the number of moles of CO in a 35.0 ml volume and
finally convert this to a mass.

The molar volume of an ideal gas is 22.4 liter/mole
when STP conditions exist, i.e, when temp. = 0°C and
pressure = 1 atm, Hence, the number of moles of ideal
gas in a 35.0 ml volume is obtained by dividing this
volume by the molar volume of gas, or
35.0 ml/22.4 liter/mole = 0.035 liter/22.4 liter/mole
= 1.56 x 10-? mole.

The mole fraction is defined by the equation

moles CO

mole fraction CO “rZFaT number of moles

solving for the number of moles of CO,

moles CO = mole fraction CO x total number of moles
0.036 x 1,56 x 10~? mole

5.6 x 10=3 mole.

wowon

This is converted to a mass by multiplying by the
molecular weight of CO (28 g/mole)., Hence,

mass of CO = moles of CO x molecular weight of CO
= 5.6 x 10-°* mole x 28 g/mole
= 1.6 x 10-? g,



& PROBLEM 78

It has been estimated that each sguare meter of the earth's
surface supports 1 x 107 g of air above it. If air is 20%
oxygen (0:, molecular weight = 32 g/mole) by weight,
approximately how many moles of 0: are there above each
sguare meter of the earth?

Solution: This problem is solved by first calculating
what welght of oxygen is present in 1 x 107 g of air and
then dividing by the molecular weight of oxygen to con-
vert thiis mass to moles.

Using the definition of weight percent,

. weight of O

weight % of 0: Total welght x 100%
weight of 02

208 = FEARg— ¢ 1008
weight of O

20 = _ra_m,Tl x 100

Solving for the weight of 0O;,
weight of 0; = yag * 1 x 107 g = 2 x 10° g.

The number of moles of 0: is egual to the weight of
03 divided by the molecular weight, or

weight of O 2 = 10°
moles of 0 = TICTIT ST = ST g moTe
6 x 10" moles.

Therefore, each square meter of the earth's surface
supports 6 x 10° moles of 0,.

DALTON'S LAW OF PARTIAL PRESSURES

® PROBLEM 79

A mixture of nitrogen and oxygen gas is collected by
displacement of water at 30°C and 700 torr Hg press-
ure. If the partial pressure of nitrogen is 550 torr Hg,
what is the partial pressure of oxygen? (Vapor pressure
of H,0 at 30°C = 32 torr Hg.)




Solution: Here, one uses Dalton's Law of partial
pressures. This law can be stated: Each of the gases in
a gaseous mixture behaves independently of the other
gases and exerts its own pressure; the total pressure
of the mixture being the sum of the partial pressures
exerted by each gas present. Stated algebraically

Piotal = Pt + P2 + ... By

where Piotal is the total pressure and p;, Pz, ... Py

are the partial pressures of the gases present, In this
problem, one is told that oxygen and nitrogen are
collected over H:0, which means that there will also

be water vapor present in the gaseous mixture. In this
case, the equation for the total pressure can be written

Protal = Po, * Py, * Puyo

One is given Ptotal' pNx, and FHzD and asked to find po;‘
This can be done by using the law of partial pressures

Peotal = Po: ¥ Py, * Puyo Potal = 700 torr
Py, =7
700 torr = Po, * 550 torr + 32 torr Py, = 550 torr
poz = (700 - 550 - 32)torr Pa,o = 32 torr
= 118 torr
po2 = 118 torr.
¢ PROBLEM B0

—

Methane is burnt in oxygen to produce carbon dioxide
and water vapor according to the following reaction,
CH.(g} + 20;‘g) - co‘{gl + ZH‘O(g)' The final pressure

of the gaseous products was 6.25 torr. Calculate the
partial pressure of the water vapor.
—

Solution: The partial pressure of each of the components
in a mixture of g subst will be egqual to the
product of the mole fraction of that component in the gas
and the total pressure of the system., Given the total
vapor pressure of the gases, one can calculate the mole
fraction of the water vapor.

Let P, = partial pressure of the water vapor, Nj =
total number of moles of gases produced, N, = number of
moles of water vapor, and PT = total pressure. This law



can now be expressed in these terms:

N
A
t £ th
PA = ﬂ;'PT * From the stoichiometry o e

equation, the total number of moles of products is 3.
Out of these 2 moles are water vapor. Thus, substituting,

PL = 2/3 (6,25 torr) = 4,16 torr of water vapor.

® PROBLEM 81

A mixture of gaseous oxygen and nitrogen is stored at
atmospheric pressure in a 3.7 i iron container maintained
at constant temperature. After all the oxygen has re-
acted with the iron walls of the container to form solid
iron oxide of negligible volume, the pressure is measured
at 450 torr. Determine the final volume of nitrogen and
the initial and final partial pressures of nitrogen and
oxygen.

—————————————

Solution: The partial pressure of each component, which

s independent of any other component in a gaseous mixture
at a defined volume, is equal to the pressure each com-
ponent would exert if it were the only gas in that volume,
The total pressure of a gaseous mixture is the sum of the
partial pressures of the components. These two definitions
are sufficient to solve this problem,

once all the oxygen has reacted, no oxygen is present
in the gaseous phase, so that the final partial pressure
of oxygen is zero. By the second definition, final total
pressure = final partial pressure of N:; + final partial
pressure of 0z

450 torr = final partial pressure of N; + O torr
or, final partial pressure of N: = 450 torr.

But since, after all the oxygen has reacted, only
nitrogen fills the entire volume, the final volume of
nitrogen is 3.7 L., By the first definition, the initial
partial pressure of nitregen is the same as the final
partial pressure of nitrogen, 450 torr. We now again
employ the second definition to determine the last re-
maining unknown gquantity, the initial partial pressure
of oxygen. Proceeding, we obtain

initial total pressure = initial partial pressure of 0:
+ initial partial pressure of N:

1 atm = initial partial pressure of 0; + 450 torr

or, initial partial pressure of 0: = 1 atm - 450 torr



= 760 torr - 450 torr
= 310 torr.

Summarizing these results in tabular form we have:

Initial Fina
partial pressure of 0: 310 torr 0 torr
partial pressure of N: 450 torr 450 torr
total pressure 760 torr 450 torr

® PROBLEM 82

A cylinder contains 40 g He, 56 g N:;, and 40 g Ar.
(a) what is the mole fraction of each gas in the
mixture? (b) If the total pressure of the mixture is
10 atm, what is the partial pressure of He?

Solution: (a) The mole fraction of a component in a
sYyS s defined as the number of moles of that com-
ponent divided hy the sum of all the moles present in
the system. Here, one must first calculate the number
of moles present of each component, then the mole
fractions can be found. The number of moles of each
gas can be found by dividing the number of grams
present of the gas by the molecular weight. (MW He = 4,
MW N, = 28, MW Ar = 40.)

no. of moles = &ﬁf—g“ﬁ

no. of moles of He = r%# = 10 moles

no. of moles of N = !-!5—;/3-‘31—8 = 2 moles
no. of moles of Ar = m%gm- 1 mole

The total number of moles of gas in the system is
the sum of the number of moles of the three gases. Thus,
there are 13 moles of gas in the system. The mole
fraction can now be found for each gas by dividing the
number of moles of each gas by 13, the total number of
moles

no, of e
mole fraction = oy r==rrF=roTes In system

mole fraction of He = ﬁ%’_':—:- = ,77

mole fraction of N = r%%g%%:— = .15



mole fraction of Ar = ﬁi:—s = .08

{b) In a system where various gases are present, the
partial pressure of each gas is proportional to the mole
fraction of the gas. The relationship between the partial
pressure of a particular gas and the total pressure is

partial pressure = total pressure x mole fraction
In this problem,cne is given the total pressure of
the system and one has found the mole fraction of He. One
can now find the partial pressure of He

partial pressure of He = 10 atm = .77 = 7,7 atm,

* PROBLEM 83

E—

What is the partial pressure of each gas in a mixture which
contains 40 g. He, 56 g. N2, and 16 g. 02, if the total
pressure of the mixture is 5 atmospheres,

Solution: In a mixture of gases, the partial pressure of
each gas is proportional to its mole fraction., Here, to
calculate the partial pressures of the various gases con-
tained in this system, one must first calculate the mole
fraction of each component., This is done by calculating
the number of moles present of each component and dividing
that by the total number of moles present in the system.
To calculate the partial pressure of each component, the
mole fraction must then be multiplied by the total press-
ure of the system.

(a) To calculate the number of moles present of each

component, divide the number of grams present by the
molecular weight of the element.

number of moles = W
Moles of He = 34—37%13— = 10 moles
Moles of N; = Tgﬁ_g?m_oﬁ = 2 moles
Moles of 0; = !]ia—g?m = 0.5 moles

(b) To calculate the total number of moles present,
add the number of moles of all components together

total number of moles = moles He + moles N; + moles 0:

=10 + 2 + 0.5



= 12.5 moles
(c) To calculate the mole fraction of each component,
divide the number of moles present of each component by
the total number of moles in the system,

mole fraction He = I%EE = .80

mole fraction N = Ifgg = 16

mole fraction O; = I%éé = 04

(d) To find the partial pressure of each component,
multiply the mole fraction by the total pressure in the
system.

partial pressure He = (,B80) x 5 atm = 4 atm

partial pressure N; = ,16 x 5 atm = 0.8 atm

partial pressure Q; = .04 x 5 atm = 0,2 atm.

o PROBLEM B84

The composition of dry air by volume is 78.1% N2,
20.9% 02 and 1% other gases., Calculate the partial
pressures, in atmospheres, in a tank of dry air
compressed to 10.0 atmospheres.
S —

Splution+ A partial pressure is the individual pressure
caused Ly one gas in a mixture of several gases, The total
pressure, Ptocal' according to Dalton's Laws, is the

sum of these individual partial pressure, p,, p: and p;.
i.e. P total = Pi + Pz + Pi.

The term dry air indicates that no water vapor is
present,

The partial pressure is found by multiplying the
percent of each gas in the volume by the total pressure.

partial pressure = proportion by volume x total pressure

PN: = ,781 x 10 atm = 7,81 atm

Pu = ,209 x 10 atm = 2,09 atm
2

Pother gases = ,010 x 10 atm = .1 atm,

The total pressure, as required, is 10 atm.



o PROBLEM B85
——

A sample of air held in a graduated cylinder over water
has a volume of 88.3 ml at a temperature of 18.5°C and a
pressure of 741 mm (see figure). What would the volume of
the air be if it were dry and at the same temperature and
pressure?

gas pressure

water 741 mm
molecule
air
pressure
741 mm

|

Solution: This problem is an application of Dalton's
Law which states that the total pressure of a mixture,
Ptotal’ of gases is the sum of the individual partial

pressures, P,, P;. Stated mathematically

P =P, +P; + Py ...

total

The mixture of gases in this problem is located in
the cylinder and is made up of dry air and water vapor,
At 1B.5°C the vapor pressure of water is 16 mm., The
pressures are related by the equation

Ptotal = pd:y air T pwater vapor

Using this equation, we can calculate pdry air.!laving
obtained this value, the problem becomes a direct press-
ure-volume relationship. As the volume increases, the
pressure decreases and vice versa. These factors are
related by the equation

P,Vi= PV
where P; and V, represent pressure and volume in the
presence of water vapor, and P, and V, represent the same
quantities for dry air. By Dalton's Law:

= Piotal " Puater vapor

Pdry air
= 741 - 16

= 725 mm when water vapor is present.



If there is no water vapor present and the dry air
were to exert the entire pressure of 741 mm then, we
predict that the dry air volume will be smaller. Next
substitute the values into the pressure-volume equation
and solve for unknown volume V,

vV, = Eg-l
. 725(88.3)

= 86.4 ml

Therefore, as predicted the volume has decreased,

® PROBLEM 86

What would be the final partial pressure of oxygen in

the following experiment? A collapsed polyethylene bag of

30 liters capacity is partially blown up by the addition

of 10 liters of nitrogen gas measured at 0,965 atm and

298°K, Subsequently, enough oxygen is pumped into the

bag so that, at 298°K and external pressure of 0.990 atm,

the bag contains a full 30 liters. (assume ideal behavior.)
- —

Solution: One should first find the number of moles of
gas that fill a volume of 30 liters at .990 atm, One then
solves for the number of moles of N; that was pumped in
and the number of moles of O; that are needed to fill

the bag. The partial pressures of these gases are eqgual
to the mole fraction of the gas times the total pressure.

To solve for the partial pressure of 0O; one should
find:

1) the total number of moles of gas that will
fill 30 liters at ,990 atm,

2) the number of moles of N; present
3) the partial pressure of N,
4) the partial pressure of 0:.
Solving:
1) One uses the Ideal Gas Law to solve for the

number of moles of gas needed to £ill 30 liters at 298°K
and .99%90 atm. The Ideal Gas Law can be stated as
PV = nRT or n=g2F

where n is the number of moles, P is the pressure, V is
the volume, R is the gas constant (,082 liter-atm/mole-°K)



and T is the absolute temperature, Solving for n in this
system

.990 atm

30 liters

.082 liter-atm/mole-°K
298°K

Hogo
mowwn

n = .990 atm x 30 liters
. iter-atm/mole~ ®
= 1,22 moles

2) One also uses the Ideal Gas Law to find the number
of moles of N:; already present,

P = .965 atm
Vv = 10 liters
R = ,082 liter-atm/mole-°K
T = 2989K
n = .965 atm x 10 liters
. er-a mole=~ ®

n = 0,395 moles.

3) The partial pressure is related to the total
pressure by the following

lePox

where Px is the partial pressure, Po is the total original

pressure and X is the mole fraction of the gas. The mole
fraction is defined as the number of moles of the gas
present divided by the total number of moles in the system.
Solving for the partial pressure of N:, ?N N

2

Pu + Po X PN, = ?

Po = ,990 atm

X = .395/1.22
P, = .990 atm x 392
N, o]

Puz = ,321 atm.
4) The total pressure of the system is equal to the
sum of the partial pressures. Thus, ,990 atm is the sum of

P and P, . One has already found P, , therefore, one
N, * ] N,

can now solve for POa

P

0, = Ptotal - P, Protal = -990 atm
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PN2 = ,321 atm

Po = .990 atm - ,321 atm
z

Poi = .669 atm.

® PROBLEM 87

200 mi of oxygen is collected over water at 25°C and
750 torr. If the oxygen thus obtained is dried at a
constant temperature of 25°C and 750 torr, what volume
will it occupy? What volume will be occcupied by the
water vapor removed from the oxygen if it is maintained
at 25°C and 750 torr? (The equilibrium vapor pressure

of water at 25°C is 28.3 torr.) J

Solution: This problem will be approached by determining
e partial pressures of oxygen and of water vapor in

the initial mixture and then using these partial press-

ures to determine the separate volumes of each component.

The partial pressures exerted by the oxygen and the
water vapor must add up to the total pressure. Since the
partial pressure of water vapor is equal to its equi~
librium vapor pressure, we can determine the partial
pressure of oxygen:

total pressure = partial pressure of 0; + partial press-
ure of water

750 torr = partial pressure of 0: + 28,3 torr

or, partial pressure of 0; = 750 torr - 28.3 torr
= 721.,7 torr.

By definition, this partial pressure is the press-
ure the oxygen would exert if it filled the entire
200 mi volume. We must determine the volume this amount
of oxygen would fill at 750 torr. To do this we use the
relationship P,V; = P;V;, which is valid for constant
temperature and constant number of moles of gas. Let
Py, = 721.7 torr, V, = 200 mt, and P, = 750 torr.Then,

Va .E.xv, = %x 200 mt = 192.45 me.

Hence, the dried oxygen would occupy a volume of 192.45 mit.

We follow a similar procedure in calculating the
volume that the water vapor would occupy at 750 torr. The
vapor pressure of water, 28.3 torr, is the pressure the
water vapor would exert if it filled the entire 200 mf
volume. Again, applying the relationship PV, = P3V:,
remembering that the only reason we can do so is that we
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have constant temperature and constant number of moles of
gas, we can calculate the volume that the water vapor
occupies under a pressure of 750 torr, lLet P, = 28,3 torr,
VvV, = 200 mt, and P; = 750 torr. Then the volume at

750 torr is

P 28.3 torrxr
Vi .F:-xvl SWK 200 mi = 7,55 mt.

As a check, we ascertain that the individual volumes
at 750 torr add up to the total volume at 750 torr:

Volume of O; + volume of water = 192,45 mt + 7,55 mt

= 200 mi.

* PROBLEM BB

Suppose 100 ml of oxygen were collected over water in the
laboratory at a pressure of 700 torr and a temperature of
20°C. What would the volume of the dry oxygen gas be at
STP?

Solution: STP means Standard Temperature and Pressure,
which 1s 0°C and 760 torr. In this problem oxygen is
gathered over water, therefore, Dalton's law of partial
pressure (each of the gases in a gaseous mixture behaves
independently of the other gases and exerts its own
pressure, the total pressure of the mixture being the sum
of the partial pressures exerted by each gas present; that
is Piotal = P1 * P2 + P3 ... p“J is used to calculate the

original pressure of the oxygen. There is both water vapor
and oxygen gas present,

After you obtain the original pressure of the oxygen,
you can use the combined gas law to calculate the final
volume of the oxygen. The combined gas law stated that for
a given mass of gas, the volume is inversely proportional
to the pressure and directly proportional to the absolute
temperature. It can be written as follows:

pl\n - piv;
1 2

where P; is the original pressure, V, is the original
volume, T, is the original absolute temperature, P; is the
final temperature, V: is the final volume, and T; is the
final absolute temperature, You are given the temperature

in °C, so it must be converted to the absolute temperature
by adding 273,

(a) Finding the original pressure of oxygen. The
partial pressure of water is 17.5 torr.

P = 700 torr = poz + pH,O

total
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poz = 700 - 17.5

= 682.5 torr.
{b) Converting the temperature to the absclute scale.
TI = 20 + 273 = 293°K
T2 = 0+ 273 = 273°K

{c) Using the combined law

PV Pavy
T Tz

P, = 682.5 torr Pz = 760 torr
Vy = 100 ml V: = 2

T, = 293°K T, = 273°K

{682.5 torr) (100 ml) _ (760 torr) Vv,
283°K 273°K ’

_ (682.5 torr) (100 ml) (273°K)

Va {760 torr) (293°K)

= 83.7 ml.,

® PROBLEM 89

If 40 liters of N; gas are collected at 22°C over water at a
pressure of ,957 atm, what is the volume of dry nitrogen at
STP (Standard temperature and pressure)?

Solutign: The key to this problem is the recognition that
PV/T = k, where P is the pressure, V the volume, T the
absolute temperature and k a constant, If you lat the STP
conditions (l-atm.and 0°C), be represented by P,V,/T; and
the conditions of the gas collected over the water by
P,;V:/T2,then

PV PaV
B Tl el
since both eqgual the same constant, k. Therefore, to answer

the guestion, you have to substitute the known values into
the equation and solve for the unknown, V.

However, there is one precaution. Over water, you have
vapor pressure, At 22°C, water has a vapor pressure of .026
atm. As such, this makes the initial pressure of N; .957 -
.026, or .931 atm. Add 273° to the Celsius temperature to
obtain the temperature in Kelvin, Therefore, T: = 22°C +
273%°= 295°K and Ty = 0°C + 273 = 273°K. Therefore, by
substitution

4



(W) | L3 U0)

Now, solving for V,, the volume at STP, you obtain 34.4 liters.

® PROBLEM 90

P——
A sample of hydrogen is collected in a bottle over water.
By carefully raising and lowering the bottle, the height
of the water outside is adjusted so that it is just even
with the water level inside (see figure). When a sample
of gas was collected the initial conditions were: volume
= 425 ml, pressure = 753 mm and the temperature of the
water (and thus, the gas also) = 34°C., Calculate the
volume of the hydrogen if it were dry and at a pressure
of 760 mm and a temperature of 0°C (STP).

- ——
V=425 ml
H, gas gen- g Patm =
erated by Wwee i 753 mm
chemical 3

i

Solution: First, apply Dalton's Law and then make use of
the Combined Gas Law to obtain the desired answer,

——

reaction Il I

Dalton's Law states that the total pressure of a
mixture of gases, Ptotal' is equal to the sum of the
individual partial pressures, PH and PH;O' In this

2
example the individual gases are hydrogen and water vapor.
Therefore, the total pressure is the sum of these two
gases. At 35°C, the partial pressure of H;0 vapor is
40 mm,

P + P

total = Pu, * Pu,o

Pu, = Peotal ~ Puo

= 753 - 40 = 713 mm

This means that if no water vapor was present the Hj
gas would £ill the container at 713 mm of pressure,

Since pressure is indirectly proportional to the
volume of H; gas, the effect of changing the pressure of
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713 mm to STP pressure (760 mm) is to decrease the
volume,

In addition, however, the temperature of the H; gas
is directly proportional to the volume of the gas, so
that the effect of changing the temperature of (34°C +
27? =) 307°K to STP temperature (273°K) is also to de-
crease the volume of the gas, Therefore, we can predict
that the net effect of changing the pressure and tem-
perature of the gas to STP conditions is to decrease the
volume.

Using the combined gas law equation to solve for the
dry H:; gas volume, V:,

BV, _ BaVy
*; T2
where P; = 713 mm P; = 760 mm
Vi = 425 ml V2 = volume at STP
T, = 307°K T = 273°%K

Thus, substituting,

PV, T
=1-i_2
Vi = P:Ty

(713 mm) (425 m1) (273°K) _
mm K

355 ml.

We see that this answer is in total agreement with
our prediction that the volume at STP, V; = 355 ml, is less
than the volume at the initial conditions, Vv, = 425 ml,

& PROBLEM 91

E—
A 20 g chunk of Dry Ice (CO:) is placed in an "empty"
0.75 liter wine bottle and tightly corked., What would be
the final pressure in the bottle after all the CO: has
evaporated and the temperature has reached 25°C?

Solution: The final pressure in the bottle will equal
e original pressure plus the pressure contributed by
the CO;. Since the bottle was originally open in atmos-

pheric pressure, the original pressure is 1 atm, The

pressure contributed by the CO; is found by using the

Ideal Gas Law. This law is stated
BV = nRT or p-E%T_

where P is the pressure of the gas, n is the number of
moles, R is the gas constant, 0,082 liter-atm/mole -°K,
V is the volume, and T is the absolute temperature, One
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is given R and V in the problem.n is found by dividing
the number of grams of CO; present by the molecular weight
(MW of CO: = 44 ).

no. of moles = nzgﬁ.m = ,45 moles

one can convert °C to °K by adding 273°to the
temperature in °C.

°K = °C + 273°
T = 25 + 273%= 298°K

Solving for Pm’:

P - 245 moles x .082 liter - atm/ mole - °K x 298°K
co, . ter

= 14,81 atm.

Peotal = Pco, * Porig.lnal

P = 14.8l1 atm + 1 atm = 15,81 atm.

total

The volume of hydrogen evolved during the course of a
reaction is measured by the displacement of water as shown
in the diagram below. Hydrogen is evolved in flask A and
displaces water from flask B into beaker C. If, during a
particular run of this experiment in which atmospheric
pressure is 765 torr and the water temperature is
293.15°K, 65.0 ml of water is displaced, how much water
would be displaced at 760 torr and 298,15°K? (The equi-
librium vapor pressure of water at 293,15°K is 17.5

torr and at 298,15°K is 23.8 torr.)

A B c

lution: We can convert from the volume under non-
standard conditions in the problem to the volume under
standard conditions by means of the ideal gas equation,
PV = nRT (where P = pressure, V = volume, n = number of
moles, R = gas constant, and T = absolute temperature).
For our nonstandard conditions we may write



Pl‘lvl'l - l'll?.'.l."‘.1

and for final conditions (760 torr and 298,15°K) we
may write

Pavs = nRTs.

Note that n and R are the same in both cases, Dividing the
second eguation by the first we obtain

PV T T
nR PnVn

T
s 8 s s s
W'W. or V--v—x .
n'n ™p !; 8 s !;

The pressure experienced by the hydrogen under non-
standard conditions is equal to the pressure exerted by
the atmosphere (765 torr) plus that from water vapor
pressure at 20°C (17.5 torr), or P, = 765 torr +

17.5 torr = 782.5 torr. Under the final conditions, the
pressure experienced by hydrogen is equal to the sum of
the atmospheric pressure (760 torr) and the vapor press-
ure of water at 298.15°K (23.8 torr), or

Ps = 760 torr + 23.B torr = 783.8 torr.

We can now calculate the volume of hydrogen under
the final conditions. Thus,

v =on'n Ts _ 265 torr x 65.0 ml , 298.15°K
s P, T, . rT I IEK

= 64.5 ml.

® PROBLEM 93

A technician is working with dry ice (solid cO:) in a
closed 6000 liter fume hood maintained at a constant
pressure of 1.00 atm and a constant temperature of
27°C. If he has not been conditioned to tolerate CO:z,
he will succumb to CO: poisoning when the concen=-
tration rises to 10%, by volume, of the atmosphere.

If the ventilation stops, what minimum weight of dry
ice must sublimate to constitute a hazard? Assume that
there was no CO; present initially.

e ——— — |

Solution: To solve this problem we will convert the
Concentration, 10% by volume, to a partial pressure
and then determine what mass of CO; gives rise to this
pressure.

At the point where CO; is harmful, it occupies 10%
by volume of the total atmosphere, Its partial pressure
p is therefore 10% of the total pressure, or p = 10% x
1 atm = 0,10 atm.
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The ideal gas law reads
- = m
PV = NRT = g= RT

where V is the volume, n the number of moles, R the gas
constant, T the absolute temperature, m the mass, and MW
:he molecular weight, and we have used n = m/MW. Solving
or m

Now p = 0.10 atm, V = 6000 liters, MW = 44 g/mole of CO;,
R = 0.082 liter-atm/mole-degree, and T = 27°C = 300°K.
Hence,

= EV!NWE - 0.10 atm x 6000 liters x 44 mole
m U.082 liter-atm/mole~-deg x gﬁﬁ’ﬂ
= 1100 q.

Thus, 1100 g, or 1,10 kg, must sublimate before there
is sufficient CO; in the atmosphere to be harmful,.

GRAHAM'S LAW OF GASEOUS DIFFUSION

® PROBLEM 94

Under standard temperature and pressure conditions, compare
the relative rates at which inert gases, Ar, He,
and Kr diffuse through a common orifice.

Solution: This problem involves the application of
raham's law of diffusion, It states that the relative
rates at which gases will diffuse will be inversely

proportional to the square roots of their respective

densities or molecular weights. That is, rate « 1/ ./mass.
Thus, to compare the rates of diffusion of

Ar, He, and Kr, look up their weights in the Periodic
Table of Elements and substitute this value into

1//M o by where M = mass of that element and y =

rate. Therefore, Mpr ! Hge ' HBgp
a1, 1, 1
Mr Mo P
= 1 1 ] 1
/39.95 /%.003 /93.80

= ,1582 : .4998 : .1092.



¢ PROBLEM 85

Two gases, HBr and CH,, have molecular weights 81 and 16,
respectively. The HBr effuses through a certain small

opening at the rate of 4 ml/sec. At what rate will the
CH, effuse through the same opening?

Solution: The comparative rates or speeds of effusion of
gases are inversgely proportional to the sguare roots of
their molecular weights, This is written

rate, _ /B
rate; 'ml—
rat VI,
For this case Hé.-ﬂs—’ = —CHy
CH, /M
HBr
One is given the “teﬂn:' HHCH‘ and “"tmr and asked to
find ratecm.
Solving for ratecﬂ":
“‘“H}:r ;f“_“cﬁ. rateﬂm_ = 4 ml/sec,
rateqy t =2
" HBr ratecy,
MW = 16
4 ml/sec _ /IF Cts
rate
CH, /B1 mﬂnr = 81

- 4 ml/sec x /BT
rat.ecnh Vo]

= .‘m&ﬁs“_g = 9 ml/sec,

® PROBLEM 96

The time required for a volume of gas, X, to effuse through
a small hole was 112.2 sec. The time required for the same
volume of oxygen was 84,7 sec., Calculate the molecular
weight of gas X.

Solution: This problem involves the rate of effusion
Tough a small hole and the method to solve it involves

a modified statement of Graham's Law. High density

gaes effuse more slowly than low density gases. The time

required for effusion is inversely proportional to the

rate of effusion. It is mathematically stated as



E—L-&-—l"'“"
oY mwLS

where, r;, r: are the rates of the two gases;t:, t, are
the times; and M.W.; and M.W.,, = molecular weights,

Knowing 3 of the 4 values, one can use this
eguation to find the 4th value, We can write

£ LR
0 " "0;
tK Jﬂ.n.x
84.7 sec _ /32

. sec R
M.W.x = 56.2 amu,

Molecular Weight is expressed in terms of a.m.u.
{atomic mass units).

* PROBLEM 97

At standard conditions, 1 liter of oxygen gas weighs
almost 1.44 g, whereas 1 liter of hydrogen weighs only
.09 g. Which gas diffuses faster? Calculate how much
faster.

Splution: This question deals with diffusion of gases,
which is governed by Graham's law. A gas that has a
high density diffuses more slowly than one with a
lower density. The rates of diffusion of 2 gases are
inversely proportional to the square roots of their
densities, as shown by the equation

r

A3

, where r;, r: = rates of diffusion of

[ad

the gases, and d,;, d: are their respective densities.

Therefore, by Graham's law, we know that H:
diffuses faster because of its lower density. (H:'s
density = % - é%213 = .09 g/L while 0;'s density =

L3 = 144 g/1iter.)

To find out how much faster H, diffuses, plug the
necessary factors into the equation

Ta, _ "%
r—L = —% Rewriting,
0z Hz
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e e B, ., xm
Ha 02 g= 0 /3y

Ha *
rH; = ‘rOQ

Thus, the calculated comparison is in agreement with
the predicted comparison that H; diffuses more guickly.
To be precise, the rate of diffusion of H; is 4 times
that of the rate of diffusion of 0:.

® PROBLEM 98
=

The relative rates of diffusion of NH;(g) and HX (g)
can be determined experimentally by simultaneously in-
jecting NH,(g) and HX(g), respectively, into the oppo-
site ends of a glass tube and noting where a deposit of
NH.X(s) is formed. Given an 1m tube, how far from the
NH, injection end would you expect the NH.X(s) to be
formed when HX is a) HF, b) HC1?

Solution: The rate of diffusion of a gas is observed
to be inversely proportional to the square root of its
molecular weight. This is called Graham's law.

Rate = Sonstant
For HF: According to Graham's Law:

the speed of NH, is proportional to A - 243
(MW of NHy = 17) /I7T

the speed of HF is proportional to i .224
(MW of HF = 20) /20

Thus,for an arbitrary amount of time, let us say
1 min,, NH; moves .243 cm and HF moves ,224 cm. Because
the gases are ejected from either end of the tube, after
1 minute the gases move (.243 + .224) cm or .467 cm/min.
closer together, When this distance is equal to 100 cm
the solid forms. One can determine the time needed by
dividing 100 cm by .467 cm/min

time after which solid forms = —jgy—myor= = 214.13 min.

Thus, after 214.13 min.the HF meets the NH,.

The distance the NH, would travel is found by
multiplying the distance it travels in 1 minute, ,243 cm,
by the time elapsed till the NH,F deposits.

distance NH, travels = ,243 cm/min x 214.13 min



= 52.03 cm.
b) One solves for HCl in a similar manner

MW of HCl = 36.5

the speed of HCl is proportional to = 165

.

As previously found, the speed of NHy is proportional
to —2- = .243.
I7T

Speed is a measure of distance covered over a
unit time. Let us designate the speeds here as
cm./min. Thus, HCl moves .165 cm/min and NH; moves
.243 cm/min, The solid forms after the sum of the
distances travelled by the two gases is 100 cm, In
1 min. the gases travel a distance of (.165 + .243)cm
or .408 cm. The time it takes for the gases to travel
100 cm. is found by dividing 100 cm., by .408 cm/min.

time after which the solid will deposit =

100 cm
= m = 245,10 min,

The distance the NHy travels is then found by multiply-
ing 245,10 min by the distance the gas travels in 1
minute.

distance travelled by NHy; = ,243 cm/min x 245,10 min

= 59,56 cm.

® PROBLEM 99

Two balloons at the same temperature of equal volume
and porosity are each filled to a pressure of 4 atmos-
pheres, one with 16 kg of oxygen, the other with 1 kg
of hydrogen. The oxygen balloon leaks to a pressure

of % atmosphere (atm) in 1 hour. How long will it take
for the hydrogen balloon to reach a pressure of 4 atm?
e ————

Solution: This problem deals with effusion, the
escape of molecules through a hole, and is therefore
an application of Graham's Law: Rate of effusion of

a gas is inversely proportional to the square root of
its density

rate; _ /&7
rate; /aT

From this we know that large molecules effuse less
rapidly than small molecules, since they move more slowlv.



This allows us to predict that hydrogen effuses more
rapidly than oxygen. By applying Graham's Law, we
can determine how much faster.
r&tehydrogen _ /IE ¥g per unlt volume . ,
uteuxygen v 1 kg per unit volume

There, hydrogen effuses 4 times more quickly, which is
in agreement with our prediction,

Since it takes 1 hour for oxygen to leak to a

pressure of % atm, it requires ¥hr. = 15 min for hydrogen
to decrease to the same pressure inside the balloon.

KINETIC THEORY OF GASES
& PROBLEM 100

Calculate the most probable speed v ot the arithmetic mean

speed V, and the root mean square speed v for hydrogen
molecules at 0°C. TR

4-0I[lll|llilllll|ll

100K

fv) x10°, mls

0123456789 VINIRBUMEBITE
v x 162, ms®

Probability density of various speeds v for

oxygen at 100, 300, 500, and 1000 K.



Solution: Before beginning this problem, we must first
understand the basic differences in the three types of
speeds. The arithmetic mean speed V is obtained by
summing all the speeds and dividing by the total number
of molecules N.

N
-1
vegl Vi
i=1
The symbol } v, indicates the sum of the speeds v,, Vi,

Vsr eae Vg of all the N individual molecules. The equation
for mean speed is

(e - !

where k is Boltzmann's constant, R is the gas constant,
T is the absolute temperature, m is the weight of 1
molecule, and M is the molecular weight.

The most probable speed is obtained from the

plot of f(v) versus v, where f(v) is the fraction of
molecules with speed v. The equation of this curve

)‘/’ o=mv /2T drv?

') = (fr
is differentiated with respect to v and set equal to zero

[%‘EL) = J The shape of the curve of f(v) versus v is

indicated in the accompanying figure.
1_,.‘“‘("' - [m: ]l/: e-m’/!kr [Bw + 4nv? lT’l‘_— mv]}

This derivative vanishes at v = vp, called the most
probable speed, where

P ['2;-53]} - [g%r.]i
The root-mean-square speed, vm' is defined by
N #
Vrms © ﬂ'z Ui
i=1

The symbol [ vi indicates the sum of the squares of
the velocities,v,, v;, Vir saer Vg of all the N individual
molecules.



since the velocity distribution is continuous, the
root-mean-square velocity is obtained by multiplying each
velocity squared by the probability of that velocity,
integrating over all velocities, and taking the square root:

Vems = [I-v’!(vl dv} ¥
o]

Substituting for £(v) and simplifying one obtains
Vrms ) Tj

At any given temperature, these velocities are in-
versely proportional to the square root of the molecular
weight. Lighter molecules move more rapidly so that their
average kinetic energies are exactly equal to those for
the heavier molecules.

To solve this problem for hydrogen at 0°C one must
1) find the molecular weight of hydrogen in kg, 2) convert
0°C into the absolute temperature scale, 3) substitute

these values into the equations for Up' v, and Vims®

The molecular weight of hydrogen is 2,016 g/mole,
which is 2.016 x 10~* kg/mole, The temperature in degrees

Kelvin is 273°K. Other pertinent information R =
8.314 J/K-mole, w = 3,142, Thus,

_ (2rmy }

p [T]

[(2) (8.314 3/k-mol) (273°K)/(2.016 x 10~* Kg/mol)]%
= 1.50 x 10° m/s

. (erm) ?
“TH,

= [(8)(8.314 J/k-mol) (273°K) /(3 .142) (2.016x10~*Kg/mol) J¥
= 1.69 x 10° m/s.

<l

_ [3rr)?
Yrms By

[(3) (8.314 J/k-mol) (273°K) /(2.016x10~" Kg/mol] ?
1.84 x 10° m/s.

The relative ratios of vp ! v Vemg 3T 1:108B : 1.23.



e PROBLEM 101

Given that the average speed of an 0; molecule is
1,700 km/h at 0°C, what would you expect the average
speed of a CO; molecule to be at the same temperature?

— -

Solution: The speed of a molecule is related to the mass
and temperature by the equation

¥ mv? = 3/2 kT

where m is the mass, v is the speed, k is Boltzmann's
constant, and T is the absolute temperature, Since k and
T are constant 3/2 kT is constant for this system. Thus

F I 2
% Mo,%0, = ¥ ®co,Vco,

where mol is the mass of 0z, vO: is the speed of 0;,

m‘.:‘;.’z is the mass of CO:;, and \ncha is the speed of CD;.

The masses are equal to the molecular weights here.
Solving for v

coa*
m. v m, = 32
0z Oz 02
vCOa = Em
€02 m = 44
CO,
Vo, = 1700 km/h.
2

= 1700 /g = 1700 x (,85)

= 1450 km/h.

* PROBLEM 102

A chemist possesses 1 cm® of O, gas and 1 cm? of N,
gas both at Standard Temperature and Pressure (STP).
Compare these gases with respect te (a) number of
molecules, and (b) average speed of molecules.

Solution: This problem requires the use of the kinetic
ry of gases and Avogadro's principle.

Avogadro proposed the principle that equal volumes
of gases at the same temperature and pressure contain
equal numbers of molecules. Both gases have equal volumes,
1 cm®, and are at the same temperature and pressure (STP).
According to Avogadro's Principle, both have the same



number of molecules, The average speed of these molecules
can be found from kinetic theory of gases. The rate of
diffusion of a gas is directly proportional to the
average speed of the molecules. According to Graham's

law, there is an inverse proportionality between diffusion
rate and the square root of the molecular weight (mass).
In other words,

rate of diffusionof N; _ 'y _ / Mo
rate of diffusion of O, Y0, ﬁ;;'}

where V = velocity and M = ms,uaz = 28, HO: = 32, In
this case, mass = molecular weight, Thus,

Vv,
Nz - = 1,07,
o /T

Thus, if the average speed of 0. is one and the average
speed of N; is 1.07,.

* PROBLEM 103

Calculate (a) the number of collisions per second per
molecule, (b) the number of collisions per cubic meter
per second, and (c) the number of moles of collisions
per liter per second of oxygen at a temperature of 25°C
and pressure of 1 atm. The molecular diameter of oxygen
is 3,61 x 107! m,

molecular diameter
Figure A

Solution: Molecules of real gas attract one another at
Targe distances and repel one another at very short
distances. Assuming that molecules are rigid, noninter-
acting spheres with diameter, o, one can drive an
approximate equation for the number of collisions per
second. It is also assumed that all the molecules travel
with the same speed, the arithmetic mean velocity v.

88



If two identical molecules just touch each other,
then the distance separating their centers is the
molecular diameter o. Thus, a moving molecule collides
with other molecules whose centers come within a
distance of o. (Hence, the effective collision radius is
equal to o, see figure a,) The quantity ro?, is called
the collision cross section for the rigid spherical
molecule. A molecule mov;ng with a constant velocitz of
Vv will sweep out (n02V) (meters) */sec and strike mc’Vn
molecules per second, where n is the concentration of
molecules. In these calenlations, we have assumed several
things some of which are not completely accurate, Actually
the number of collisions per second is off by a factor of
v¥Z. Thus, the number of collisions per molecule per second
is:

z = /7 no?n

Since there are n molecules per unit volume, there
will be v/Z mo®un? collisions per unit time. The number of
collisions per unit time per unit volume is given by

z = !g no?vn?

The factor of one-half comes from the fact that the
number of collisions is one-half the number of total
collisions. This is true because the number of total
collisions is equal to the sum of all of the collisions
of all of the particles, but in each collision two
molecules are involved which means that in the total
number each collision is really counted twice.

To solve the problem we must: 1) find the arithmetic
mean speed, 2) find the concentration of molecules, n,
using the ideal gas law, 3) substitute the values in the

equations for z = /Z 30?Yn and 2 = i; no?Vn?. The in-
formation known:
g = 3,61 x 10~'"m P =1 atm

T = 25°C + 273°= 298°K; M = 32 x 107 Kg/mole = molecular
weight of oxygen

liter - atm
R= 0,082 K - mole 8.312 J/k-mole

)T = [3%]*
= [(8)(8.314 3/k~mole) (298)/7(32 x 10-* Kg/mol) 1%
= 444 m/s.

2) n= % = mér:im}ﬂ. = concentration

According to the ideal gas law, PV = NRT, where H =
moles or v- ﬁf . Avogardo's number, Na = 6,02 x



,sotnatww!‘-'-%.autlun-lnothat

lecule: lite
g = n = PNa _ (1 atm) [s.nzzuoﬂ%} [10' -;,-l‘.
= lo.osz %é‘_‘:.—fﬁ—- (298 *K)

102? molecules
mole

= 2.46 x 102°% L’-:""“J-J

3) z = /7 70%%n

= (1.414) (3.14) (3.6&10"'° m) ? (444 m/s)
{z.aaxm" l""—,—1:“*3“1“]

= §.32 = 10 M

This is the number of collisions per molecule per
second.

zZ = % wo?vn?

o _ [s:32 = 107 molecules)[; 4g x 1012 molacules)

= s» Collisions
7.77 x 10%" SR

To answer part ¢ of the problem, we use the conversion

-3
IE liter . Thus

factor molecules e

= 1.29 x 10" moles/liter-s,

which is the number of moles of collisions per liter per
second.

o PROBLEM 104

Calculate the mean free path for oxygen at 25°C at
(a) 1 atm pressure and (b) 10=? torr.

Solution: The mean free path is the average distance
traversed by a molecule between collisions. In a second,
a molecule will, on the average, traverse v meters and
collide I times (where Z = /7 no?Vn). Thus, the mean free
path is



1
vZ nroln

Subatituting n = P/KT from the ideal gas law, we have

v
‘-I-

kT
YZ no?P
To solve this problem, we must 1) find n, the con~

centration, 2) substitute the known values into the
equation for the mean free path

L=

a) P =1 atm o.= 3,61 x 1019 m
T = 25°C + 273 = 2989K R = 0,082 liter-atm/k-mole
23 molecules 3 liter
PNA (1 atm) [G .022x10 W]J}O —,—l

n= = B
RT [u.usz .i};:"-j%-“] (298°K)

25 molecule
n=2.46 x 10 —n‘—l
1
¥Z no’n
=[(1.414) (3.14) (3.61x10"!° m) 2 (2.46x102%) ]!
=7.02x10""m

Thus, i =

-3
b) P = 10-? torr = l"—-ﬁ?‘ = 1.3157 x 107¢ atm.
‘Eﬂ
T = 298°K ¢ = 3,61 x 107"

Here, it is necessary to convert torr units to units
of atmospheres.

- molecules liter
(1.3157x10"% amls.uzzxm“ -W—on‘ —!1—-]

[ “2 lit-r—atl (298°K)

n=

= 3.24 x 10'* molecules/m®,

N S

/Z noin

= [(1.414)(3.14) (3.61x10"*° m)?(3,24x10%* /m*) ]
= 0.053m = 5.3 em,

Thus, £ =



® PROBLEM 105

In water vapor at 25°C, what is the average speed of
a water molecule in meters/sec? Recall that 1 Joule =
1 - m?/sec’. The Boltzmann constant,k = 1,3806 x
10-%? J/deq.

lution: Recall, that for all bodies in motion, kinetic
energy (K.E.) = ) MV?, where M = mass of body and V =
average velocity of the molecules. Thus, if K.E. and the
mass are known, then V can be solved. To find K,E., note
that for gases average K,E, is proportional to temperature.
This can be written as K,E. = 3/2 kT, where k is the
Boltzman constant 1.3806 x 1072! J/deg and T = temperature
in Kelvin (Celsius plus 273°). You are given the tem-
perature of the system (25°C or 298°K). Thus, K.E. =
3/2(1.38 % 10°%?)(298) = 6.17 x 10™%! J/molecule.

since K.E. = §MV?,6.17 x 107! = ) Mv?, If you knew
the mass of one water molecule, you could substitute it
into this expression and find V. The mass of the H:0
molecule can be found by using the molecular weight (M.W.)
and Avogadro's number (6,02 x 102'/mole). H20 has an M.W,
of 18 grams/mole. Thus, the mass of one molecule =

18 g/mole . s
5,07 = Iﬁ" molecule/mole - 2-99 * 10 grams/molecule,

Substituting and solving for V,
-21 kg - m2
v = LE.) ///—élﬁ.l? * 10 sect - ecule
=23 g
4 e [2.99 x 1077 L [.001 1

Vv = 642 m/sec.

{Note: .001 kg/g is a conversion factor.)

® PROBLEM 106

The root mean square (rms) speed of hydrogen (H;) at a
fixed temperature, T, is 1600 m/sec. What is the rms
speed of oxygen {0;) at the same temperature?

A

Solution: To solve this problem we make use of the
following equation for the rms speed, v ’

ms
Vems = V 3NRT ’

where R is the gas constant, T the absolute temperature,
and M the molecular weight. For oxygen and hydrogen we have

Vrms(oy V io—fw and  Vimg () "V ﬁ;f‘



Dividing the first of these equations by the second
gives

Vmmsoy) _ Y Yo, . [/ B/
Vems (Hy) /—? TR/

2

or, since R is a constant and T is the same for both gases,

Vrms(0;) o / ;E;
Yems (H;) 02

Solving for vrms(O;},

/M
= 12
Vrms (02) M, * Vems (Hy)
2
N mole
-V FZEEE « 1600 n/sec = 400 n/sec.

® PROBLEM 107

Graham's law states that the rate at which gas molecules
escape through a small orifice (rate of effusion) is
inversely proportional to the sguare root of the density
of the gas. Derive Graham's law from the following
assumptions: (a) temperature is directli p:opo:tional
to the average kinetic energy of the molecules; (b) the

rate of effusion is directly proportional to the root
mean square speed of the molecules;(c) the density of a
gas at constant temperature and pressure is directly
proportional to the molecular mass.

olution: Consider the assumptions individually. The

rst states that temperature, T, is proportional to the
average kinetic energy & mu’ ", where m = molecular mass,
u = speed, and the bar over u? indicates the average.
Hence

T =k; x &4 ma?
where k; is a constant.

The second assumption states that the rate of
effusion is directly prjfg_tional to the root mean square

speed of the molecules,

rate = kp/ u?

y OF



where k; is a constant,.

The third assumption states that the density, p,
is directly proportional to the molecular mass. or

p= ky m
where k; is a constant. Thus,
= L. =2
T=ky x % mu klklji%xu_
Taking the square root of both sides we obtain
' [ T i (3]
T' = IE':‘ p'Y u’ . Multiplying by Tf this becomes
1
[E:-}J ™ - pl’ Y/ U*. At constant temperature, the expression

L
[3%}} ™ is a constant, say k., Then, k, = p“'l u? o=

p? x I%2 | multiplying by ’-‘g and letting k; x ki = ks,
P
a constant, we obtain: rate = Kz X Ku _ E& , which states

P P

that the rate of effusion is inversely proportional to the
square root of the density, which is Graham's law.



CHAPTER 4

AVOGADRO’S HYPOTHESIS;
CHEMICAL COMPOUNDS AND
FORMULAS

Basic Attacks and Strategies for Solving Problems
in this Chapter. See pages 95 to 143 for step-by-step
solutions to problems.

Avogadro’s Law

Avogadro’s hypothesis, first introduced by the Italian Renaissance physi-
cist Amedeo Avogadro, states that for two gases at the same temperature and
pressure, equal volumes will contain equal numbers of molecules. This
number will be the same for all gases.

Avogadro's hypothesis has been so extensively verified that it is now
widely known as Avogadro’s Law. It follows, from the ideal gas law, that a
mole of any gas will contain the same number of molecules. This number,
6.02 # 07, is called Avogadro’s number and applies to all matter, not just to
gases. One mole of any species will contain Avogadro’s number of mol-
ecules. One mole of any species is the amount of that species whose mass in
grams is numerically equal to the molecular or atomic weight.

In order to calculate the number of molecules in a given mass of material,
it is necessary to first compute the number of moles. To calculate the number
of moles of a substance, divide the mass in grams by the molecular weight as
shown in Equation 4-1.

n (moles) = m (grams)/M(grams/mole) 4-1
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The number of molecules is simply the number of moles times Avogadro's
number (the molecules per mole for any substance).

Number of molecules =n x N, 4-2

Definitions of Atomic Weight, Molecular Weight, and
Equivalent Weight

Calculations involving chemical reactions require the understanding of
the basic ideas of atomic weight, molecular weight, equivalent weight, and
moles. You cannot proceed until you master these concepts and they become
so familiar that their use is automatic. The definitions of these terms follow.

Atomic The atomic weight of an atom is the mass of the atom

Weight: compared to Carbon-12 which is defined as 12 amu or 12
atomic mass units. Atomic weights are tabulated for all
elements. Unless reference is made to a specific isotope, the
tabulated values of atomic weights are average values for
the mixture of isotopes that occur naturally.

Molecular  The molecular weight is the sum of the atomic weights
Weight: of all the atoms which form the molecule.

Equivalent The equivalent weight is the molecular weight divided

Weight: by the valence—i.e., the number of electrons/molecule
which enter the reaction in question. Equivalent weight
depends on the reaction and a substance may have different
equivalent weights for different reactions.

Mole: The mass of a substance (in grams) numerically equal to the
molecular weight. Sometimes Ib moles, kg moles, etc., are
defined as the mass (in Ib, kg, etc., respectively) numeri-
cally equal tothe molecular weight. These quantities are not
moles, but can be used for convenience in calculations
employing those units. Note, however, that Avogadro’s
number of molecules constitutes only a (gram) mole.

The key to determining a chemical formula from weight percent data of
the elemental constituents is the reduction of the amount of each element to
moles. Then, from the molar ratio, the empirical or simplest formula will
usually become obvious. When amounts of gases are expressed as volumes,
the number of moles can be determined from the ideal gas law as discussed
in Chapters 2 and 3.
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Step-by-Step Solutions to
Problems in this Chapter,
“Avogadro’s Hypothesis; Chemical
Compounds and Formulas”

* PROBLEM 108
A —
How many mercury atoms would there be in a 100 g piece of

swordfish said to contain 0.1 ppm (part per million by
weight) of mercury?

Solution: One can find the number of atoms present by
multiplying the number of moles of mercury by the number
of atoms in 1 mole. The number of atoms in one mole is
equal to Avogadro's Number or 6.02 x 10%’ atoms/mole.

To solve for the number of mercury atoms present find:

(1) the amount of mercury present

(2) the number of moles of mercury

(3) the number of atoms of mercury.

Solving:

{1) Because there is O.I_Epm of mercury in the sword-
fish, one multiplies 0.1 x 10 by the amount of fish
present.

amount of mercury = 0.1 x 10~° x 100 g = 1.0 x 10~% g.

(2) The number of moles is found by dividing the

weight of the mercury present by the weight of one mole,
the molecular weight (MW = 200.6)

-5
no. of moles = il “g“’ %= 4.99 x 10™* moles.

(3) The number of atoms is found by multiplying
the number of moles by the number of atoms in one mole,
6.02 x 102* atoms.



no. of atoms = 4.99 x 10~°® moles x 6.02 x 10?*atoms/mole

= 3.00 x 10'¢ atoms.

* PROBLEM 109

If the dot under a guestion mark has a mass of 1 x 10”° g,
and you assume it is carbon, how many atoms are required
to make such a dot?

Solution: Two facts must be known to answer this
question. You must determine the number of moles in the
carbon dot. You must also remember the number of atoms
in a mole of any substance, 6.02 x 10?? atoms/mole
(Avogadro's number).

A mole is defined as the weight in grams of a sub-
stance divided by the atomic weight (or molecular weight).

The atomic weight of carbon is 12 g/mole. Therefore,
in the dot you have

-6
-}!x?l:mg— moles of carbon. Therefore, the number

of atoms in such a dot is the number of moles x Avogadro's
number,

[155“971::!3 ] 6.02 x 10?? atoms/mole = 5 x 10'® atoms.

& PROBLEM 110

What is the approximate number of molecules in a drop of
water which weighs 0.09 g?

Solution: The number of molecules in a mole is defined
to be 6.02 x 10%? molecules. Thus, to find the number of
molecules in a drop of water, one must know the number
of moles making up the drop. This is done by dividing the
weight of the drop by the molecular weight of H;0.

(MW of H20 = 18)

number of moles = 1-8-5379;31—!2 = .005 moles.

The number of molecules present is now found by
mul.t.lplying the number of moles by Avogadro' number
(6.02 x 107%).
no. of molecules = .005 moles x 6.02 x 10?? molecules/mole

= 3.01 x 10! molecules.



e PROBLEM 111

What is the difference between the number of carbon atoms
in 1.00 g of C-12 isotope (atomic mass = 12.000 g/mole)
and 1.00 g of C-13 isotope (atomic mass = 13.003 g/mole)?

Solution: The difference in the number of carbon atoms
n ea sample is equal to the difference in the number
of moles times Avogadro's number 6.02 x 10?'. Hence, we
must begin by calculating the number of moles of C-12
and of C-13 in 1.00 g samples of each.

The number of moles is egual to the mass divided
by the atomic weight. Therefore,

- mass C-12 1.00 -
moles C-12 = TroRic-mass =17 = T7.000 o/mols = 0-083 mole

mass C-13

and moles C-13 = atu_m]c mass C'IS

. 1.00 -
15,003 g/m0Te = 0077 mole.

The difference in the number of moles between the two
samples is (moles C€-12) - (moles C-13)= 0.083 - 0.077 =
0.006 mole. Multiplying by Avegadro's number gives the
difference in the number of carbon atoms in the two samples:

number of carbon atoms = 0.006 mole x 6.02 x 10?'Rolecules

= 3.61 x 10?! molecules.

® PROBLEM 112
I

During a moon landing, one of the experiments performed
was the measurement of the intensity of solar wind. As
a collector, an aluminum strip of about 3000 cm? area
was used. It was found that in 100 min, a mass of 3.0 x
10-'* g of H atoms was collected (by the sticking of H
atoms to the strip). What was the intensity of the solar
wind (in numbers of atoms per cm? per second)?

Solution: The intensity of the solar wind is the number
of H atoms striking the unit area in unit time,

number of atoms
intensity = ares » time
We must determine the number of atoms. This is accomplished
by converting mass to moles and then multiplying by
Avogadro's number.



The number of moles is given by
- . mass of H atoms _ 3.0 x 10-!°
moles = romic welght of § ~ 1.0 g/mole
= 3.0 x 107'® mole.

Since there are an Avogadro's number of atoms in one
mole, the number of atoms in 3.0 x 10~!° mole is

number of atoms = moles x Avogadro's number
= 3.0 x 107!° mole x 6 x 10?’atoms/mole
=18 x 10'? atoms.

The intensity of the solar wind is then

number of atoms _ _18 x 10!' atoms

intensity = Sorea ¥ time 3000 cm? x 100 min

18 x 10!’ atoms
3000 cm? x 100 min x 60 sec/min

= 1 x 107 atoms/cm?-sec.

o PROBLEM 113

The most abundant element in sea water is chlorine (Cl,
atomic weight = 35.5 g/mole), which is present as
chloride ion, Cl1~, in a concentration of 19 g C1~ per

1 kg of sea water. If the volume of the earth's oceans
is 1.4 x 10®' liters, how many moles of Cl~ are present
in the oceans? Assume that the density of sea water is
1.0 g/cm?.

go;gtigm The total number of moles of Cl™ is equal to

e total mass of Cl~ divided by its atomic weight. Hence
we must find the total mass of Cl-. This will be done by
determining the total mass of the oceans and using this
value in conjunction with the concentration of C1~ to find
the total mass of Cl1~.

The volume of the oceans is 1.4 x 10?! liters =
1.4 x 10! liters x 1000 cm’/liter = 1.4 x 10" cm’. Multi-
plying this volume by the density of sea water gives the
total mass of the oceans, or 1.4 x 10** cm® x 1.0 g/cm’ =
1.4 x 10°* g, Expressing this total mass as kilograms,
we obtain

1.4 x 102* g = 1.4 x 10%* g x 10-% kg/g = 1.4 x 10*! kqg.
For every kg of sea water, there are 19 g of C1-.

Hence, for 1.4 x 10?! kg there are 1.4 x 10*' kg x
19 g C1~/kg of sea water = 2.7 x 10%? g c1-,
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Therefore, the number of moles of Cl1~ is

mass Cl™
atomic weight C1~

22
= %gls*?l:-mﬂ-- 7.6 % 102° moles.

moles Cl7 =

® PROBLEM 114
p— —

An experiment to measure Avogadro's number involves the
collection of a beam of alpha particles to which electrons
are added to give neutral helium. Suppose that for a
particular run it takes a number of electrons egquivalent
to 6.40 x 10~% coulomb/sec to neutralize the beam, and
that after 24 hours of collection 1.14 x 10" g of

neutral helium are collected. From this data, determine
Avogadro's number. The charge on one electron is 1.602 x
10-7* coulombs.

M

Solution: Remembering that it takes two electrons to
neutralize one alpha particle, i.e., one positively charged
He atom, we will calculate the total charge required during
the 24 hour run and, from this, the number of electrons.
The number of alpha particles neutralized, or the number
of helium atoms produced, is then equal to one-half the
number of electrons. Using the mass of helium collected

and the atomic mass of helium (4.0026 g/mole), we will
calculate the corresponding number of moles. Dividing

the number of atoms by the number of moles will give the
number of atoms per mole, or Avogadro's number.

24 hours is equivalent to 24 hours x 60 min/hr x=
60 sec/min = B6,400 sec. Thus, in 24 hours it took

6.40 x 10™% coulomb/sec x B6,400 sec = 5.530 coulomb
to neutralize the beam. Since the charge on one electron
is 1,602 x 107'? coulomb, dividing this number into the

total number of coulombs gives the eguivalent number of
electrons, or

coul 8
number of electrons = sy IR lRRE y TR
5.530 coulomb
=

1.602 x 10~'? coulomb/electron
= 3,452 x 10'? electrons.
It takes two electrons to neutralize one alpha

particle, hence the number of alpha particles neutralized
by this number of electrons is



number of alpha particles = pusber o

1%
= 2432 x 10 . ) 726 x 10'" alpha particles.

But one alpha particle produces one helium atom, so
that the beam produced 1.726 x 10!'® helium atoms.

The mass of helium corresponding to this number of
helium atoms produced by the beam is given as 1.14 =
10" g. Dividing by the atomic mass of helium, we convert
this mass to moles:

- _mass helium = 1l.14 x 10=*
moles helium = SornTc mass hellum ~ 4.0028 g/mole
= 2.84 x 10™° mole.
Hence, 1.726 x 10'® helium atoms correspond to 2.84 x

10~% mole of helium. Dividing these two numbers gives
Avogadro's number:

number of atoms

Avogadro's number = Boles

- 1.726 = 10'?
2.84 x 10~° moles

= 6,08 x 10** atoms/mole.
Comparing this with the currently accepted value of
6.02 x 10?? atoms/mole, we see that the estimate calculated
is in error by

6.08 x 10%3 - .02 x 1023

x 100 %
6.02 x 10%°
- 808 =802 « 100 s = §-B8 x 100 ¥ = 1 8.

® PROBLEM 115

A chemist wants to calculate Avogadro's number by the
inspection of a solid cube of AgCl. The denaitx of the

cube is 5.56 g/cm’. The spacing between the Ag*® and C1~
ions in the cube is 2.773 x 10~® cm from their centers.
From these data, perform this calculation.

Solution: To sclve this problem, the following quantities
must determined: the volume of one mole of AgCl, cubic
edge length of one mole, the number of ions on an edge,
and the total number of ions. The total number of ions
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divided by 2 will yield Avogadro's number. From the
atomic weights of Ag and C1 (107.868 amu and 35.453 amu)
one mole of AgCl weighs 143.321 grams. Because density =
mass/volume, the volume of one mole =

_ 143.321 g/mole _ 3
TR%‘— 25.78 cm /mole.

The volume of a cube = (e)*®, where “e" is the length
of the cube edge. Therefore,

e = ¥75.78 cm’/moles = 2.954 cm/¥mole.

Because the spacing between ions is 2.77 x 10~® cm, the
number of ions along the edge is

2.954 mole
2.773 x 10”% cm

= 1.065 x 10® ions/?mole

The total number of ions in 1 mole of AgCl must be
(1.065 x 10*/¥moTe] = 1.209 x 107*/mole.
This number is not Avogadro's number. Because you have
two ions per formula unit, there is one Avogadro's number

of Agt and one Avogadro's number of Cl™. It follows,
therefore, that you must divide by two. As such,

w
1.209 x 10" /mole . 4,04 x 102%/mole = Avogadro's number.

ATOMIC AND MOLECULAR WEIGHTS

* PROBLEM 116

1.3625 g of an unknown metal X reacts with oxygen to form
1.4158 g of the oxide X;0. What is the atomic mass of X?

Solution: This problem will be solved by calculating

e mass and, from this, the number of moles of oxygen
in the compound. The corresponding number of moles of
metal is twice this amount. The molecular weight is the
number of moles of metal divided by the weight of metal
that was used.

The mass of oxygen in the compound is
mass O = mass oxide - mass X

= 1.4158 g - 1.3625 g = 0.0533 q.
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The corresponding number of moles is
moles O = mass O ¢ atomic mass O
= 0.0533 g + 15,9994 g/mole = 0,0033 mole.
Since, in the oxide, there are two moles of X per
mole of O, the number of moles of X present is 2 x

0.0033 mole = 0.0066 mole X. Hence, 1.3625 g of X
corresponds to 0.0066 mole X. The atomic mass of X is then:

atomic mass X = ;:—a:sl'—ﬁ = 1:3625 ToTe = 206.4394 g/mole.

® PROBLEM 117

How many moles are contained in 196 g of H350,7?

Solution: To calculate the number of moles of a given
compound from a certain number of grams of that compound
one should use the following relation:

number of grams
nuber of moles = [HRSEy2L drame.

When determining the molecular weight of a compound
one must first know the atomic weights of the elements
within the compound. One then determines the molecular
weight by adding together the weights of the individual
elements making up the compound. The molecular wai?hts
of the elements contained in H,50, are MW of H = ¢ MW of
S = 32, and MW of O = 16. If there is more than one atom
of a particular element, the molecular weight of the
element must be multiplied by the number of atoms present
in the compound.

Calculating the molecular weight of H2S0,:

H 2 1.0 = 2
s 1 32 = 32
0 4 16 = 64

Total 98

The molecular weight of H2804 is thus 98 g. The number
of moles of H:S0, in 196 g can now be calculated.

number of moles = “%MJ;E = 2.0 moles.

* PROBLEM 118

How many moles are present in 100 g quantities of each of
the following? (a) CaCO,, (b) H,0, (¢) HCL, (d) Al, (50,),7?
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Solution: One can find the number of moles of a specific
compound in a certain number of grams of that compound by
dividing the number of grams present by the molecular

weight. The molecular weight is defined as the weight of
one mole or Avogadro's Number (6.02 x 102°) of particles.

weight in grams of s le

number of moles = —g—T—rg———r-h——'mLm ecular weight

One calculates the molecular weight of a compound by
adding together the molecular weights of the elements
present. When calculating the molecular weight, one must
take into account the number of atoms of each element in
the compound. This is done by multiplying the molecular
weight of the element by the number of atoms present of
the particular element. This method will be used in the
following examples. Once the molecular weight is deter-

mined, the number of moles present in 100 g of the compound
can be found by using the equation

100 g

number of moles in 100 g = moTecular welght

(a) CaCO,

There is one atom of Ca present in CaCO,;. Thus, the
molecular weight of Ca, 40, is multiplied by one. There
is one atom of C. Thus the molecular weight, 12, of C
is multiplied by one. Because there are 3 atoms of O
present, the molecular weight of O, 16, is multiplied by 3.

1l atom of Ca 1l x40 = 40

1 atom of C 1x12 = 12

3 atoms of O 3 x 16 = 48 '
molecular weight of CaCO, = 100

The number of moles of CaCO; in 100 g may now be found.

100
number of moles in 100 g = m = 1 mole.

(b) H:0

(1) Calculation of molecular weight. The MW of H is
1 and the MW of O is 16.

2 atoms of H 2= 1 = 2
1 atom of O 1 x16 =16
molecular weight of H;0 = 18

(2) Calculation of number of moles in 100 g of H;0.

number of moles in 100 g = Tﬂ%ﬁ%ﬁ = 5.55 moles.

(c) HCL
MW of H= 1, MW of C1 = 35.5.
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1 atom of H 1= 1 = 1

1 atom of Cl 1 x 35.5 = 35.5

molecular weight of HCl = 36.5
100

number of moles of HCl in 100 g = = 2.74 moles

g/mole

(d) Al;(SO4),

MW of Al = 27 Md of 5 = 32 MW of O = 16

2 atoms of Al 2 x27 = 54
3 atoms of S 3Ix 32 = 96
12 atoms of O 12 = 16 = 192

molecular weight of Al, (S0,),= 342

number of moles of Al;(504); in 100 g = 1009 mols

= ,292 moles.

® PROBLEM 119

What is the molecular weight of a substance, each molecule

of which contains 9 carbon atoms and 13 hydrogen atoms and
2.33 x 10~*? g of other components?

Solution: The molecular weight of a compound is the sum

of the weights of the components of the compound. It is

the weight of one mole of the substance, thus this compound
weighs the sum of the weight of 9 moles of C, 13 moles H
and (6.02 x 10??) = (2,33 x 10~?? g). Because each molecule
of the third substance weighs 2.33 x 107%% g, one mole of
it weighs (6.02 x 10®?) x (2.33 x 107%? g). There are 6.02 x
10%? molecules of this other substance in one mole of the
compound (Avogadro's number).

molecular weight = (9 x MW of C) + (13 x MW of H) +

{2.33 x 107%%g) (6.02 x 10%* /mole)

= (9 x 12.01 g/mole) + (13 x 1.00 g/mole)+
{14.03 g/mole)

= 108,09 g/mole + 13.0 g/mole +
14.03 g/mole

= 135,12 g/mole.



® PROBLEM 120

Determine the relative abundance of each isotope in
naturally occurring gallium from the following data:

At. wt. Ga = 69.72. Masses if isotopes ®%Ga = 68.926,
72Ga = 70.925.

Solution: The relative abundance of the various isotopes
of gaIIIum can be found by using the following equation:

atomic weight of Ga = % of ®%Ga x at. wt. of ®'Ga +
t of 7'Ga x at wt. of "'Ga
It is given that Ga consists only of the two

isotopes ®?Ga and 7!Ga. Thus, if one lets x = fraction
of **Ga, then 1 ~ x = fraction of ’'Ga. Using the above
equation one can solve for x.

69.72 = (x x 6B.926) + (1 - x) = 70.925

69.72 = 68.926x + 70.925 - 70.925x
- 1.205 = - 1.999x

x =1.2/2.0 = 0.60.

This means that the ®’Ga makes up 60 % of Ga.
71Ga makes up 1 - .60 or 40% of Ga.

* PROBLEM 121

One method for determining the molecular weight of large,
biologically important molecules, is by measuring the

density by standard procedures and determining the average
volume occupied by a single molecule by X-ray crystallographic
analysis. If a biochemist measures the density of a sample

of deoxyribonucleic acid (DNA) as 1.1 g/cm’ and X-ray
analysis of the same sample estimates the volume of a

single DNA molecule as 0.91 x 107!® cm?, what is the
molecular weight of this type of DNA?

Solution: The number density {molecules/cm') is the
reciprocal of the volume of a single molecule and is re-
lated to the density (g/cm?) by the following formula:

1
number density = volume per molecule

densit '
= Folecular welght * AVogadro's number

The validity of this formula is readily seen by
considering the dimensions of the quantities involved.
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Dividing the density (g/cm®) by the molecular weight
(g/mole) gives a quantity with units of

om0l = mole/em® (molar density).

Multiplying this number by AvOgadro's number (molecules/mole)
gives a quantity with dimensions of

mole molecules _ 3
—m’ x—ﬂ:—i.— molecules/cm® (number density).

Solving for the molecular weight in the above ex-
pression we obtain

molecular weight = density x Avogadro's number * volume
per molecule
= 1.1 g/em® x 6 x 102 molecules/mole x
x 0.91 x 10°'% cm?/molecule

=6 x 10® g/mole.

® PROBLEM 122

When metal M is heated in halogen X;, a compound nxn

is formed. In a given experiment, 1.00 g of titanium
reacts with chlorine to give 3.22 g of compound. What
is the corresponding value of n?

Solution: In the compound Hxn, there is one mole of M

and n moles of X. In the compound here, one is given that
1.00 g of it is Ti (titanium) and that the compound weighs
3.22 g. This means that 3.22 g - 1.00 g or 2.22 g of the
compound is Cl. To find the simplest formula for the
compound, one must first determine the number of moles of
each component present. This is done by dividing the
weight present by the molecular weight

no. of moles = "&"3‘_5%

For Ti: (MW = 47.9)

- 1.00 = -2
no. of moles nng'—,le— 2.09 x 10 moles.

For Cl: (MW = 35.5)

no. of moles = 2'23 - = 6.25 x 10~? moles.
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Since the simplest formula for the compound is
Ticln, n can be found using the following ratio.

1 Ti _ 2.09 x 10°? moles Ti
M 6.25 x 10"2 moles C1

_ 1T x6.25 x 1072 c1
2.09 x 10=% Ti

= 2,99 C1

The formula for the compound is therefore TiCl,.
2.99 Cl is rounded off to the nearest whole number, 3.

® PROBLEM 123

If the density of ethylene is 1.25 g/liter at §.T.P. and
the ratio of carbon to hydrogen atoms is 1 : 2, what is
molecular weight and formula of ethylene?

—

Solution: This problem is solved once you know that at
S.T.P. (Standard Temperature and Pressure, 0°C, and 1 atm)
one mole of any gas occupies 22.4 liters. Assume that one
mole of ethylene gas is present, Density = mass/volume.

As such the mass of the gas =(1.25 g/£)(22.4 &) = 2B,0 g.
Therefore one mole of ethylene weighs 28 g.

From the ratio given in the gquestion you know the
molecular formula can be represented as {CH;)K. To obtain

the actual molecular formula, look for a compound that has

a molecular weight of 28 g yet maintains the carbon : hydrogen
ratio of 1 : 2. By looking at the periodic table for atomic
weights and through some arithmetic, you will find that the
only formula that meets these requirements is (CHz):

or CzH.. This formula can also be found by dividing the
weight of 1 CH; into 28 g. This solves for x in the ex-
pression (CH;JX. MW of CH; = 14.

no. of CH; = 1289 T = 2 CHi = Caliy.

* PROBLEM 124

— R

Phosphorus (atomic weight = 30.97) combines with another
element such that 1 g of phosphorus requires 0.7764 g of
the other element. If the atomic ratio of phosphorus to
the other element is 4 : 3, what is the atomic weight of
the unknown element?

Solution: First determine how many moles of phosphorus
Teacted. From this, one can calculate the number of moles
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of the unknown element that reacted using the atomic ratio.
This ratio represents the relative mole amounts. If the
number of moles of the unknown element is determined, the
atomic weigth can be calculated because the number of moles

is egual to number of grams/atomic weight. (At. wt. of P =
30.97).

One can now determine the atomic weight of the unknown
element. The number of moles of phosphorus that reacted

1.0
= m—gwm = 0.03229 moles.

Let x = the number of moles of the unknown element. The
a;omic ratio of phosphorus to the unknown element is 4 : 3.
Thus,

4 atoms _ .03229 moles

T atons x Selving,

x = 0.02422 moles unknown element.

Therefore, the atomic weight of the unknown element is equal
to

0.7764 -
5703477 moTes - 32:06 9/mele.

o PROBLEM 125

10gof scandium (5¢) combines with oxygen (0) to form
1.5338 g of oxide. Assuming the oxide contains two atoms
of scandium for every three atoms of oxygen, calculate

the atomic weight of Sc. Oxygen has an atomic weight of
15.9994 amu.

%glution: This problem can be solved once a propcrtion
s set up.

The oxide weighs 1.5338 g and the Sc, 1.0 g. There-
fore, the weight of the oxygen that reacted must be
1.5338 - 1 = .5338 q.

The problem stated that 3 oxygen atoms reacted for
every 2 Sc atoms. Therefore, the total atomic weight of the
oxygen in the compound is 3 x 15.9994.

Let y be the atomic weight of Sc, then 2y is the
total weight involved in the formation of the oxide. There-
fore, there is .5338 g of oxygen wnose atoms (3 of them)
have an atomic weight of 3 x 15.9994, reacting with 1 g
of Sc whose atoms weigh 2y. This can be represented as

5t - L:g0g
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Solving for y, results in 44.96, which is the atomic
weight of scandium.

® PROBLEM 126

A given sample of pure compound contains 9.81 g of zinec,
1.8 x 10?? atoms of chromium and 0.60 mole of oxygen atoms.
What is the simplest formula?

Solution: The simplest formuia for this compound is found
rom the simplest ratio of moles Zn : moles Cr : moles O.
One is given the number of moles of O but must find the
number of moles of Zn and Cr. One is given that there is
9.81 g of Zn. One can find the number of moles by dividing
9.81 g by the MW of Zn. (MW of Zn = 65.4).

9.81
no. of moles = m = 0,15 moles

One is given that there are 1.8 x 10%? atoms of Cr
present., The number of moles can be found by dividing the
nugger of atoms by the number of atoms in one mole, 6.02X
1023,

1.8 x 102 atoms
6.02 x 10?° atoms/mole

no. of moles =

= 0.30 moles

The ratio of 2n : Cr : O is .15 : .30 : .60 or
1 : 2 : 4. The simplest formula is ZnCr:0,.

o PROBLEM 127

Two different compounds of elements A and B were found to
have the following composition: first compound, 1.188 g of
A combined with 0.711 g of B; second compound, 0,396 g of
A combined with 0.474 g of B. (a) Show that these data are
in accord with the law of multiple proportions. (b) If the
formula for the first compound is AB;, what is the formula
for the second?

Solution: (a) The law of multiple proportions can be
stated: When two elements combine to form more than one
compound, the different weights of one that combine with a
fixed weight of the other are in the ratio of small whole

bers. This that if one solves for the expected
amount of B that is used in forming the second compound
from the ratio of A : B in experiment one, the experimental
amount should be a multiple of the calculated value. This
is seen more clearly after looking at the data.

In experiment 1, A combines with B in a ratio of
1.188 g A : 0.711 g Bor 1 : .598. In experiment 2, A
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combined with B in a ratio of 0.396 A : 0.479 B or

1 : 1.20. The law of multiple proportions states that
+598 should be a small multiple of 1.20. 1.20/.598 = 2,
thus the law is supported.

(b) If the formula for the first compound is AB,,
one knows that the proportion of the number of moles of
A to B is 1 : 2. Thus 1 unit volume of A weighs 1.188 g
and 2 units of B weigh 0.711 g. Therefore, 1 unit of B
weighs 0.711 g/2 = 0.356 g. Using this data, one solves
for the number of units of A in the second compound by
dividing the weight of A in compound 2 by 1.188 g.

no. of units of A in compound 2 = I;§§§'§7EEI? = .311 units

no. of units of B in compound 2 = %H%m = 1,331 units

The ratio of A to B in compound 2 can now be found.
Let x = no. of B atoms

A_ 2311 1
E T39I = x

Therefore, the second compound is AB,. This result
could also have been obtained by using the data from part
(a). It was determined that twice as much B is present in
the second compound. Thus, if the first compound is AB;,
then the second compound must be AB,.

® PROBLEM 128
m—

When 10.00 g of phosphorus was reacted with oxygen, it
produced 17.77 g of a phosphorus oxide. This phosphorus
oxide was found to have a molecular weight of approximately
220 in the vapor state. Determine its molecular formula.

Solution: The molecular formula of a substance indicates

e relative number of atoms in a molecule of the substance.
Therefore, to solve this problem, you must first calculate
the ratios of the gram-atoms to each other, the empirical
formula, and then extrapolate to the molecular formula wia
the molecular weight.

The number of gram-atoms of phosphorus (P) is

wt. in grams of P _ 10 = )
._mh‘_;r 55T = 0.323 gram-atoms P

For oxygen we have %?%%33" .484 gram-atoms

110



The weight in grams of oxygen is 7.77 because the
final product weighs 17.77 g and the phosphorus weighs
10.00 g. Since, the only other element is oxygen, its
weight must be the difference.

The ratio of the gram-atoms of P and O is respect-
ively 1 : 1.5 or 2 : 3. Therefore, the empirical formula
of the oxide is P:0,.

To calculate the molecular formula, we must use
the stated molecular weight of 220. We must look for a
formula that totals to this molecular weight AND
maintains the 2 : 3 ratio of P : O as expressed in the
empirical formula. With some arithmetic, we find that the
only formula that meets these two requirements is PsQg.
4 : 6 is the same as 2 : 3. The atomic weight of P and O
is respectively 30.97 and 16. We have four P atoms for a
total of 123.88 and we have 6 O atoms for a total of 96.
Now add: 123.88 + 96 = 219.88, which is approximately 220.

Another method for determining the molecular formula
is to divide the molecular weight of the molecule, 220, by
the weight of 1 P,0,, 110.

220 g

g/mole of 7107 = 2 moles of P;0,.

no. of P30, = 110

The formula is, therefore 2 x P;0; or PuOs.

* PROBLEM 129

A chemist reacts metal "B" with sulfur and obtains a
compound of metal and sulfur. Assuming metal "B" weighed
2.435 g (MW = 121.75 amu), and the compound weighs

3.397 g, what is the simplest or empirical formula of

the compound? The atomic weight of sulfur is 32,06 g/mole.

Solution: To calculate the simplest formula, one must
now the mole ratio of the elements that reacted.

A mole is defined as the weight in grams of a

substance divided by its atomic weight. The number of
moles of "B"

= 2.435 = -
m—gaﬁﬁ .0200 moles of "B".

The number of grams of sulfur that reacted must be
3.397 - 2.435 = .962 q.

The increase in weight can only be derived from the
addition of sulfur.

The number of moles of sulfur is

0.962
31733—;55513 = .0300 moles of sulfur.
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The ratio of "B" to sulfur moles is .0200 B/.0300 8 =
2 : 3. Therefore, the simplest formula must be B2Sj.

® PROBLEM 130

It has been determined experimentally that two elements,
A and B react chemically to produce a compound or
compounds. Experimental data obtained on combining pro-
portions of the elements are:

Grams of A Grams of B Grams of

Compound
Experiment 1 6.08 4.00 10.08
Experiment 2 18.24 12.00 30.24
Experiment 3 3.04 2.00 5.04

(a) Which two laws of chemical change are illustrated by
the above data? (b) If 80 g of element B combines with
355 g of a third element C, what weight of A will combine
with 71 g of element C? (c) If element B is oxygen, what
is the egquivalent weight of element C?

Solution: (a) If one adds the weight of A to the weight
of B and obtains the weight of the compound formed, the
Law of Conservation of Mass is illustrated. This law
states that there is no detectable gain or loss of mass in
a chemical change. Using the data from the experiments
described, you find the following:

For experiment 1 6.0 g A+ 4.00 g B = 10.08 g of compound
6.08 + 4.00 = 10.08

For experiment 2 18.24 g A + 12.00 g B
= 30.24 g of compound

18.24 + 12.00 = 30.24
For experiment 3 3.0 gA+ 2.00 g B = 5,04 g compound
3.04 + 2.00 = 5,04

From these calculations one can see that the Law of
Conservation of Mass is shown.

Another important law of chemistry is the Law of
pefinite Proportions. This law is stated: When elements
combine to form a given compound, they do so in a fixed
and invariable ratio by weight. One can check to see if
this law is adhered to by calculating the ratio of the
weight of A to the weight of B in the three experiments.
If all of these ratios are equal, the Law of Definite
Proportions is shown.
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Experiment 1 $.06 3 g = 1.5
Experiment 2 %%f%ﬁ—g—% = 1.5
Experiment 3 3.04 r- g = 1.5

The Law of Definite Proportions is illustrated here.

(b) From the Law of Definite Proportions, one can
find the number of grams of B that will combine with 71 g
of C. After this weight is found, one can find the number
of grams of A that will react with 71 g of C by finding
the amount of A that reacts with that amount of B. It is
assumed that the amount of A that reacts with 71 g of C
is equal to the amount of A that will react with the amount
of B that reacts with 71 g of C. The amount of A that will
react with this amount of B can be found by remembering.,
from the previous section of this problem, that A reacts
with B in a ratio of 1.5.

(1) Finding the amount B that would react with 71 g
of C.

One is told that B0 g of B reacts with 355 g of C.
By the Law of Definite Proportions, a ratio can be set up
to calculate the number of grams of B that will react with
71 g of C.
Let x = the number of grams of B that will react with 71 g

8
g = e of C.

16 grams of B will react with 71 g of C.

(2) It is assumed that the same amount of A that
will react with 16 g of B will react with 71 g of C.
Therefore, using the fact that the ratio of the amount
of A that reacts to the amount of B is equal to 1.5 (this
fact was obtained in part (1)), one can calculate the
amount of A that will react with 71 g of C.
Let x = the number of grams of A that will react with 16 g

1-’5%- 1.5 of B.

x =16 x 1.5 = 24 q.
24 g of A will react with 16 g of B or 71 g of C.

(c) In finding the equivalent weight of C when B is
taken to be oxygen, the Law of Definite Proportions is
used again. The equivalent weight of oxygen is 8. Knowing
that 16 g of B react with 71 g of C, one can set up the
following ratio
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x = weight of C if the weight of B is taken to be 8.
J1lgcC_xgC
g CI

- 8B x171
—i&

x = 35.5 g.

The equivalent weight of C when B is taken to be
oxygen is 35.5 g.

EQUIVALENT WEIGHTS

* PROBLEM 131

If the atomic weight of oxygen was 50, what would its
equivalent weight be?

Solution: The relationship of the atomic weight and the
equivalent weight is

Atomic weight
EEGI;EIEHE_EETEHE = valence number
The valence number is a measure of the number of atoms
of hydrogen that will combine with one atom of the element.
Two hydrogen atoms combine with one oxygen. The valence
number of oxygen is therefore 2. One can now solve for the

equivalent weight of oxygen when the atomic weight is
taken as 50.

50
equivalent welght

2

egquivalent weight = E% = 25.

® PROBLEM 132

A compound of vanadium and oxygen is analyzed and found
to contain 56.0 % vanadium. What is the equivalent weight
of vanadium in this compound?

—————————————————

Solution: To find the equivalent weight of vanadium

one can use the Law of Definite Proportions. This law
states that when elements combine to form a given compound,
they do so in a fixed and invariable ratio by weight. This
means that the ratio of the weight of vanadium to the weight

114



of the oxygen that reacts is equal to the ratio of the
equivalent weight of the vanadium to the equivalent weight
of the oxygen.

weight of V _ equivalent weight of V

weight of 0 equivalent weight of O

Solving for the eguivalent weight of vanadium in
this compound,one assumes he has 100 g of the compound for
calculations. Because 56 % of this compound is vanadium,
it means that 56 g of it is vanadium. This indicates that

(100 8 - 56 %) = 44 % of the compound is oxygen and that
in 100 g of the compound there are 44 g of oxygen.

Here one will assume that the equivalent weight of
oxygen is its atomic number, 8. Solving for the equivalent
weight of vanadium:

56 g _ equivalent weight of V
g

equivalent weight of V = 2% 5; = 10.2

The eguivalent weight of wvanadium in this compound
is 10.2.

® PROBLEM 133

2.0 g of molybdenum (Mo) combines with oxygen to form

3.0 g of a molybdenum oxide. Calculate the equivalent
weight of Mo in this compound.

Solution: The equivalent weight of a compound can be
Jetermined by use of the Law of Definite Proportions. This
law states that when elements combine to form a given
compound, they do so in a fixed and invariable ratio by
weight. This means that the following ratio is maintained:

weight of Mo in reaction _ equivalent weight of Mo
welght of O In reaction equivalent weight o
The equivalent weight of oxygen is egqual to B. The

weight of oxygen in the reaction can be determined by
using the Law of Conservation of Mass. This law states
that there is no detectable gain or loss of mass in a
chemical change. The problem states that 2.0 g of Mo is
added to an unknown amount of O to form 3.0 g of a

molybdenum oxide. Using the Law of Conservation of Mass
the following relation is true:

weight of compound = weight of O + weight of Mo
3.0 g = weight of O + 2.0 g

1.0 g = weight of O
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One can now use the Law of Definite Proportions to
solve for the equivalent weight of Mo.

weight of Mo _ equivalent weight of Mo
welght of O equivalent welght of O

- equivalent weight of Mo
B

2.0 g
1.0 g

equivalent weight of Mo = B x %é%—g-s 16.

¢ PROBLEM 134

It was found that a magnesium oxide contained .833 g of
oxygen and 1.266 g of magnesium. Calculate the gram-
equivalent weight of magnesium.

Solution: You begin this problem by establishing what is
meant by the term gram-equivalent weight.

Gram-eguivalent weight may be defined as the number
of grams of an element that will involve a gain or loss of
N electrons, i.e., the Avogadro's number (6.02 x 102%) of
electrons, when the element enters intoc chemical combination
with another element. In this problem, you know that oxygen
is present. Oxygen has an oxidation state of - 2. In a
reaction, one mole of oxygen will gain two moles of
electrons. The molecular weight of oxygen is 16 g/mole.
Its equivalent weight becomes 16/2 = B.00 g, since 2 moles
of electrons will be gained and, by definition, equivalent
weight is the amount of a substance that will gain or lose
one mole of electrons.

The gram-egquivalent weight of magnesium is that amount
of the element that combines with 8.00 g of oxygen. You are
told that 1.266 g Mg combines with .833 g Oz. If you let
x = grams of Mg that will combine with 8.00 of oxygen, you
can set up the following proportion:

1.266 M x M
T or 500 g Oz

Solving for x, you obtain x = 12.16 g of Mg, which
is its gram-equivalent weight.

© PROBLEM 135

A chemist forms magnesium oxide by burning magnesium in
oxygen. The oxide obtained weighed 1.2096 grams. It was
formed from .7296 g of magnesium. Determine the mass
equivalent of magnesium in this reaction.
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Solution: An equivalent is defined as that mass of
oxidizing or reducing agent that picks up or releases

the Avogadro number of electrons in a particular reaction.
One eguivalent of any reducing agent reacts with one
equivalent of any oxidizing agent. In this problem, the
key is to determine the number of equivalents of oxygen
involved. Once this is known, you also know the number

of equivalents of magnesium.

Since the oxide weighed 1.2096 g and the magnesium
weighed .7296 g, the mass of the combined oxygen must be
1.2096 - .7296 = .4B00 g. Before the oxygen reacted, its
oxidation state was zero. After the reaction, however,
it was - 2. As such, each oxygen atom gained 2 electrons.
Therefore, the Avogadro number of electrons will be taken
up by one half of a mole of O atoms.

It follows, therefore, that there are 8.000 g per
equivalent for oxygen, since 1 mole of oxygen atoms weighs

16 grams. It was found, however, that there were .4800 g
of oxygen. As such

.4800 = .
—3735_6733323' .0600 equiv of oxygen.

This means that magnesium also has .06 egquiv. 0.7296 g of
Mg participated in the reaction. Therefore, the grams per
equivalent of Mg =

.7296
W&E’E’-* 12.16 g/equiv,

e PROBLEM 136

For the oxidation of VO by Fe:;0; to form V;0s and FeO,
what is the weight of one egquivalent of VO and of Fej;0,4?

Solution: The equation for this reaction is
2V0 + 3Fe;03 + V.05 + 6Fed

Here V is a reducing agent and Pe is an oxidizing agent.
One equivalent of an oxidizing agent is defined as the
mass of the substance that picks up the Avogadro number
of electrons. One equivalent of a reducing agent is
defined as that mass of the substance that releases the
Avogadro number of electrons. The oxidation state of 0

is always - 2, thus the oxidation state of V in VO is + 2.

The oxidation state of V in V.05 is + 5 because
5 O contribute (5 x - 2) or - 10, thus 2V must be + 10
and V is + 5. The half-reaction for V is
vt2 s ytS 4 3e-

This means that there are 3 equivalents per mole of
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V0. One finds the weight of one equivalent by dividing the
molecular weight by 3. (MW of VO = 66.94).

66.94 mole _
weight of 1 equiv of V = -,ﬁm 22,31 g

One uses a similar method for Fe. The oxidation
state of O in Fej;0; is (3 x = 2) or - 6, this means the
2FPe must be + 6 and Fe must be + 6/2 or + 3. The oxidation
state of O in FeO is - 2, thus the oxidation state of
Fe is + 2.

The half-reaction for the Fe is then
Fe*® + le~ =+ Fe*?

In Fe:03; there are 2 moles of Fe, therefore the half-
reaction becomes

2Fe*? + 2e~ + 2Fet?
There are thus 2 equiv per mole of Fe;0;. The weight of one

equivalent is equal to the weight of one mole Fe;0; divided
by 2. (MW of Fe;0; = 159.70)

159.7 g/mole _
wt of 1 equiv = Iﬁﬁle_ 79.85 g/equiv.

e PROBLEM 137

In acting as a reducing agent a piece of metal M, weighing
16.00 g, gives up 2.25 x 10?' electrons. What is the weight
of one equivalent of the metal?

Solution: One equivalent of a reducing agent is defined
as at mass of the substance that releases the Avogndro
number of electrons. Avogadro's number is 6.02 x 10°?,
thus one can find the number of eguivalents in 16.00 g
of the metal by dividing 2.25 x 1023 by 6.02 x 10%*,

2.25 x 102! electrons

Y = ,374 equiv.
6.02 x 10*? electrons/equiv

no. of egquiv =

Thus, .374 equiv weigh 16.00 g, one can find the
weight of one equivalent by dividing 16.0 g by 0,374 equiv.

weight of 1 equiv 'm%‘%ﬁﬁ = 42,78 g/equiv.
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CHEMICAL COMPOSITION-WEIGHT AND VOLUME
PERCENT

* PROBLEM 138

What is the simplest formula of a compound that is composed
of 72.4 % iron and 27.6 % oxygen by weight?

Solution: For purposes of calculation, let us assume
at there is 100 g of this compound present. This means
that there are 72.4 g of Fe and 27.6 g 0. The simplest

formula for this compound is Fe O . where n is the number

of moles of Fe present and m is the number of moles of O.
One finds the number of moles by dividing the number of
grams by the molecular weight.

number of moles = WT?“QM

For Fe: n = number of moles present. MW = 55,8,

72.4
n= grg—gam = 1.30 moles

For O0: m = number of moles present. MW = 16.0.

- 27.6 -
m nm—g;m 1.73 moles.

One solves for the simplest formula by finding the
ratio of Fe : O.

E - 1.30 - 75 = 3
o I.73 T
Therefore, n =3 and m = 4.

The simplest formula is Fe,0,.

-

An unknown compound consists of 82.98 % potassium and
17.02 % oxygen. What is the empirical formula of the
compound?

Solution: The empirical formula of any compound is the
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ratio of the atoms that make up the compound by weight.
It is the simplest formula of a material that can be
derived solely from its components. Therefore, we must
determine the ratio of gram-atoms of potassium (K) to
the number of gram-atoms of oxygen (0).

The number of gram-atoms of a substance equals
the weight of the substance in grams divided by the weight
per gram-atom of the substance. In other words,

- wWeight in grams
number of gram-atoms ;EIEE%—EEE-;gz;:;ESE

In this problem, we are given the percentages of
the elements that make up the compound. These percentages
are, in reality, the weight in grams, since in the de-
finition of weight, we imply percentage. The weight per
gram atom is the atomic weight of the element which can
be found in the periodic table of elements.

Therefore, the number of gram-atoms for potassium is

B2.98 {wt of K
. a c weig

= 2.120 moles.

For oxygen, the number of gram-atoms is

17.02 g (wt of O)
16.00 (atomic wt)

= 1.062 moles.

Recall, the empirical formula is the ratio of the
elements by weight. Consequently, the ratio of potassium
to oxygen is 2 : 1, since the gram - atom ratios are
respectively 2.120 : 1.062. Therefore, the empirical
formula is K;0.

® PROBLEM 140

A certain hydrate analyzes as follows: 29.7 % copper,
15.0 & sulfur, 2.8 & hydrogen, and 52.5 % oxygen.
Determine the empirical formula of this hydrate from
these percentages.

Solution: A hydrate is the chemical combination of water
W another compound. For example, copper sulfate combines
with water to form the hydrate of the composition

CuSO0y + 5H20

CusS0, + 5H20 =+ CuS0, *5H20

One can find the empirical formula for a compound,
when given the weight percents of the various elements
making up the compound. This is done by finding the
number of moles of each element in 100 g of the compound.
The weight of each element is equal to the percent weight.



The number of moles is equal to the weight divided by the
molecular weight of the element. In 100 g of this compound,
there are 29.7 g Cu, 15.0 g 5, 2.8 g H, and 52.5 g 0.

One can now determine the number of moles of each element
present.

number of moles = %gﬂ

MW of Cu = 63.5, MW of § = 32, MW of H = 1, MW of 0 = 16.

29.7
number of moles of Cu = m?ﬁgﬂ; = 0.47 moles

15.0

number of moles of S = S/mole

= 0.47 moles

2.8 g
1 g/mole

number of moles of O = 1—23“3;%5 = 3,28 moles.

To determine the empirical formula for this hydrate
one must look at the ratio of Cu : § : H : 0.

number of moles of H = = 2,8 moles

The ratio of the number of moles of these elements is
Cu:S :H:O

.47 ¢ .47 : 2.8 : 3.28

To find the empirical formula, these numbers should be

made into integers. This is done by making the lowest number
equal to 1 and solving for the other three.

47 .47 47
T =5 x=gy=1
=47 -ﬁ X = 2.8 = 6
T x 47
.47 _ 3.28 - 3:28 _
T X x 47

The ratioc now becomes
Cu:5 :H:0
1:1:6:7.

The empirical formula for the compound is CuSHsO7
or CuS0s*3H20.

® PROBLEM 141

I A chemist finds that an unknown compound contains l
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50.05 ¢ S and 49.95 % O by weight. Calculate its
simplest formula.

Solution: To calculate a compound's simplest formula,
you need the relative number of moles of atoms in the
compound. The percentages by weight of the elements allow
for this calculation.

If you had 100 g of the unknown compound, it would
consist of 50.05 g of S and 49.95 g of 0. A mole is de-
fined as weight in grams/atomic weight.

Therefore, the number of moles of sulfur

50.05
(s) = m—q‘g’m- 1.561 moles.

The number of moles of oxygen =

49.96
mg—g—g'm— = 3,122 moles.

You see that the ratio of 5 to O is
Lssl 1, ;..

Therefore, the simplest formula can be expressed as 50;.

o PROBLEM 142

A sample of the poisonous compound nicotine extracted from
cigarette smoke was found to contain 74.0 % by weight of
carbon (C, atomic weight = 12.0 g/mole), B.65 % by weight
of hydrogen (H, atomic weight = 1.0l g/mole), and 17.3 & by
weight of nitrogen (N, atomic weight = 14.0 g/mole). What
is the empirical formula of nicotine?

Solution: The empirical formula states the relative ratio
o e atoms of the various elements in any substance; the
actual number of atoms (molecular formula) is not implied.
Problems of this sort are solved by assuming a sample of
some convenient mass and then calculating the number of
moles of each atom in this sample. Once the number of
moles has been calculated for each component, these numbers
are divided by the greatest common factor in order to
obtain the proportions in which the various components
appear in the molecule. There is no error in assuming a
sample of definite mass, since the size of a sample of
molecules does not affect the composition of the molecules,

Assume a sample weighing 100 g. Then the masses of
C, H, and N in this sample are:

mass C = 74.0 % x 100 g = 74.0 g



mass H = 8,65 % x 100 g = B.65 g

mass N = 17.3 8 x 100 g = 17.3 g
We convert the mass of each element to the corresponding
number of moles by dividing by the atomic mass of that
element. Thus we obtain the following number of moles of
each element:

moles C = 74.0 g/12.0 g/mole = 6.2 moles

moles H = 8.65 g/1.01 g/mole = 8,6 moles

moles N = 17.3 g/14.0 g/mole = 1,2 moles

The greatest common factor is 1.2 moles.
Dividing the number of moles of each element by 1.2 moles,
we obtain

moles C__ 6.2 moles ~ 5
.2 moles .2 moles

moles H _ 8.6 moles 7

1.2 moles T.2 moles *

moles N _ 1.2 moles _ 1
.2 moles .2 moles *

Hence, C, H, and N appear in the proportions 5, 7, and 1,

respectively. The empirical formula of nicotine is thus
CsH:N-

* PROBLEM 143

A compound subjected to analysis was found to have the
following composition by weight: 69.96 % carbon (atomic
weight = 12.0 g/mole}), 7.83 % hydrogen (atomic weight =
1.01 g/mole), and 22.21 & oxygen (atomic weight =

16.0 g/mole). If the molecular weight of this compound
is 360 g/mole, what is its molecular formula?

Solution: Molecular formula may be defined as the

ormula stating the actual number of each type atom in

a particular compound. Problems of this sort are solved
by assuming a sample of some convenient mass and then
calculating the number of moles of each atom in this
sample. Once the number of moles has been calculated for
each component, these numbers are divided by the greatest
common factor in order to obtain the proportions in which
the various components appear in the molecule (empirical
formula). From this, we check to see if the elements, in
those proportions, give the actual molecular weight. If
they do, we have the actual molecular formula. If they
do not, we multiply by a factor until their weights do
give the molecular weight. There is no error in assuming
a sample of definite mass, since the size of a sample
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of molecules does not affect the composition of the
molecules.

Assume a sample weighing 100 g. Then the masses of
C, H, and O in the sample are:

mass C = 69.96 % x 100 g = 69.96 g

mass H= 7.83 % =« 100 g = 7.83 g

mass O = 22.21 % x 100 g = 22,21 g

We convert the mass of each element to the correspond-
ing number of moles by dividing by the atomic weight of that
element. Thus, we obtain the following number of moles of
each element:

moles C = 69.96 g/12.0 g/mole = 5.83 moles

moles H = 7.83 g/1.01 g/mele = 7.75 moles

moles O = 22.21 g/16.0 g/mole = 1,39 moles

The greatest common factor is 1.39 moles,

Dividing the number of moles of each element by l1.39 moles,
we obtain

moles € _ 5.83 moles x , 2

.39 moles 1.39 moles *

moles H _ 7.75 moles ¥ ¢ ¢
1,39 moles . moles b

moles O _ 1.39 moles _ 1

. moles . moles "

Multiplying these numbers by 5 in order to get whole
numbers we obtain:

Proportion of C atoms = 4.2 x 5 = 21
Proportion of H atoms = 5.6 x 5 = 28
Proportion of O atoms = 1 x 5 = 5.
Thus, the molecular formula of this compound is
Cz2:H2505. As a check, we determine the molecular weight
of this compound to be
molecular weight = ({21 x atomic weight of C)+ (28 x
atomic weight of H)+ (5 x atomic
weight of 0)
=(21 x 12.0 g/mole) + (28 x 1.01 g/mole)

+{5 x 16.0 g/mole)
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= 360 g/mole,
which is the experimentally determined molecular weight.

* PROBLEM 144

The most common constituent of gasoline is iso-octane. It
is a hydrocarbon, composed by weight of 84.12 % carbon!
and 15.88 % hydrogen. Given that it contains 5.27 x 10%!
molecules per gram, what is its molecular formula?

Solution: The molecular formula for iso-octane is CnHm'

where n is the number of moles of C and m is the number
of moles of H present in 1 mole of iso-octane. One can
find n and m from the molecular weight of the compound.

It is given that there are 5.27 x 10°! molecules/g present
in one gram of the compound. One knows that there are
6.02 x 10 molecules per mole. Thus,

23
= 6.02 x 10°° molecules/mole _ 114.23 g/mole

5.27 x 10?! molecules/g

The C in this compound weighs 84.12 % of 114.23 g
and the H weighs 15.88 % of 114.23 q.

weight of C = .8412 x 114.23 g/mole = 96.09 g/mole
weight of H = ,1588 x 114.23 g/mole = 18.14 g/mole.

The number of moles of carbon present, n, is egual
to 96.09 g divided by 12.01 g/mole, its atomic weight.

96.09
n = TT.01 g/moTs - 8:00 moles

The number of moles of H, m, can be calculated in
a similar manner.

- A8.14 -
m mm—ﬂk 18.14 mole,

where 1 g/mole is the atomic weight of hydrogen.

The formula is CsH;s, 18.14 is rounded off to the
nearest whole number.

& PROBLEM 145

Calculate the percentage composition of aluminum sulfate,

Al: (804) 3.
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Solution: Because the formula of a compound is constant,
e percentage composition of each element present can

be calculated by using the parts by weight of each element

in one molecular weight of the compound. The molecular

weight of the compound can be calculated by adding to-

gether the weights of the various elements contained in

the compound.

There are 2 atoms of aluminum present, and the
molecular weight of aluminum is 27, so the contribution of
the aluminum to the compound's total molecular weight is
found by mulyipltying 27 by 2.

2 atoms of aluminum weigh 2 x 27 = 54

The weight contributions of the other elements
present can be calculated in the same way.

The molecular weight of sulfur is 32, and there are
3 sulfur atoms present in the compound.

3 atoms of sulfur weigh 3 x 32 = 96

The molecular weight of oxygen is 16, and there are
12 oxygen atoms present in the compound.

12 atoms of oxygen weigh 12 x 16 = 192
The weights of the three elements contained in the

compound are added together to find the total molecular
weight of the compound.

2 atoms of aluminum 54
3 atoms of sulfur 96
12 atoms of oxygen 192

molecular weight of Al,(S504), 342

The percentage composition of each element present can
now be calculated by considering what fraction by weight
each element is of the total compound.

The weight of two atoms of aluminum is 54 so the
fraction by weight of aluminum in the compound can be found
by dividing 54 by 342, the molecular weight of the compound.
The percentage is then found by multiplying this fraction
by 100.

percentage composition of aluminum

- ¥eight of aluminum in cgﬂd x 100
molecular weight compoun
percentage composition of aluminum = -ﬁ-;—x 100 = 15.8 8%.
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The same method can be applied to the sulfur and oxygen.
percentage composition of sulfur = 3%§ * 100 = 28. 1%

percentage composition of oxygen = %%% x 100 = 56.1 %

If the percent compositions of all the elements in a
compound are added together they will equal 100.0.

percent composition of aluminum 15.8
percent composition of sulfur 28.1
percent composition of oxygen 56.1

100.0

* PROBLEM 146

Two thirds of the atoms in a molecule of water (H,0) are

hydrogen. What percentage of the weight of a water molecule

is the weight of the two hydrogen atoms? The atomic weight

of hydrogen is 1.008 g/mole and of oxygen is 16.00 g/mole.
S———

Solution: The most direct way to solve this composition
problem is to consider the total weight of one molecule
of water:

massnlo =2 mass, + mass

= 2{(1.008 g/mole} + 16.00 g/mole
= 18.016 g/mole.
The mass of two hydrogen atoms is 2 = 1.008 =

2.016 g/mole. Hence, the percentage mass of hydrogen in
water is:

2 mass
¥ mass = g X 100 ¢ = T gTg hrmets X 100 ¢
= 11.19
® PROBLEM 147
Calculate the percent composition by weight of ether
(CzHs)20.

Solution: To understand this problem, one must first

realize that the subscript 2 outside the brackets means
that all elements inside the brackets are multiplied by
2. Carrying this procedure out, one obtains the formula
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CyH100 for ether.

Percent composition is found by dividing the
individual weights of the components by the molecular
weight. Therefore, first find molecular weight by using
the table below.

Number of  Atomic Total Atomic

Element Atoms Weight Weight
c 4 12 48
H 10 1 10
o 1 16 16

M.W. = 48 + 10 + 16 = 74 g/mole.

Percent composition is then calculated from the
formula

% composition = (total atomic weight) x 100

8 C -;% x 100 = 64.86 %
$H =37 x 100 = 13.51 %
to0 =138 x100=21.63 9.

To double check, make sure that the total percent
equals 100.

® PROBLEM 148

Calculate the percent weight of each element in magnesium
chloride, MgCl:.

Solution: As can be seen from the formula, for each
molecule of Mg there are 2 molecules of Cl that must
combine to form the compound.

The way to solve a percent composition problem is
first to find the total molecular weight. Then divide the
weight of each component by the total molecular weight to
find the percentages.

First set up a table as shown below.

Number of Atoms Atomic Total Atomic

Element or Moles Weight Weight
Mg 1 24.3 24.13
cl 2 35.45 70.9
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M.W. of MgClz = 24.3 + 70.9 = 95.2

To find percent composition use the formula
(total atomic weight
v composition = { e ey atehe * 100
% Mg = 3423 « 100 = 25.5 3

0.9

¥ Cl = g223 x 100 = 74.5 &,

To double check that the answer is correct, see if
the sum of the percentages is 100 %.

o PROBLEM 149

Using the Periodic Table of Elements, find the following
for sodium dihydrogen phosphate, NaH:;PO,: (a) formula
weight, (b) percent composition of oxygen, (c) weight in
grams of 2.7 moles, and (d) percentage composition of
oxygen in 2.7 moles.

Solution: This problem encompasses work in chemical
stoichiometry. With this in mind, you proceed as follows:

(a) The formula weight = molecular weight, which is
the sum of atomic masses of all the atoms in the substance.
Na = 22.98, H = 1.008, O = 15.9999, and P = 30.97. Thus,
formula weight = Na + 2H + P + 40 = 22.98 + 2(1.0080) +
30.97 + 4(15.9999) = 119.9.

(b) Percentage composition of oxygen is
total weight of o;xgen in_compound
total welght of compoun
- 4 oxygen atoms x 15.9994 mass/oxygen atom

= ,5334 g of oxygen or 53.34 % by weight in NaH;PO,.

mass_of substance
(e) Mole = molecular welght

there are 2.7 moles and you calculated the molecular weight.

Thus, the weight in grams of 2.7 moles = (119.9 g/mole)

(2.7 moles) = 324 g of NaH,PO,.

. You are given that

(d) Following a procedure similar to the one in
part (b),

no. of moles of 0 x MW of O
percent composition = ;E!EHE_3¥ Comp/no. of moles x 100
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- 4 moles x 15.9
324 g/2.7 moles x 100
= 53.34 &,
The percent composition of any element in any compound

does not change when the amount of the compound present is
changed.

® PROBLEM 150

Calculate the weight of iron in 350 pounds(158.9 kgs) of
Fe;0,;. First, calculate the percent of iron in the compound

Solution: The percent composition of iron in the
compound Fe;0; can be calculated by first finding the
molecular weight of the compound. After the molecular
weight of the compound is found, the percent of this
weight that is made up by the iron is found by dividing
the weight of the iron by the molecular weight of the
compound and then multiplying this fraction by 100.

The molecular weight of iron is 55.8, so that two
atoms of iron weigh 2 x 55.8 = 111.6.

The molecular weight of oxygen is 16.0, so that 3
atoms of oxygen weigh 3 x 16.0 = 48,0

The molecular weight of Fe;0, is found by adding
the weights of the iron and oxygen together.

weight of iron 111.6
weight of oxygen 48.0
molecular weight of Fe:0; 159.6

The percent composition of iron =
weight of iron i¥ compound , ;.4
molecular weight of compoun

percent composition of iron = figig x 100 = 69.9

Since the percent composition by weight of iron in
the compound is known, the weight of iron in 250 pounds of
this compound can now be found. Because the percent compo-
sition of iron in this compound is 69.9, the percent of
iron in 350 pounds of Fe:0, is also 69,9,

Weight of iron in 350 1lb of Fe 0, = 350 x 0.699 = 245 1b.
(111.07 kq)
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e PROBLEM 151

What is the elemental percent composition (by weight) of
a mixture that contains 20.0 g of KAl(SO.): and 60.0 g of
K28047?

Solution: The elemental percent composition by weight
Is equal to the weight of the element present divided by
the total weight of the mixture multiplied by 100.

wt of element

percent composition = ———y—rr x 100

The weight of the total mixture is equal to the sum
of the weights of the KAl(SO.):; and the K:S0..

total weight = 20.0 g + 60.0 g = 80.0 g

The weights of the various elements present is found
by dividing the molecular weight of the element multiplied
by the number of atoms of that particular atom present in
the molecule by the molecular weight of the compound, and
then multiplying the quotient by the number of grams of the
compound present.

Solving for the weights of the elements in KAl(SO0.)3:
MW = 258.12.

For K = MW = 39.1

o 39.1 mole % 1 =
weight of K mg%m—— x 20.0 g = 3.03 g.

For Al: MW = 26.98

26.98 mole X 1
weight of Al = TFETI‘?%EIT x 20.0 g = 2.09 g.

For S: MW = 32.06

32.06 1 2 1
weight of S = Tﬂ?ﬁ%ﬁﬁ‘l‘e_m x 20.0 g = 4.97 g.

For O: MW = 16

16 g/mole x 8 moles
weight of 0 = ——%rn?me— x 20.0 g = 9.92 q.

Solving for the weight of the elements in K:50.:
MW = 174,26

For K: MW = 39.1

39.1 2
weight of K = Tﬂ%nﬁe—m x 60.0 g = 26.93 g

For S; MW = 32.06
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32.06 g/mole x 1 mole
weight of § = —nﬁé?m—ore—— x 60.0 g = 11.04 g

For O: MW = 16

16 mole *x 4§ moles

weight of 0 = - g/mole

x 60.0 g = 22,04 g.

One can find the total weights of the various elements
by taking the sum of their weights from the two compounds.

Total weight of K = 3.03 g + 26,93 g = 29.96 g
Total weight of Al = 2.09 g

Total weight of 5§ = 4.97 g + 11.04 g = 16.01 g
Total weight of 0 = 9.92 g + 22.04 g = 31.96 g.

One can now determine the elemental percent
composition of the mixture.

weight of element
‘- total weight of mixture x 100

% of K = 29:959 x 100 = 37.45 %

* of Al = 2322 2 x 100 = 2.61 ¢
safs-ég—'-gl—g‘lxma-zo.ula
$ of 0 = 31'9°g x 100 = 39.95 &.

¢ PROBLEM 152

When a piece of magnesium ribbon weighing 0.32 g is
burned in oxygen, the resultant oxide weighs 0.53 g.
What is the percentage composition of the oxide?

Solution: To find the percent composition of magnesium
and oxygen in the oxide, one must first know the weight
of the magnesium and of the oxygen making up the compound.
The percent composition of magnesium is equal to the
weight of the magnesium divided by the weight of the
compound multiplied by 100. The percent composition of
the oxygen is found in the same manner by substituting
the weight of oxygen for the weight of the magnesium.

One is told (in this problem) that 0.32 g of magnesium is
used, and that the weight of the oxide formed is 0.53 g.
The weight of oxygen in the oxide is the difference in
the weight of the oxide and the magnesium.



weight of oxygen = 0.53 g - 0.32 g = 0.21 g.

The oxygen in the oxide weighs 0.21 g. The percent
composition of the oxide can now be determined.

0.32
t i ide = -
percent Mg in oxide 6733—3— x 100 = 60 %

percent O in oxide = 34%% % 100 = 40. %.

The oxide is therefore 60 % Mg and 40 % O.

® PROBLEM 153

A 0.240 g sample of a compound of oxygen and element X
was found by analysis to contain 0.096 g of X and
0.144 g of oxygen. (a) Calculate the percentage compo-
sition by weight. (b) Calculate from the above data,
three possible atomic weights for X relative to oxygen
(at. wt. = 16). (c) What additional information is
needed to calculate the true atomic weight of X?

Solution: (a) The percent composition by weight of
each element in the compound is found by dividing the
weight of that element by the weight of the compound
and then multiplying the quotient by 100. For O, there-
fore, you obtain the following percentage:

#3rs x 100 = 60 % ©

For X:

. 096
mﬁ;x 100 = 40 % X

{b) If you assume that the compound is X0, you can
solve for the molecular weight of X by using the following
ratio. Let x = MW of X.

.144 g O = =096
15.0 g/mole O X g?moge x
MW X = 10.7
If the compound is taken to be X:0, there are twice
as many X atoms present as O atoms. In solving for the

molecular weight of X in this case, use the following ratio

.144 g - . 096
weight of 1 mole of 0 welght of 2 moles of X

Let x = MW of X

133



i s, 0969

= 16.0 x .096
x T——u 5
x = 5,35,
Assume also that the formula for the compound might
be X0:. Then, the following ratio should be used: Let x =
MW of X.

.144 g - .096
welght of 2 moles of O welght of I mole of X

.144 g _ .096 g
. x

= 2096 x 32.0 _
x —gﬂ—q— 21.4.

{(c) To solve for the true atomic weight of X, you
must know the actual number of X atoms present per each
0 atom present.

® PROBLEM 154
P ————

A certain solution contains 5 % FeS0,. How many pounds of
Fe could be obtained from 1 ton of this solution?

Solution: If a solution contains 5 % Fe50.,, this means
a of the total weight of the solution is PeSO,.
In this problem, 5 % of a ton is Fe50.. To determine the
weight of Fe in this amount of PeSO.,, one must calculate

the weight percent of Fe in FeS0,. This is done by
dividing the molecular weight of Fe by the molecular
weight of PeSOs and multiplying the quotient by 100.

To solve this problem:

(1) Determine the percent weight of FeS0,
(2) Determine the weight of 5 % of a ton

(3) Determine how much of this weight is Fe.

(1) The molecular weight of a compound is determined
by adding together the weight contributed by the elements
of which it is composed. MW of Fe = 55.8, MW of 5 = 32,
MW of O = 16.
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Thus, for FeSO.,

1 atom of Fe 1 x 55,8 = 55.8

1 atom of s 1 x 32 = 32
4 atoms of O 4 x 16 = 64

molecular weight of FeSO, 151.8

percent weight of Fe in Feso, = _SeliitofFe. . 140
= 835 x 100 = 37 4.
37 % of FeSO, by weight is Fe.
(2) Determining 5 % of a ton. 1 ton = 2000 1bs.
5 % of a ton=,05 x 2000 1bs = 100 lbs.
Thus, 5 % of a ton is 100 1lbs.

(3) Determining the weight of Fe in 100 lbs. 37 &
of this is Pe.

weight of Fe = .37 x 100 lbs = 37 1lbs(16.798 kgs)

& PROBLEM 155

Of the total number of atoms in the universe, approximately
93 % are hydrogen (H, atomic weight = 1.0 g/mole) and 7 %

are helium (He, atomic weight = 4.0 g/mole). What percentage
of the universe by weight is hydrogen?

Solution: The percentage by weight is eqgual to the total
weight of H atoms divided by the total weight of the
universe. Suppose that there are N atoms in the universe.
Then the number of hydrogen atoms is 93 &% x N = 0.93 N
and the number of helium atoms is 7 % * N = 0.07 N. The
mass of hydrogen atoms is

mass H = number H x mass H = 0.93 N = 1.0 g/mole
and the mass of helium atoms is
mass He = number He x mass He = 0.07 N = 4.0 g/mole.

Then, on a per mole basis,

mole of H
* a/mole = IR 00Ts x 100 ¥
0.93 N % 1.0 gémole
= 5. N x 1.0 g/mole + 0.07 N x 4.0 g/mole *x 100 %

On a weight basis,
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- 0.93 N x 1.0 g/mole
b B Ly veight . N x 1.0 g/mole + 0.07 N x 4.0 g/mole

1 mole
mole * 100 %

0.93 N
15‘.§'5—u'_q'0'g T 0.2 N g - 100
_0.93 N _0.93 -
TZiNg * 100 % = popg * 1008 = 77w

x

¢ PROBLEM 156

The density of a 25.0 % sugar solution is 1.208 g/ml.
What weight of sugar would be contained in 1.00 liter
of this solution?

Solution: When a solution is said to be 25.0 % sugar,

t means that 25.0 % of the weight of the solution is
made up by the sugar. Thus one can determine the weight
of the sugar in this solution by multiplying the total
weight of the solution by .25. Here one is not given
the weight of the solution but the density and the
volume. The density is the weight of 1 ml of the solution,
thus the weight of 1.0 liter or 1000 ml is equal to the
volume 1000 ml times the density (1.208 g/ml).

weight of solution = 1000 ml x 1,208 g/ml = 1208 g.

The weight of the sugar in the solution can now
be found.

weight of sugar = .25 x weight of solution
= .25 x 1208 g = 302 gq.

o PROBLEM 157

A lunar surface probe analyzed a sample of soil and found
that 58 % of the atoms it contained were oxygen (0O,
atomic weight = 16 g/mole), 18 % were silicon (5i,

atomic weight = 28 g/mole), 9 % were aluminum (Al,

atomic weight = 27 g/mole), and 15 % consisted of other
elements with an average atomic weight of 30 g/mole.
Determine the percent oxygen by weight in this sample.

Solution: The percent oxygen by weight is equal to the
mass of oxygen divided by the total mass, multiplied by
100 %. Hence, in order to determine the mass of O and the
total mass, we must determine the mass of each element.



For each element, this is given by
mass of element = % of atoms of element x atomic weight x
number of moles in sample.

Consider a sample containing one mole of atoms.
We are justified in choosing a sample of definite size
since no matter what the size of the sample, the percent
composition is the same. Applying the above expression
for the mass of each element, we obtain the following:

mass O =58 % x 16 g/mole » 1 mole = 9.28 g
mass Si = 18 % x 28 g/mole x 1 mole = 5.04 g
mass Al = 9 % x 27 g/mole x 1 mole = 2.43 g

mass others = 15 % x 30 g/mole x 1 mole = 4.5 g.
The mass of O in our 1 mole sample is thus 9.28 g
and the total mass of our sample is 9.28 g + 5.04 g +

2.43 g + 4.5 g = 21.25 g. Hence, the percent by weight of
oxygen in the sample is

323 L1008 % a4, u.

s PROBLEM 158

What is the weight of 1.0 liter of carbon monoxide (CO}
at STP?

Solution: At STP (Standard Temperature and Pressure, 0°C
and 760 torr), a mole of any gas has a volume of 22.4 liters.
This means that the gram molecular weight of a gas is con-
tained in 22.4 liters. In this problem, one is looking for
the weight of 1 liter of CO. The molecular weight of CO is
28 g. Because there are 28 g of CO in 22.4 liters of gas,
ig g must be divided by 22.4 to find the weight of one

ter.

weight of one liter = ram molecular weight

weight of 1 liter of CO = 35-3 = 1.25 q.

® PROBLEM 159
Mammalian hemoglobin contains about 0.33 % iron (Fe,
atomic weight = 56 g/mole) by weight. If the molecular I
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weight of hemoglobin is 68,000 g/mole, how many iron
atoms are there in each molecule of hemoglobin?

Solution: To solve this problem, we consider a one mole
sample of hemoglobin. This assumption introduces no error,
since the size of the hemoglobin sample does not affect
the number of Fe atoms per molecule of hemoglobin. We
then calculate the mass of Fe atoms in one mole of
hemoglobin and divide by the atomic weight of Fe to
obtain the number of moles of Fe per mole of hemoglobin.

Since the molecular weight of hemoglobin is
68,000 g/mole, the weight of one mole of hemoglobin is

68,000 g/mole x 1 mole = 68,000 g.
The weight of Fe in one mole of hemoglobin is then

weight Fe = % Fe by weight x weight of 1 mole of
hemoglobin

= 0.33 % x 68,000 g = 224.4 g.
The number of moles of Fe corresponding to this
weight is found by dividing this weight of Fe by the
atomic weight of Fe to obtain

weight Fe 224.4
atomic welght Fe 56 g/mole

moles Fe = = § moles.

Hence, there are 4 moles of Fe per mole of
hemoglobin. To convert from number of moles to number
of atoms or molecules, we multiply by Avogadro's nunber:
hence, 4 moles of Fe correspond to 4 moles x 6 x 107
Atm/mola = 24 x 10?? atoms of Fe and 1 mole of hemoglobin
corresponds to 1 mole x 6 x 10°°® molecules/mole = 6 x
10*? molecules of hemoglobin. Thus, the ratio of number
of atoms of Fe to molecules of hemoglobin is

24 x 1077 atoms of Fe = 4 atoms Pe/molecule
6 x 102? molecules of hemoglobin hemoglobin

There are 4 atoms of Fe in every molecule of
hemoglobin.

® PROBLEM 160

The average bromine content of sea water is 0.0064%.
{a)How much sea water, in cubic feet, would be required to
obtain one pound of bromine? (b)What volume of chlorine
gas, measured at STP, would be required to liberate

the bromine from one ton of salt water? One cubic foot

of sea water weighs about 63 pounds (28.35 kg)
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Solution: (a) The weight of bromine in one cubic foot of
Sea water is found by multiplying 63 pounds (the weight
of 1 cu.ft., of sea water) by 0.000064. This is because
bromine composes 0.0064 % of the weight of sea water.

weight of Br per 1 cubic ft (liter)= .000064 x 63 lb
(1.01 kg/{ﬁparl
= 4.032 x 10°_,1b
(6.46 x 10 ~ kq)
One can find the number of cubic feet of sea
water necessary to extract 1 lb of Br by dividing 1 1b
by the number of pounds of Br in one cubic foot.

1l1b
4.032 x 107' 1lb/cubic ft

no. of cubic ft =

= 248.02 cubic feet (7022.93 liters)

(b) Since chlorine is more active than bromine,
the latter may be liberated from its salt by treatment
with chlorine.

2Br~ + Clz ~+ 2C1~ + Br:

One mole of Cl; will liberate 2 moles of Br~. Therefore,
to find the volume of Cl, gas necessary to liberate the
bromine in one ton of sea water, one must first calculate
the amount of Br~ present in 1 ton of sea water. One is
given that 1 cubic foot of sea water weighs 63 pounds.
Thus the number of cubic feet of sea water in 1 ton can
be found. (1 ton = 2000 lbs).

. 2000 1bs
no., of cubic feet = €3 1bs/cublc Teet - 31.75 cu.ft.

(899 liters)
In the previous section one found that each cubic
foot contains 4.032 = 10~? 1b of Br~, thus one finds the
amount of Br~ in 31.75 cu. ft. by multiplying the number
of cubic feet by the weight of one cubic foot.

weight of Br~ in 1 ton sea water =
= 31,75 cu.ft, x 4,032 x 10™! 1b/cu.ft.
= .128 1b (0.058 kg)
One finds the number of moles present by dividing
.128 1b by the molecular weight in pounds. (MW of Br~ =
80 gr/mole.)
There are 454 g in 1 1lb, therefore grams are con-
verted to pounds by multiplying the number of grams by
1 1b/454 a.
1 1b

Md of Br~ in 1lb = 80 g/mole x i g = .1762 1b/mole

One can now find the number of moles of Br- present
in one ton.
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weight of Br~
no. of moles = “SEREOr A

= _:128 1bs -
no. of moles m «73 moles.

From the equation one knows that % as many moles of
Cl: are needed as Br~. Therefore, the amount of Cl: used
is equal to 4% of .73 moles or .365 moles. The volume of one
mole of gas at STP (Standard Temperature and Pressure, 0°C
and 1 atm} is defined to be 22.4 liters. Therefore, one can
find the volume of Cl; gas required for the reaction by
ﬁltiplyinq the number of moles of gas present by 22.4

ters.

volume of Cl, = .365 x 22.4 liters = 8,18 liters.

e PROBLEM 161

-
What mass of calcium (Ca, atomic mass = 40.08 g/mole) must

be combined with 1,00 g of phosphorus (P, atomic mass =
30.97 g/mole) to form the compound Ca;P,?

Solution: From the formula of the compound we are trying
to form, Ca;P;, we see that the ratio of moles of calcium
to moles of phosphorus must be 3/2. By calculating the
number of moles of P in 1.00 g, we can determine the re-
quired number of moles of Ca and then convert this to a
mass.

The number of moles of P in 1.00 g is

mass P 1.00
moles P = Sronic mass ¥~ T0.57 gjmole - 00322 mole.

moles Ca _ 3

moles ¥
P, the number of moles of Ca required to combine with
0.0322 mole P in a 3/2 ratio is

Then, using the ratio or moles Ca = % mocles

moles Ca = 3 moles P = 3 x 0.0332 mole = 0.0483 mole.

To convert this to a mass we multiply by the atomic
mass, obtaining

mass Ca = moles Ca x atomic mass Ca

= 0.0483 mole x 40.08 g/mole = 1.94 g Ca.

® PROBLEM 162

I Aluminum and oxygen react to form Al;0;. This oxide has a I
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percent oxygen. The atomic mass of oxygen is 15.9999, what

density = 3.97 g/ml and by chemical analysis is 47.1 weight-
is the atomic mass of aluminum?

Solution: You can answer this gquestion by setting up a
proportion between the relative number of atoms in the
oxide and the percentages by weight of the atoms in the
compound. From Al;0;, you see there must be 2 atoms of
Al for every 3 atoms of O. You are told that the atomic
mass of oxygen is 15.9999. There exist only 2 elements in
Al:0y. Thus, the weight-percent of the aluminum is 100 -
47.1 = 52.9. You have,

2 Al _ weight-percent Al _ 2 Al - 52.9
30 welght-percent 0O I(15.99997 I

Solving for Al, which is the atomic mass, you obtain

A =3 (15.9999)[%'_19-] = 26.9 g/mole.

® PROBLEM 163

On being heated in air, a mixture of FeQ and Fe,0,

picks up oxygen so as to be converted completely to
Fey0;. If the observed weight gain is 5.00 percent of the
initial weight, what must have been the composition of
the initial mixture?

e

Solution: One should first determine the weight percent
Increase when the mixture is 100 % FeO or 100 & FejyO..
5.0 % increase will be some mixture in between. 5 %
will be equal to the sum of the products of the percent
weight gained by each compound and the fractions of the
mixture that each compound contributes.

The reaction of FeO and O to form Fe;0, is
2Fe0 + & 0 =+ Fey0,.
The percent weight increase for the reaction is found by

dividing the weight of Fe;0; by the weight of 2FeO.
Weight of 2Fe0 is 144, weight of Fe;0, is 160.

weight of Fe;0 160
VeTont oF Pest - Tay - it

The percent weight increase is equal to(1.1111 - 1.,0) X
100 = 11.11 %. This means that for each Fe;0, formed by FeO
there is an 11.11 % weight increase. One can solve for the
:cight increase for Fe;0, by a similar methed. The reaction
8

2Fey0, + & 02 + 3Fe;0,
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i ‘agha weight of 2Fe;0, is 464, the weight of 3Fe,0,
s .

weight of 3Fe.,0 480
“Iglit of !!’e.ﬁ. = m =1.0345
percent weight increase =(1.0345 - 1.0) x 100 = 3.45 &%.
Thus when Fe 0, is formed from Fe,0, there is a 3.45 &
weight increase. The final mixture must have a 5 % weight
increase. Let x = fraction of mixture that is FeO.
Mixture weight gain = (fraction Fe0) x (wt gain percent
for FeO) + (fraction Fe;0.,) x
{(wt. gain percent for Fe;0,)
5 = (x)(11.11) + (1 - x)(3.45)
5= 11.11x + 3.45 - 3.45 x
1.55 = 7.66 x

1.55
’-ga =x

.2024 = x
7976 = 1 - x
The initial mixture is, therefore, 20.24 % FeO and
79.76 % Fe;04.

& PROBLEM 164

Ethanol (C;HsOH, molecular weight = 46 g/mole) unlike most
ingested substances, is absorbed directly by the stomach

lining. If 44 g of pure ethanol (4 oz of whiskey or 5.5 oz
of a martini) is consumed, the resulting concentration of
ethanol in the blood is 0.080 g ethanol/100 ml blood. What
percent of the ingested ethancl is in the blood? Assume

that the total bloocd volume of an adult is 7.0 liters.

Solution: We must first calculate the total mass of
alcohol in the blood and then determine to what percent
of the ingested mass of alcohol this corresponds.

The total mass of ethanol in the blood is equal to
the product of the concentration of ethanol and the total
blood volume, or 0.080 g ethancl/100 ml blood = 7.0 liters
blood = 0.080 g ethanol/100 ml blood x 7000 ml blood =
5.6 g ethanol. Note: 7 liters = 7000 ml, since 1 L =
1000 ml. This corresponds to

2:73 x 100 ¥ = 13 % Of the ingested ethanol.
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® PROBLEM 165

It is known that, when exposed to air, beryllium does not
corrode but barium does. One explanation is that beryllium
(Be) forms a tightly protective oxide coat whereas barium

(Ba) does not. The density of BeO = 3.01 g/cc and BaO =

5.72 g/cc, find what happens to the volume per atom when
the metals become oxides. The density of Be = 1.86 g/cc

and of Ba = 3,598 g/cc.

Solution: To solve this problem, first calculate the
volume per atom of Be and Ba, and then compare it with the
volume per atom of their oxides. From this comparison,
expansion or shrinkage can be determined. The volume per
atom of any element can be found by knowing the atomic
weight, the number of atoms per mole and the density of
the element.

Thus, there are Avogadro's number or 6.02 x 1027
atoms per mole. You are given the densities of the sub-
stances involved in this problem. Thus, by substitution
you find volume of Be

MW = 9.01 g/mole

(6.02 x 102?) (density) 6.02 x 10?? a/molex 1.86 g/cc

= B.05 x 102" cc/atom
From similar computations, you find that

Be0 = 1,38 x 10°2* cc{atom, Ba = 6.34 x 10?? cc/atom,
and Ba0O = 4.45 x 107%%,

One can find the comparative size of BeO to Be by
subtracting the volume per atom of Be from that of BeO.
This difference is then divided by the volume of Be and
multiplied by 100. This product gives the percentage in-
crease in size of the initial and final atoms when Be is
oxidized. A similar process is used for Ba.

For Be:
-21 - 24
1.38 x 10 cc - 8.05 x 10 €C . 100 = 71 &
8.05 x 10™%*
For Ba:

-23 - -21
4.45 x 107 cc - 6.34 x 1072 .0 a0 4
6.34 x 10777

From a comparison of the atomic volumes of Be and BeO,
you see that Be expands by 71 % when it forms the oxide.
From a comparison of Ba and Ba0, you see that Ba shrinks
by 30 %, when it forms the oxide.
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CHAPTER 5

STOICHIOMETRY/WEIGHT AND
VOLUME CALCULATIONS

Basic Attacks and Strategies for Solving Problems
in this Chapter. See pages 145 to 189 for step-by-
step solutions to problems.

This chapter addresses problems of balancing chemical equations and
calculating amounts, such as mass, volume, moles, etc., of species which
enter chemical reactions. These kinds of calculations are called stoichiomet-
ric calculations. The key idea, as in Chapter 4, is to understand that chemical
reactions are always written representing the number of molecules (or atoms
for the elements) or moles of species which undergo reaction. Atomic or
molecular ratios equal mole ratios. Conversion from moles to mass or, for
gases, from moles to volume (see Chapters 3 and 4) must be understood to
solve these problems.

Chemical reactions are represented by equations showing reactants and
products for a particular reaction. The key to balancing chemical reaction
equations lies in understanding that elements are conserved in chemical
reactions (the exception is nuclear reactions or reactions involving the atomic
nucleus. These very special kinds of reactions are discussed in Chapter 19).
The same number of moles (or atoms) of each element must appear in both
reactants and products. For simple reactions, which include all those in this
text, the molecular ratios of reactants are small integers. These molecular
ratios are the coefficients in chemical equations and are called the stoichio-
metric coefficients; they are usually small integers and are usually reduced to
the smallest possible integers by dividing each coefficient by common
factors.
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For example, ammonia (NH,) can be combined with oxygen (0,) to form
nitric, oxide (NO) and water (H,0). Write the balanced equation for this
reaction (see Problem 173).

aNH+b0O,= cNO+dHO 5-1
Conserving elements leads to the following requirements,

For N a=c
ForH 3a=2d
For O 2b=c+d

One additional relationship is needed to solve these equations for the four
stoichiometric coefficients, a, b, c, and d. This relationship is arbitrary and is
usually selected so thata, b, ¢, and d will be small integers. Simply pick a value
of one coefficient— for example leta = 1. It follows thate =a = 1,d = 3/2a
=3/2,and b = (¢ + d)/2 = 5/4. If a, b, ¢, and d are multiplied by 4 (this is
equivalent to initially selecting a = 4), the coefficients become

an o8
L
[+ 0 ¥ R N

or 4NH, 50, — 4NO + 6H,0 52

This is the same equation that appears in Problem 173.

In order to solve wt./wt. or vol./vol. or vol./wi. problems, it is critical to
first change weights and/or volumes to moles.

The other key solution to problems in this chapter is the method of limiting
reactants. Simply stated, when one of the reactants is used up, the reaction
stops. Again, examples best illustrate the technique. Suppose a limited
amount of ammonia (for example, 100 g) is burned in the atmosphere (21%
O%) which is, compared to 100 g, unlimited in supply. When 100 g of NH, is
consumed, the reaction stops even though more oxygen is available.

Compute the weight of NO and H,0 produced when 100 g of ammonia
is burned in the atmosphere. Note that the molecular weight of ammonia is 17
(14 + 3 x 1). Thercfore,

100/17 = 5.88 moles of NH, are consumed.
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From Equation 5-2 on the previous page, 4/4(5.88) = 5.88 moles of NO
are produced and 6/4(5.88) = 8.82 moles of H,0 are produced.

5.88 moles NO = 176.4 g (the molecular weight of NO = 30)
8.82 moles H,0 = 158.8 g (the molecular weight of H,0 = 18)

Now compute the volume (at standard conditions) of NH,, air, NO, and
H,O in this reaction. From Chapter 3, one mole of any gas at standard
temperature and pressure occupies 22.4 liters.

For NH; and NO:  5.88 moles (22.4 liters/mole) = 131.7 liters
For air (21% 0,):  5/4(5.88)/.21 moles (22.4 moles/liter) = 784 liters
For H,0: 8.82 moles (22.4 liters/mole) = 197.6 liters
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Step-by-Step Solutions to
Problems in this Chapter,
“Stoichiometry/Weight and
Volume Calculations”

BALANCING EQUATIONS
e PROBLEM 168

m—

Balance the equations: (a) Ag:0 =+ Ag + Oy

(b) Zn + HC1 + 2ZnCl, + Hz (c) NaOH + H,SO, + Na;S0, + H:0.
—

Solution: When balancing chemical equations, one must

e sure that there are the same number of atoms of each
element on both the left and right side of the arrow. For
example, H; + Oz -+ H20 is not a balanced equation because
there are 2 0's on the left side and only one on the right.
2H, + 02 + 2H20 is the balanced equation for water be-
cause there are the same number of H and O atoms on each
side of the equation.

(a) Ag;0 + Ag + 0 is not a balanced equation
because there are 2 Ag on the left and only one on the
right, and because there is only one O on the left and two
O on the right. To balance this equation one must first
multiply the left side by 2 to have 2 0's on each side.

2Ag;0 + Ag + O;

There are now 4 Ag on the left and only one on the right,
thus the Ag, on the right must be multiplied by 4.

2Ag2:0 » 4Ag + O3
The equation is now balanced.
(b) Zn + HCl1 + ZnCl:; + H:
In this equation, there are 2 H and 2 Cl on the right and
only one of each on the left, therefore, the equation can

be balanced by multiplying the HCl on the left by 2.

Zn + 2HC1 -+ ZnCl; + H:
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Because there are the same number of 2n, Cl, and H on
both sides of the equation, it is balanced.

(c) NaOH + H:50, + Na;S50, + H:0

Here, there are 1 Na, five 0, 3 H and 1 S on the left and
2 Na, 1 8, five 0, and 2 H on the right. To balance this
equation, one can first adjust the Na by multiplying the
NaOH by 2.

2NaOH + H:S0, + Na;S0, + H;0
There are now 2 Na, six O, 4 H, and 1 S on the left and
2 Na, five O, 2 H,and 1 S on the right. Because there are
two more H and one more O on the left than on the right,
you can balance this equation by multiplying the H:0 by 2.

2NaOH + H;50, + Na;S0, + 2H,0

The equation is now balanced.

o PROBLEM 167

Balance the following by filling in missing species and
proper coefficient: (a) NaOH + + NaHSO, + HOH;

{b) PCl, + _ HOH + + 3HCY; (c) CH. + + CC1l, + 4HCL.

Solution: To balance chemical eguations you must remember
that ALL atoms (and charges) must be accounted for. The use
of coefficients in front of compounds is a means to this end.
Thus,

(a) NaOH + + NaHSO, + HOH

On the right side of the equation, you have 1 Na, 3 H's,
50's, and 1 S. This same number of elements must appear

on the left side. However, on the left side, there exists
only 1 Ma, 1 O, and 1 H. You are missing 2 H's, 1 5, and

4 0's. Themissing species is H,SO,, sulfuric acid. You could
have anticipated this since a strong base (NaOH) reacting
with a strong acid yields a salt (NaHS0,) and water. The
point is, however, that H;50, balances the eguation by
supplying all the missing atoms.

{b) PCl; + 3HOH -~ + 3HCl.
Here, the left side has 1 P, 3 Cl's, 6 H's, and 3 0's. The
right has 3 H's and 3 Cl's. You are missing 1 P, 3 0's and
3 hydrogens. Therefore, P(OH), is formed.

{c) CH. + + CCl, + 4HC1
Here, there are 1 C, 8 Cl's, and 4 H's on the right and 1 C

and 4 H's on the left. The missing compound, therefore,
contains B Cl's and thus it is 4 Cl:. One knows that it is
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4 Cl; rather than Cls or 8Cl because elemental chlorine gas
is a diatomic or 2 atom molecule.

CALCULATIONS USING CHEMICAL ARITHMETIC
® PROBLEM 168

Verify that the following data confirm the law of
equivalent proportions: Nitrogen and oxygen react with
hydrogen to form ammonia and water, respectively. 4.66 g
of nitrogen is required for every gram of hydrogen in
ammonia, and 8 g of oxygen for every gram of hydrogen

in water. Nitrogen plus oxygen yields NO. Here, 14 g of
nitrogen is required for every 16 g of oxygen.

Solution: To verify, you must show that when two
elements (nitrogen and oxygen) combine with a third
element (hydrogen), they will do sc in a simple multiple
of the proportions in which they combine with each other.
Thus, the nitrogen to oxygen ratio in NO must be a ratio
of small integers with the nitrogen and oxygen ratio in
HiN (ammonia)and H;0 (water).

N _ 4.66 g _
For ammonia and water, 3 ETﬁﬁ_g = ,582

N o_ 14
For NO, 5° R—g = .875.

If .582 and .875 are a ratio of small integers to each
other, you verify the law of equivalent proportions.
Therefore,
=282 - e6s ¥ %,
concluding that they are a ratio.

* PROBLEM 169

In a chemical reaction requiring two atoms of phosphorus
for five atoms of oxygen, how many grams of oxygen are
required by 3.10 g of phosphorus?

Solution: Because the relationship between the phosphorus
and oxygen is given in atoms, the relationship also holds
for moles. There must be 2 moles of phosphorus for every

5 moles of oxygen. This is true because there is a set
number of atoms in any one mole. Therefore, one must first
find the number of moles of phosphorus present. From this,
one can find the number of moles of oxygen present. From
the number of moles of oxygen, one can find the weight by
multiplying by the molecular weight.
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The number of moles of phosphorus present is found
by dividing the number of grams by the molecular weight
(MW = 31).

no. of moles = Hm_gﬁ = .10 moles

Because there must be five moles of oxygen for every two
moles of phosphorus, the following ratio can be used to
determine the number of moles of oxygen. Let x = number of
moles of O.

2 moles P
moles

.10 moles P
X

5 moles O x .10 moles P _

woles 7 .25 moles O

X =

The weight of the oxygen is then found by multiplying
the number of moles by the molecular weight (MW = 16).

no. of grams of 0 = 16 g/mole x .25 mole = 4.00 g O.

¢ PROBLEM 170

Two atoms of scandium are to combine with three atoms of
oxygen. If you start with 1 gram of scandium, how much
oxygen is required? Scandium has an atomic weight of
44.96 g/mole. The at. wt. of oxygen is 15.999 g/mole.

Solution: The key to solving this problem is determining

e n r of moles that will be reacting. After this, one
is able to calculate the mass by multiplying the atomic
weight by the number of moles.,

Two atoms of scandium react with 3 atoms of
oxygen, which is equivalent to saying 2 moles of scandium
react with 3 moles of oxygen. A mole is defined as weight
in grams of the substance divided by the atomic weight or
molecular weight.

If you start with 1 gram of scandium, then the
number of moles of scandium is

1.00 -
uTR_g?m_oE .0222 moles.

Since the number of moles of oxygen must be in a
3 : 2 ratio to scandium, multiply 3/2 by .0222 to determine
the number of moles of oxygen that will react,

.0222 [-;] = .0333 moles of oxygen atoms. Recalling the
definition of a mole, the mass of the oxygen that reacts is

.0333 (15.999) = .533 g of oxygen.
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¢ PROBLEM 171

A metal has an atomic weight of 24. When it reacts with
a non-metal of atomic weight B0, it does so in a ratio
of 1 atom to 2 atoms, respectively. With this information,
how many grams of non-metal will combine with 33.3 g of
metal. If 1 g of metal is reacted with 5 g of non-metal,
find the amount of product produced.

Solution: To answer this problem, write out the reaction

een the metal and non-metal, so that the relative
number of moles that react can be determined. You can
calculate the number of grams of material that react or
are produced. You are told that 1 atom of metal reacts
with 2 atoms of non-metal. Let X = non-metal and M =
metal. The compound is MX,. The reaction is M + 2X - MX,.
Determine the number of moles that react. You have 33 g
of M with an atomic weight of 24.

33

Therefore, the number of moles = 5/moTe

= 1.375 moles.

The above reaction states that for every 1l mole of M,

2 moles of X must be present. This means, therefore, that
2 x 1,375 = 2.75 moles of X must be present. The non-metal
has an atomic weight of 80. Thus, recalling the definition

a mole, 2.75 mole = r':'e . Solving for grams of X,

you obtain 2.75 (80)= 220 grams.

Let us consider the reaction with 1 g of M with
5 g of X to produce an unknown amount of MX:;. The solution
is similar to the other, except that here you consider the
concept of a limiting reagent. The amount of MX, produced
from a combination will depend on the substance that exists
in the smallest guantity. Thus, to solve this problem you
compute the number of moles of M and X present. The smaller
number, (based on reaction equation) ie the one you employ
in calculating the number of moles of MX: that will be
generated. You have, therefore,

Motes ™ ﬁ- = .04166 moles M

Xpoles = 3% =,0625 moles X.

Using 0.0625 moles X, only .03125 moles of MX: will be
produced, since the equation informs you that 1 mole of

MX: is produced for every two moles of X. For M, it is a

1 : 1 ratio, so that .04166 moles of MX; would be generated.
Therefore, X is the limiting reagent. The atomic weight of
MX; is 184. Thus, the amount produced is

184 g/mole (.03125 moles) = 5.75 g.
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WEIGHT-WEIGHT PROBLEMS

o PROBLEM 172

Upon the addition of heat to an unknown amount of KC10,,
.96 g of oxygen was liberated. How much KCl0, was present?

Solution: The key to answering this guestion is to write
a balanced equation that illustrates this chemical re-
action. From this, you can employ the mole concept to
determine the weights of the substances involved.

Given that oxygen is liberated and that oxygen gas
exists as 0; and not O, you can write the balanced equation

2KC10; + 2KCl + 302.

All atoms are accounted for. The coefficients indicate
the relative number of moles that react. For example,
every two moles of KCl0j; yield 3 moles of oxygen. A mole
is defined as weight in grams of a substance divided by
its atomic or molecular weight. Therefore, you have

.96 =
Wﬁgﬁ .030 moles of oxygen. To calculate the

weight of KC1l0;, you look at the balanced equation.
You find that the number of moles of KCl0, is 2/3
the number of moles of oxygen. As such, the number of

2 moles KCl0 =
moles of KC10; = .030 moles O ] .020 moles of

KC1l03. Recalling the definition of a mole, the number of
grams of KC1l0, (MW of KClO; = 122.55) is

.020 x (122.55 g/mole) = 2.5 g.

© PROBLEM 173

Given the balanced equation
4NH; (g) + 502(g) + 4NO(g) + 6H20l(qg),

how many grams of NH, will be required to react with 80 g
of 0;?

Solution: In this problem, one is asked to find the
number of grams of NH) required to react with 80 g of
O:. From the equation, one can see that 4 moles of NH,
react with 5 moles of 0;. This means that one must
first determine the number of moles of 0: in 80 g. One
can then use the following ratio to determine the number
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of moles of NHy that will react with this number. This
ratio holds because the ratio of NH; to O: is 4 :5

4 _ number of moles of NH

% © number of moles of O:

After one knows the number of moles of NH;
required, one can determine the weight of the NHy by
multiplying the number of moles by the molecular weight.

To solve this problem:
(1) calculate the number of O: in 80 g

(2) calculate the number of moles of NH, that
react with 80 g 02
{(3) find the number of grams of NH;.
Solving:

(1) The number of moles of O: in 80 g is found by
dividing 80 g by the molecular weight of 0:. The molecular
weight of O is 16, which means the molecular weight of O:
is twice that amount, or 32.

number of grams present
number of moles = BEfCira Vetaht
number of moles = Ti_g}lﬁﬁ = 2.5 moles

(2) The number of moles of NH, reacting with a
certain number of moles of O: is in the ratio 4 : 5,
as shown previously.

4 _ number of moles of NH

% = Rumber of moles of 02

4 _ number of moles of NH

E 7.5 moles

number of moles of NH; = ‘—“i—sﬁ]‘ﬂ = 2 moles

2 moles of NHj; are necessary to react with 2.5 moles or
B0 g of O2.

(3) The number of grams of NHy in 2.0 moles is
found by multiplying 2.0 moles by the molecular weight
of NHy MW of NH, = 17.

number of grams = number of moles X molecular weight

number of grams = 2.0 moles x 17 g/mole = 34 g.

& PROBLEM 174

In the commercial preparation of hydrogen chloride gas,
what weight of HCl in grams may be obtained by heating
234 g. of NaCl with excess H350.,7

The balanced equation for the reaction is
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2NaCl + H250, + Na,SO, + 2HCl1

Molecular weights: NaCl = 58.5, HCl = 36.5.

Solution: This problem can be solved by using either the
mole method or the proportion method.

Mole method: According to the equation, 2 moles of
NaCl produce Z moles of HCl, thus 1 mole of HCl is obtained
for every mole of NaCl used.

To use this method, one must first find the number
of moles of NaCl reacted because the number of moles of
NaCl reacted equals the number of moles of HCl formed.

The number of moles of MaCl reacted can be found

by dividing the number of grams used by the molecular weight.

" number of grams present
number of woles = molecular welght of NaCl
234
number of moles = mg_gawm = 4 moles NaCl

Since 4 mcles of NaCl are reacted, one knows that
4 moles of HCl will be formed. Thus, the weight of the
HCl formed is equal to 4 times the molecular weight of HCl.
weight of HCl formed = number of moles * molecular weight
weight of HCl formed = 4 moles x 36.5 g/mol = 146 g HCL
Proportion method: An alternate method of solution
to this problem 1s also possible. In this method, the
molecular weights (multiplied by the proper coefficients)
are placed below the formula in the equation and the
amounts of substances (given and unknown) are placed above.
234 g X

2 NaCl + H380, ~+ WNa50, + 2 HCl1
2x58.5 g 2x36.5 gr

X is the weight of HCl produced. Solving for X
234 g _ X
gr 73 g
X = (234 gl Kg(73 9) . 146 g.
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* PROBLEM 175

A chemist decides to react 2 g of VO (vanadium oxide)
with 5.75 g of Fe;0, to produce V;0; and FeO. How
many grams of V;0:; can be cbtained?

Sclution: It is extremely important to write out a
alanced equation that illustrates this chemical re-
action. The balanced equation for this reaction is:

2V0 + 3Fe,0, + 6Fe0 + V,0

The coefficients tell us the relative number of moles

of each reactant and the relative number of moles of
each product. For example, 2 moles of VO will react

for every three moles of Fe;03. To find the amount of
V:0s, therefore, you must first determine how many moles
of V;0s will be generated. To do this you must know the
number of moles of the reactants.

weight in grams 00

2.
moles of VO = o N aT weight  66.94

g
g/mole

= .0299 moles

_ . 5.75 -
moles of Fe:0, 155.69 g/mole .0360 moles

According to the equation, the number of moles of
VO must be 2/3 the number of moles of Fe:0,. However,
2/3 of .0360 = .0240, but you only have .0299 moles.
This means that VO is in excess. In other words, for the
amount of Fe:0, present, there exists more VO than will
react. As such, the products produced will depend on the
number of moles of Fe;0,, and not on VO. Fe;0, is called
the limiting reagent. In general, then, if you have two
guantities that are known, and want to compute a third,
you determine the limiting reagent. The unknown gquantity
will be dependent upon it only.

As stated earlier, the number of moles of Fe3z0;
was .0360. According to the reaction, for every 3 moles
of Fe:0;, one mole of V;0; is generated. Therefore, the
number of moles of V30 = 1/3 (.0360) = .0120.

Recalling the definition of the mole, you have for

V20s : .0120 moles = no. of grams/molecular weight. The
molecular weight of V;0s = 181.9.

Therefore the number of grams of V;0s obtained is

.0120 moles (181.9 g/mole) = 2.18 g.
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® PROBLEM 176

Determine the weights of CO; and H;0 produced on burning
104 g. of C;H,. Molecular weights are CO; = 44 and H,0 = 18.
The equation for the reaction is

2CzH: + 502 = 4C0; + 2H;0

Solution: Two methods can be used to solve this problem.
One is called the mole method and the other the proportion
method.

Mole method: According to the equation, 2 moles of
C3H; Teact with 5 moles of O; to produce 4 moles of CO;
and 2 moles of H;0. Thus, in this problem, the first thing
one has to determine is how many moles of C;H; are contained
in 104 g.

The molecular weight of C,H; is 26, by dividing the
amount of C;H; present by the molecular weight of the com—
pound, the number of moles present is found.

number of grams of C.H,
molecular welght of CzHg

number of moles of CyH; =

number of moles of C;H; present = 104 mole = 4 moles.

In the equation 2 moles of C;H,; are burned to form
4 moles of CO; and 2 moles of H;0. Here there are 4 moles
of C;H; present, which is twice the amount in the empirical
equation. Therefore, twice as much CO; and H:0 will be
formed. 8 moles of CO; and 4 moles of H;0 will be formed.
2 x (2C3H2 + 50; ~ 4CO; + 2H,;0)
= 4C,H, + 100; -~ 8CO; + 4H;0

To find the weight of 8 moles of CD:;, the molecular
weight of CO: is multiplied by 8.

weight of CO: = number of moles present x molecular weight
of CO;.

weight of CO: = B moles x 44 g/mole = 352 g.
The same procedure can be followed for H:0.

weight of H»0 = number of moles present * molecular weight
of H20

weight of H:0 = 4 moles x 18 g/mole = 72 g.

Proportion method:

An alternate method of sclution to this problem l_.: the
propertion method in which molecular weights (multiplied by
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the proper coefficients) are placed below the formula in the
equation and the amounts of substances {given and unknown)
are placed above. Here one has for COz:

104 g X
2 CyH; + 502 -~ 4 CO2 + 2 Ha0
2%x26 g 4x44 g
104 g _ _X
This becomes 3" 176 g

Solving for X one has

x = (104 g);l?ﬁ 9 . 352 gr cos

A similar method can be applied to the H;0
104 g X

2 C;H; + 50 =+ 4COp + 2 H:0
2x26 g 2x18 g

04 g _ X
52g 36g
x = 104 }éaa ) = 72 g me0.

* PROBLEM 177

—

Silver bromide, AgBr, used in photography, may be prepared
from AgNO; and NaBr. Calculate the weight of each reqguired
for producing 93.3 1b of AgBr. (1 1b = 454 g.)

Solution: The reaction for the production of AgBr is
written

AgNOs + NaBr =~ AgBr + NaNO,

This means that one mole of each AgNO, and NaBr are needed
to form one mole of AgBr. In this problem, to determine

the number of pounds of AgNO; and NaBr used to form 93.9 1bs
of AgBr, one must first determine the number of moles of
AgBr in 93.9 1lbs. There will be one mole of each NaBr

and AgNO; for each mole of AgBr formed. Once the number of
required moles of NaBr and AgNO,; are found, the weights of
these compounds can be determined by multiplying the number
of moles by the molecular weight. To solve this problem:
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(1) solve for the number of moles of AgBr in 93.9 lbs

(2) determine the weights of NaBr and AgNO, used.

Solving:

(1} Molecular weights are given in grams, therefore,
the grams should be converted to pounds for use in this
problem. MW of AgBr = 188 g/mole.

There are 454 grams in one pound, thus grams can be
converted to pounds by using the conversion factor
1 1b/454 grams.

MW of AgBr in lbs = 188 x 1 1b/454 g = .41 lbs.

The number of moles in 93.9 1lbs can be found by
dividing the 93,9 lbs by the molecular weight in pounds.

93.9 1bs
no. of moles of AgBr = 4L ibs/mole = 229 moles

Therefore, 229 moles of each NaBr and AgNO; are needed to
produce 93.9 lbs of AgBr.

(2) The weight of NaBr and AgNO; used is equal to the
number of moles times the molecular weight. In this problem,
one wishes to find the weight in pounds, not grams, thus
the molecular weights must be converted to pounds before
the conversion factor 1 1b/454 g can be used. MW of NaBr =
103, MW of AgNO, = 170.

MW of NaBr in 1lbs = 103 g/mole * 1 1lb/454 g = .23 lbs/mole
MW of AgNOy in 1lbs = 170 g/mole x 1 1b/454 g
= ,37 lbs/mole.

Since it has already been calculated that 229 moles
of each of these compounds are needed, one can calculate
the weight needed of each by multiplying the number of
moles by the molecular weight.

weight of NaBr = .23 lbs/mole * 229 moles = 52.7 lbs.

weight of AgNO; = .37 lbs/mole x 229 moles = 84.7 lbs.

® PROBLEM 178

——
| What weight of sulfur must combine with aluminum to

form 600 1bs(272.4 kg) of aluminum sulfide?

Solution: In this problem one wants to find out how
much reactant (sulfur) was ded to prod a given
amount of product (aluminum sulfide). The balanced
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equation for this reaction is:

2A1 + 35 + AL:S,
The first method for solving this prcblem is the pro-
portion method. This procedure involves the ratios of
weights and molecular weights. Set up the balanced e-
quation showing the weights and molecular weights.

X lbs 600 1bs

2 Al + 38 - AL25;
3(32) 1b 150 1b

M.W. of 5 is 32. M.W. of Al;S,; is calculated below.

Atom Number of Atoms Atomic Weight Total Atomic

Weight
Al 2 27 54
s 3 32 96
M.W. of Al.S, = 150.
Use the proportion equation,
__NEightrenctant “Eithproduct
moles x M. ‘reactant moles x H'"'product

Solve for "eightreactant'

SEERETE NCL
reactant

= 384 1lbs. (174.3 kg) sulfur

weight

The second method for solving the problem is by
the mole method. We see that 1 mole of Al:S; reguires
3 moles of S. Therefore, if one can calculate the actu
number of moles present of 1 substance one can obtain
the number of moles of the other substance by setting
up a ratio. Then, knowing the number of moles, one can
calculate the weight by using the equation moles =
weight/M.W.

One is given that 600 lbs. of Al;S; are present.
Therefore, the number of moles is 600/150 = 4 pound
moles of Al:Sy. Setting up the ratio,

5 =3 - x
LS, I 7

it is seen that x = 12 1b. moles of S.
Next, solve the mole equation for weight of S

weight = moles * M.W. = 12 x 32 = 384 1bs.
= 384 lbs. (174.3 kg)

al
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® PROBLEM 179

Heating of NaNO, decomposed it to NaNO; and O;. How much
NaNO, would you have to decompose to produce 1.50 g of 0;?

Solution: The equation for this reaction is:

2NaNOy; =+ 2NaNO:; + O:
This means that for every mole of O, produced, 2 moles
of NaNO, must be decomposed. One is given that 1.50 g of
0; is formed, thus one should determine the number of
moles. The number of moles of NaNO; needed will be twice
this amount. One can solve for the weight by multiplying
the number of moles by the molecular weight of the compound.

The number of moles of O, can be found by dividing
1.50 g by the molecular weight of 0, (MW = 32.0).

- 1.50 - -2
no. of moles mﬁ%ﬁ 4.69 x 10 moles.

The number of moles of NaNO; needed can be found by
multiplying the number of moles of 0; by 2.

no. of moles = 2 x 4.69 x 10~ moles = 9.38 x 10-? moles.

One finds the weight of NaNO; needed by multiplying
the number of moles by the molecular weight (MW = 85).

weight of NaNO; = 85 g/mole x 9.38 x 10~% moles = 7.97 g.

® PROBLEM 180

Baking powder consists of a mixture of cream of tartar
(potassium hydrogen tartrate, KHC.H,O¢, molecular weight =
188 g/mole) and baking soda (sodium bicarbonate, NaHCO,,
molecular weight = 84 g/mole). These two components react
according to the equation

KHC,H,04 + NaHCO, -+ KNaC,H,0¢ + H20 + COz.

How much baking soda must be added to 8.0 g of cream of
tartar for both materials to react completely?

Solution: From the equation, we know that one mole of

NaHCO; reacts with one mole of KHC,H,O¢. Hence, if we con-

vert 8.0 g of KHC,H,O0s to moles, we know how many moles of
NaHCO, must be added. Finally, all we need to do is to
convert moles of NaHCO3; to grams of NaHCO;.

In order to convert from grams to moles, we use
the relationship moles = mass/molecular weight. The
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number of moles of KHC,H,O¢ in B.0 g is

mass = 8.0 g - -2
moles = o ecular welght ~ 186 g/mole 4.3 x 107% mole.

Hence, we must add 4.3 x 10~ mole of NaHCO;. Using the
relationship mass = moles x molecular weight, we find
that 4.3 x 10~? mole of NaHCO, corresponds to

4.3 % 10~? moles x 84 g/mole = 3.6 g.
Hence, 3.6 g of baking scda must be added.

e PROBLEM 181

Some solid Ca0 in a test tube picks up water vapor from the
surroundings to change completely to Ca(OH):(s). An ob-

served total initial weight (Ca0 + test tube) of 10.860 g
goes eventually to 11.149 g. What is the weight of the
test tube?

Solution: The equation for the reaction is
Ca0 + H;0 -+ Cal(OH):

This means that one mole of H»O reacts with one mole of
Ca0. The difference in the weights of the test tubes is
the weight of the H;O0 that the Ca0 absorbed.

weight of H;0 = 11.149 - 10.860 = .289 g.

One should now solve for the number of moles of H:;0
because the number of moles of water equals the number of
moles of Ca0 present. From this one can find the weight
of the Ca0 and the test tube. The number of moles equals
the number of grams divided by the molecular weight (MW
of H0 = 18.0).

. 289
number of moles of H;0 = m =,0161 moles

Therefore,.0161 moles of Ca0 were originally present in
the test tube. One finds the number of grams by multiplying
by the molecular weight of Ca0 (MW of Ca0O = 56.08).

number of grams of Ca0 =,0161 moles x 56.08 g/mole
= .900 g.
The weight of the test tube is equal to .900 g sub-
tracted from the original weight of the test tube and
material.

weight of test tube = 10.860 - .900 = 9,960 g.
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® PROBLEM 182
——

"Hard" water contains small amounts of the salts calcium
bicarbonate (Ca(HCO;):) and calcium sulfate {CaSO.,
molecular weight = 136 g/mole). These react with soap
before it has a chance to lather, which is responsible

for its cleansing ability. Ca(HCO3): is removed by boiling
to form insoluble CaCO;. CaSO. is removed by reaction with
washing soda (Na;C0O,, molecular weight = 106 g/mole)
according to the following equation:

CaS0., + Na,COy; + CaCO; + Na;SO0,.

If the rivers surrounding New York City have a CaSO,
concentration of 1.8 x 10~ g/liter, how much Na,CO; is
required to "soften" (remove CaS0O,) the water consumed by
the city in one day (about 6.8 x 10? liters)?

Solution: We must determine the amount of CaS0, present
In 6.8 x 10° liters and, from this, the amount of Na,CO,
required to remove it.

The number of moles per liter, or molarity, of
CaSO. corresponding to 1.8 x 10~! g/liter is obtained by
dividing this concentration by the molecular weight of
CaSO.. Multiplying by 6.8 x 10? liters gives the number of
moles of CaSO, that must be removed. Hence,.

. Concentration (g/liter) i .
moles CaSO, molecular weloht o - X 6,8 x 10° liters
_ 1.8 x 107* g/liter 3

138 5/moTe x 6.8 x 10° liters

= 9.0 x 10" moles.

From the equation for the reaction between CasSO, and
Na.CO;, we see that one mole of CaSO, reacts with one mole
of NaCO,. Hence, 9.0 x 10* moles of NaCO; are required to
remove all the CaSO.,. To convert this to mass, we multiply
by the molecular weight of NaCo, and obtain

mass Na:CO3; = moles NazCO, ¥ molecular weight Na,CO,
= 9.0 x 10" moles x 106 g/mole
= 9.5 x 10° g = 9.5 x 10°* g x 1 kg/1000 g
= 9.5 x 10° kg,
which is about 10 tons.
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® PROBLEM 183

How many pounds of air (which is 23.19% O; and 75.46% N;
by weight) would be needed to burn a pound of gasoline by
a reaction whereby CsH;» reacts with O; to form CO; and
H207?

Solution: The equation for the reaction is
CgHyg + 12% 0 » B CO:z + 9 H:0
From the equation, one knows that 12.5 moles of 0O; are
needed to burn 1 mole of gasoline. To solve for the number
of pounds of air necessary to burn 1 pound of gasoline:
{1) find the number of moles in 1 pound of CaH;,
(2) determine the number of moles of 0: needed

(3) solve for the number of moles of 0; in 1 pound
of the air

(4) calculate the number of pounds of air needed.

Solving:

{1) The molecular weight of CsH;s is 114.23 g/mole.
There are 453.50 g in 1 1b, thus one can convert from grams
to pounds by multiplying the number of grams by
1 1b/453.50 g.

MW of CsHys in 1bs = 114.23 g/mole x aslj_ég g

= 2,52 x 107! lbs/mole.
One can find the number of moles in 1 1lb by dividing
1 1b by the molecular weight of CsH,, in lbs.

1 1b
2.52 x 10~' 1bs/mole

no. of moles =

= 3.97 moles

(2) One needs 12,5 times as much O: as CeHjs.
no. of moles of 0, needed = 12.5 % no. of moles CaH,¢

= 12.5 x 3.97 moles = 49.63 moles

(3) In 1 1b of the air, there is .2319 1b 0: and
.7546 1b N2. Thus, to find the number of moles of 0: in
one pound of the air, one must divide .2319 1b by the
molecular weight of O; in pounds (MW of 0:; = 32 g/mole).
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MW in 1bs of 0z = 32 g/mole x IE%T%EE

= 7.06 »* 10~? lb/mole

.2319 1b
7.06 x 10~ 1b/mole

= 3.29 moles.

no. of moles =

(4) There are 3.29 moles of O: in one lb and
49.63 moles of 0; are needed to burn 1 1b of gas.
d = g eles . 15,10 1bs.

no., of 1bs of air needed 3.25 moles/1b

* PROBLEM 184

A lunar module used Aerozine 50 as fuel and nitrogen
tetroxide (N:0., molecular weight = 92,0 g/mole) as
oxidizer. Aerozine 50 consists of 50 % by weight of
hydrazine (N:;Hy, molecular weight = 32.0 g/mole) and 50 %
by weight of unsymmetrical dimethylhydrazine ((CHjs):N:H:,
molecular weight = 60.0 g/mole). The chief exhaust
product was water (H;0, molecular weight = 18.0 g/mole).
Two of the reactions that led to the formation of water
are the following:

2N:Hy + N30, = 3IN; + 4H;0
(CHy) 2NzH; + 2N;0, + 2C0; + 3N; + 4H;0.

If we assume that these reactions were the only ones in
which water was formed, how much water was produced by
the ascent of the lunar module if 2200 kg of Aerozine 50
were consumed in the process?

Solution: Aerozine 50 consists of N:H, and (CH,):N:H;.
From the first reaction, we see that 2 moles of H:0 are
produced per mole of N:Hy consumed, and, from the second
reaction, we see that 4 moles of H:0 are produced per mole
of (CHj3):N:H; consumed. Thus, if we determine the number
of moles of N:H, and the number of moles of (CHj3):N:zH. in
2200 kg of Aerozine 50, we can calculate the number of
moles of water, and, from this, the mass of water produced,
since moles = grams (mass)/molecular weight.

Since N:Hs and (CH;):N:H, each form 50% of Aerozine 50
by weight, the mass of each component in 2200 kg of Aerozine
50 is

mass N:H, = 50 & x 2200 kg = 1100 kg = 1.1 x 10° g.
mass (CHy)aNzH, = 50 % x 2200 kg = 1100 kg = 1.1 x 10° g.

(there are 1000g per kg.)
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To convert mass to moles, we divide by the molecular
weight. Hence, 2200 kg of Aerozine 50 contains

moles N:zHy = 1.1 x 10° g/32.0 g/mole = 3.4 x 10" moles N;H,
moles (CHs)N;H, = 1.1 x 10° g/60.0 g/mole
= 1.8 x 10* moles (CH,) N:H,.
3.4 x 10" moles of N;H, produces 2 x 3.4 x 10 =
6.8 x 10* moles of H,0 and 1.8 x 10" moles of (CH,):N:H,
produces 4 x 1.8 x 10" = 7.2 x 10* moles of H;0.
The total number of moles of H:;O produced is 6.8 x
10* + 7.2 x 10 = 1.4 x 10® moles. To convert this to
mass, we multiply by the molecular weight of water. Hence,
1.4 x 10°® moles x 1B.0 g/mole = 2.5 x 10° g

= 2.5 x 10? kg of water were produced.

e PROBLEM 185

It has been found that the following sequence can be
used to prepare sodium sulfate, Na;S50.:

S(s) + Oz2(g) + 80:(g)
2503 (g) + 0z2(g) + 250,{(g)
S01(g) + H20(%) + H;S0, (%) 1
2NaOR + H;80, * Na, SO, + 2H:0
1f you performed this sequence of reactions, how many moles
of Na:50, could possibly be produced if you start with

1 mole of sulfur? How many moles are possible with 4.5 g
of water?

Solution: If you had the general equation,
ah + bB » cC + dD,

a moles of A react with b moles of B to produce c moles

of C and d moles of D. Thus, if you want to know how many
grams of D will be produced, and you know how much A you
have, calculate the number of moles of A present. From this,
you can determine how many moles of D can be generated,
since you know that a moles of A will produce d moles of

D. With this in mind, you can proceed to answer these
questions.

From the first equation, you see that if you start

with 1 mole of sulfur (S), 1 mole of SO: can be generated
(since all the coefficients are one, although 1 is not



written). Now that 1 mole of SO: is generated, you proceed
to the second eguation. It states that for every 2 moles of
502, 2 moles of SO; are generated. Thus, in keeping with
this relative ratio, 1 mole of SO can be generated from
one mole of 502. In the third reaction you again have 1
mole of S0; yielding 1 mole of H2504. At this point, you
have 1 mole of HyS50, (from 1 mole of starting sulfur). The
last equation shows 1 mole of H:SOs producing 1 mole of
Na;50.. Therefore, if you were to start with 1 mole of S,
you would obtain 1 mole of Na:S0.

Now let us consider H:0. Water does not enter the
sequence until the third equation. This means you start with

50s(g) + H20 (L) =+ H250.(2).

If you have 4.5 g of H;0 (MW = 1B g/m), you possess

4.5 g/18 g/mole = .25 moles H:0. From the reaction, 1 mole
of H20 yields 1 mole of H;50,. Thus, .25 moles of H;50,
are generated from .25 moles of water. You have the same

1 : 1 ratio.

The last equation is also a 1:1 ratio.

Therefore, if you start with 4.5 grams of H:0, .25 moles
of Na;S504 will be produced.

® PROBLEM 186

When 4.90 g of KCl0, was heated, it showed a weight loss
of 0.384 g. Find the percent of the original KCl0j3 that
had decomposed.

Solution: To solve this problem, you need to determine

fow many moles of KC1l0:; decomposed. Once this is determined,
calculate the initial number of moles of KClO, and divide
to obtain a percentage. To do this, a balanced equation
that illustrates this reaction must be written. Such an
equation is

2KCl0, (s} +~ 2KCL(s) + 30;(g)
The weight loss of .384 g must be the amount of O;

liberated. The number of moles of O, is this weight divided
by its molecular weight, or

.384
m = .0120 moles of Ojz.

Going back to the original equation, you find that the
number of moles of KCl0, is 2/3 that of 0. Therefore, the
number of moles of KCl0; that reacted is

(.0120 mol of 0.) %%llgi—“l]- .0080 moles of KClOj.
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The number of moles of KC1l0; that you started with, how-
ever, is

4.90
m = ,0400 moles, where 122.6 g/mole is

the molecular weight of KC10,. Therefore, the percentage
decomposition is

% x 100 = 208.

e PROBLEM 187

An impure sample of aluminum sulfate, Al;(SO0.);, is
analyzed by forming a precipitate of insoluble barium
sulfate, BaSO,, by reacting aluminum sulfate with an
excess of BaCl; (to insure complete precipitation}.
After washing and drying, 2.000 g of BaS0, was obtained.
If the original sample weighed 1.000 g, what was the
per cent of aluminum sulfate in the sample?

Solution: The problem is solved by calculating the
amount of BaS0, that would form if the sample were pure,
and comparing this with the amount actually formed.

Al (S04)3; reacts with BaCl, according to the equation
Al;(SO,); + 3BaCl, + 3BasO, + 2AlCl,.

The number of moles of Al; (S504);, assuming the sample is
pure, is equal to the mass of the sample (1.000 g) divided
by the molecular weight of Al;(S0,); (342.14 g/mole),

ﬁ-&%nrg—g?m = 0.00292 mole Al; (504),.

Since 3 moles of BaSO. are formed for every mole of
Al;(50.); reacted, as indicated by the coefficients in the
reaction, 1.000 g of pure Al (SO4); would produce 3 x
.00292 mole = 0.00876 mole BaSO,.

The actual number of moles of BaSO, formed is
equal to the mass of BaS0O, obtained after washing and
drying (2.000 g) divided by the molecular weight of
BaS0,, {233.40 g/mole),

2.000
m = 0.00857 mole BaSO, formed.

The purity of the sample is then given by the ratio
of the number of moles BasSO, formed divided by the number
of moles of BaSO, that would have formed from a pure
sample, times 100 %:

165



0.00857 mole

purity = ole

x 100 % = 97.8 &,

The original sample, therefore, contained 97.8 % Al,(SO.),
and 100 &% - 97.8 % = 2.2 % impurities.

s PROBLEM 188

A silicious rock contains the mineral ZnS. To analyze for
Zn, a sample of the rock is pulverized and treated with
HCl to dissolve the ZnS (silicious matter is insoluable).
Zinc is precipitated from solution by the addition of
potassium ferrocyanide K.Fe(CN);. After filtering, the
precipitate is dried and weighed. The reactions which
occur are

ZnS + 2HC1 =+ ZnCl; + H;S
2InCl: + Ky Fe(CN)g + Zn:Fe(CN}¢ + 4 KC1
If a 2 gram sample of rock yields 0.969 gram of Zn:Fe(CN)s,
what is the percentage of Zn in the sample? Atomic weight

Zn = 65.4, molecular weight e(CN) ¢ = 342.6.
ees——

Solution: 1In this problem, one wants to find the percent
of Zn 1in the original rock sample. One is told that the
rock contains some 2ZnS but not 100 %. One must f£ind the
weight of IZIn in Zn:Fe(CN)¢ for which we are given the total
amount present. Since no Zn is lost during the course of
the reaction the final and initial weight of 2n is the same.
Then, knowing the weight of Zn in the rock, we can calculate
the % of Zn in the rock by dividing the Zn weight by the
total weight of the rock.

The first step is to find the % of Zn in IZIn;Fe(CN)¢.
Use the formula:

(atomic weight Zn) ( number of Zn atoms)
$ In = M. W. of ZniFe . x 100

o 65.4 (2)
N

x 100

= 38.2 % or, as a fraction = 0.382.

To find the weight of any part of a compound,
multiply the decimal fraction by the total weight of com-
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pound. In this case, weight of Zn = (0.382) (0.969 g) =0.360 g.
The weight of Zn is constant; thus % of Zn in
rock is calculated by

weight of Zn = »360
total weight of rock 2

100 x x 100 = 18 % 2n.

& PROBLEM 189

Clay contains 30 % Al.0,, 55 % SiO;, and 15 % H,0. What
weight of limestone is required per ton of clay to carry
out the following chemical change?

6CaCO; + Al;0; + S5i0, + 3Ca0-Al;0; + 3Ca0-5i0; + 6CO;.
{1imestone)

Solution: From the coefficients in the reaction equation,
one sees that for every mole of Al;0, and 5i0; present,

6 moles of CaCO; (limestone) are required for the reaction
to occur. As such, to determine how much limestone is
necessary to react with 1 ton of clay, compute the number
of moles of Al;0; and 5i0; present. From this figure, the
number of moles of CaCO; can be found. Because a mole is
defined as grams divided by molecular weight (MW), the
weight (grams) can be found once the molecular weight is
calculated.

It is given that 1 ton or 2000 1b of clay will be
used. Because clay contains 30 % Al;0; and 55 % SiOa,
.30 x 2000 = 600 lbs of Al,0, and .55 x 2000 = 1100 1lbs
of Si0; are present in one ton of clay. To calculate the
mole amounts, one must convert lbs to grams. This can be
done by using the conversion factor 454 g/lb. Thus,

600 lbs x 454 g/lb = 2724 x 10? grams of Al;0; and
1100 x 454 g/lb = 4994 x 10? grams of Si0,.

The MW of Al;0,; = 102 grams/mole. The MW of
Si0; = 60 grams/mole. Therefore,

2
moles of Al:0; = z’z‘g“mi°a = 2.67 x 10° moles
4994 x 10% g _ 1
and moles of Si0; = mle——g- 8.32 x 10" moles

Notice, in one ton of clay, the mole amounts of SiO0;

and Al:0; are not equal. The mole amount of limestone re-
quired will be six times the mole amount of Al;0.,
2,67x10", and not 5i0;. The reason stems from the fact that
Al;0,y is the limiting reagent. The amount of any reagent
required (or product produced) depends only on the limiting
reagent. Si02, with a mole of 8.3 x 10!, is in excess; the
amount of limestone required will not depend on it.
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Consequently, moles of limestone = 6(moles of Al:0;) =
6(2.67 x 10%) = 1.60 x 10" moles. The molecular weight of
CaC0; (limestone) = 100 g/mole. Grams of CaCO; required per
ton of clay = {(moles of CaCO;)( MW of CaC0,)

= (1.60 x 10*)(100) = 1.60 x 10°.

& PROBLEM 190

A chemist has a mixture of KC10,, KHCO,;, K;CO0,, and KCl.
She heats 1,000 g of this mixture and notices that the
following gases evolve: 18 g of water (H:0), 132 g of COa,
and 40 g of 0: according to the following reactions:

2KCloy =+ 2KCl + 30,
2KHCO; ~+ K20 + H,0 + 2CO0;
KaCOy =+ K20 + CO;
The KCl is inert under these conditions. Assuming complete

decomposition, determine the composition of the original
mixture.

Solution: The solution of this problem involves the use
of the mole concept and the ability to employ it using
chemical (balanced) equations. You need to determine the
number of moles of the gases generated from the masses
given and their molecular weights. A mole = mass in
grams/molecular weight. Once this is known, you can calcu-
late the number of moles of substances in the mixture that
had to exist to produce the given quantities. You proceed
as follows:

The only source of the 18 g of H;0 is from
2KHCOy -+ K20 + H20 + 2C02.

The molecular weight of H20 = 18. Thus, you have

18 g/18 g/mole = 1 mole of H,0. But the equation states
that for every mole of H:0, you originally had 2 moles

of KHCO,. Therefore, the mixture must have had 2 moles of
KHCO3;. The molecular weight of KHCO; is 100.1 g« There-
fore, the weight in grams of it was 2(100.1) = 200.21 g.

The 0; is generated from only the reaction
2KC1l0y + 2KC1 + 30;.

You have 40 g of O;evolved. Molecular weight of 0:= 32,

Thus iou have 40/32 = 1.25 moles of 0:. According to the
equation, for every 3 moles of O:produced, there existed

2 moles of KC1l03. Thus, you have 2/3(1.25) or .833 moles
of KC1l02. Molecular weight of KC10,= 122.6. Therefore,

the number of grams = (122.6)(.833) = 102.1 g.
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The CO:; gas has two sources:
2KHCO,y + K:0 + Hz0 + 2C0; and KC0y; + K20 + CO;.

From the water evolved, you already know that you
have 200,21 g of KHCO;. Its molecular weight is 100.13.
Thus, the number of moles of it is, 200.2/100.1 = 2.
From the equation, however, you see that for every 2 moles
of KHCO,;, you cbtain 2 moles of CO:. Maintaining this one
to one ratio, 2 moles of CO; must be generated. The
molecular weight of CO; is 44. Thus, from KHCO;, 2(44) =
88 g of CO: produced. The total number of grams CO:; evolved
was given as 132 g. This means, therefore, that the other
source of CO;, K:C0;, must give off 132 - B8 = 44 grams of
CO:. You have

K:C0; + K20 + CO;

This equation shows a 1 : 1 mole ratio between K,C0; and
CO0z. You have 44 grams of CO:; released or 1 mole, since
the molecular weight of CO; is 44. Therefore, you must have
1 mole of K;COy in the mixture. The molecular weight of
K2C0; is 138.21. Thus,the number of grams is (1) (138.21}
for K2C0y = 138.21 qg.

In summary, you have 200.14 g of KHCO;, 102.12 g of
KCl0, and 138.21 g of K:CO;. The total mass of these
substances = 440.47 g. The original mixture was 1000 gq.
Thus,

1000 - 440.47 = 559.53 g is the mass of the inert KCl.

REACTIONS WITH LIMITING REAGENTS

* PROBLEM 191

Chromic oxide (Cr;0;) may be reduced with hydrogen
according to the equation

Cr20y + 3H, + 2Cr + 3H,0

(a) What weight of hydrogen would be required to reduce
7.6 g of Cr;0,? (b) For each mole of metallic chromium
prepared, how many moles of hydrogen will be required?
{c) What weight of metallic chromium can be prepared from
one ton of Cr,0,? 1 lb = 454 g.

Solution: (a) From the equation for the reaction, one
knows %Eat it takes three moles of H: to reduce one mole

169



of Cr:;0,. Thus, in solving this problem one should first
determine the number of moles of Cr;0; in 7.6 g, then using
the ratio

3 - number of moles of H

I ~ number of moles of Er;%,

One can find the number of moles of H; necessary to
reduce 7.6 g of Cr;0;. After finding the number of moles
of H; needed, one can obtain the weight by multiplying
the number of moles by the molecular weight of H,.

(1) Solving for the number of moles of Cr;0; in

7.6 g. This is done by dividing 7.6 g by the molecular
weight of Cr,0,(MW = 152).

no. of moles = T%iéaaﬁETS = .05 moles

(2) determining the number of moles of H; necessary.
The ratio

3 . _ number of moles of H

I ~ number of moles of c:,&,
will be used. This ratio was made using the stoichiometrie
coefficients of the equation for the reaction

3 _ number of moles of H,
I ~05 moles

no. of moles of H = .15 moles

.05 moles x 3 _

= reles -2
(3) solving for the weight of Ha. (MW = 2.)

The weight of a compound is found by multiplying the number

of moles present by the molecular weight.

weight of Hz = .15 moles ¥ 2 g/mole = .30 g.

(b) From the equation for the reaction, it is seen
that 3 moles of H: are needed to form 2 moles of Cr. This
means that for every mole of Cr formed 3/2 this amount of
H: is needed. Thus, 1.5 mole of H: is necessary to form one
mole of Cr.

(c) Using the equation for the reaction, one is told
that for every mole of Cr;0, reduced 2 moles of Cr are
formed. Thus, one must determine the number of moles in
1 ton of Cr;0,; there will be twice as many moles of Cr
formed. After one knows the number of moles of Cr formed,
one can determine its weight by multiplying the number of
moles by the molecular weight of Cr.

{1) Determining the number of moles of Cr;0; in 1 ton
of the compound (1 ton = 2000 1lbs). The number of moles is
found by dividing the weight of the Cr:0, present by its
molecular weight. Because the molecular weight is given in
grams per mole, it must be converted to pounds per mole
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before using it to determine the number of moles present.
There are 454 g in one pound, thus grams can be converted
to pounds by multiplying the number of grams by the con-

version factor 1 1b/454 g. (MW of Cr;0, = 152.)

MW of Cr;0, in 1lbs = 152 g/mole x 1 1b/454 g
= .33 lbs/mole.

(2) determining the number of moles of Cr;0; in 1 ton.
The number of moles present can be found by dividing 1 ton
(2000 1bs) by the molecular weight in pounds.

2000 1bs

733 Ibs/mole - °060 moles

number of moles =

Thus, there are twice this many moles of Cr produced.
number of moles of Cr = 2 x 6060 moles = 12120 moles

{3) finding the weight of Cr formed. One knows that
12,120 moles of Cr are produced. To find the weight of this
guantity, the number of moles is multiplied by the molecular
weight. To find the weight in pounds, one must first convert
the molecular weight from grams to pounds. This is done by
multiplying the molecular weight by the conversion factor
1 1b/454 g. This is used because there are 454 g in 1 1b
(MW of Cr = 52).

MW of Cr in pounds = 52 g/mole x 1 1b/454 g
= (.11 lb/mole.

The weight of the Cr formed is now found by multiplying
this molecular weight by the number of moles present.

weight = 0.11 lb/mole x 12120 moles = 1333 lbs,.

¢ PROBLEM 192

When 10.0 g of silicon dust, Si, is exploded with 100.0 g
of oxygen, 0:, forming silicon dioxide, 5i0;, how many
grams of 0; remain uncombined? The reaction equation is

5i + 0 + 8i0;.

Solution: From the equation, it can be seen that Si and

0: react in a 1 : 1 ratio. This means that 1 mole of Si

will react with 1 mole of 0:. To determine the amount of

02 left unreacted after the reaction is performed, calculate
the number of moles of 0:; and Si present and then subtract
the number of moles of 5i from the number of moles of 0;.
(MW of Si = 28, MW of 0; = 32.)
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number of moles = w

number of moles of 0 = % = 3.12 moles

10.0

g/mole = 0.357 moles

number of moles of Si =

number of moles of excess 02 = 3,12 - 0.357 = 2.763 moles
weight of excess 0: = number of moles x MW

= 2.763 moles x 32 g/mole = 88.5 g.

¢ PROBLEM 193

How many moles of Al;0, can be formed when a mixture of
0.36 moles of aluminum and 0.36 moles of oxygen is
ignited? Which substance and how much of it is in excess
of that required?

4A1 + 302 -+ 2.\1;0,

Solution: In this reaction 4 moles of Al and 3 moles of
0, form 2 moles of Al,0,. One is told that 0.36 moles of
Al and of O; are available for the reaction. One can see
from the equation that a greater number of moles of Al are
needed for the reaction than 0;. Thus, one should assume
that all 0.36 moles of Al will be used, but not all 0.36
moles of the 0;. Since 4 moles of Al are needed for every
3 moles of 0;, the following ratio holds:

4 _ number of moles of Al
I n T of moles of Oz

If 0.36 moles of Al are used, one can solve for the number
of moles of O; that are needed to react with them.

4 _ 0.36 moles
3 7 number of moles of O:

number of moles of 0; = 3—:—4u6- = 0.27 moles

Since only 0.27 moles of O: are needed, and there are
0.36 moles present, there is an excess of 0.09 moles of 0O:.

From the reaction, one knows that there are 2 moles
of Al;0; formed for every 4 moles of Al reacted. Therefore,
a ratio can be set up to determine the number of moles of
Al;0; formed from 0.36 moles of Al.
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4 _ number of moles of Al
Z number of moles of Al.0:

If 0.36 moles of Al are reacted, one can determine the
number of moles of Al;0; formed.

4 _ 0.36 moles
Z ~ humber of moles of Al.0:

number of moles of Al,0,; = 2——3-6—‘—'—3 = 0.18 moles

Note: One does not determine the moles of Al;0; from O;,
since the latter is in excess.

¢ PROBLEM 194

Suppose the change HC:;0.,” + Cl; + CO;%~ + C1™ is to be
carried out in basic solution. Starting with 0.10 mole of
OH=, 0.10 mole of HC;0,~, and 0.05 mole of Cl;, how many
moles of C1~ would be expected to be in the final solution?

Solution: The equation for this reaction is
HC30,~ + Cl; + SOH™ + 2C1™ + 2C0;%" + 3H;0

From this egquation one knows that 1 mole of HC:0.~, 1 mole
of Cl;, and 5 moles of OH™ are needed to form 2 moles of
Ccl=.

One needs 5 times as much OH~ as HC;0.” or Cl,. This
means that if one wishes to react 0.10 moles of HC:0.” or
Cl; there must be 0.50 moles of OH™ present. There are
0.10 moles of OH™ present, thus one needs only .02 moles
of each HC;0,~ and Cl;. Some of these reactants will re-
main unchanged. From the equation, one notes that there
are 2 moles of Cl™ formed for each Cl; reacted. If .02
moles of Cl; are used then .04 moles of C1™ will be formed.
OH™ is called the limiting reagent.

® PROBLEM 195

What is the maximum weight of S0; that could be made from
25.0 g of SO; and 6.00 g of 02 by the following reaction?

250; + 02 + 250,

Solution: From the reaction, one knows that for every
Z moles of S0; formed, 2 moles of S50; and 1 mole of 02
must react. Thus, to find the amount of 50, that can be
formed, one must first know the number of moles of SO0:
and 0; present. The number of moles is found by dividing
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the number of grams present by the molecular weight.

number of moles = m#ﬁm

For O;: MW = 32

6.0
g/mole

no. of moles = = 1.88 x 10~! moles

For S02: MW = 64.

- 25.0 = -1
no. of moles m_gam_oﬁ 3.91 x 10 moles.

Because 2 moles of S0, are needed to react with 1 mole of
02, 3.76 % 10~' moles of SO; will react with 1.88 x 10~}
moles of 0. This means that 3.91 x 10~! - 3.76 x 10~!
moles or .15 x 10~ moles of SO; will remain unreacted.
In this case, 0: is called the limiting reagent because
it determines the number of moles of 50; formed. There
will be twice as many moles of SO, formed as there are

0: reacting.

no. of moles of SO, formed = 2 x 1.88 x 10~} moles
= 3.76 x 10~! moles.

The weight is found by multiplying the number of
moles formed by the molecular weight (MW of SO; = 80).

weight of 803 = 3.76 x 107 molesx B0 g/mole = 30.1 g.

® PROBLEM 196

A chemist reacts ferric sulfate with barium chloride and
obtains barium sulfate and ferric chloride. He writes the
following balanced equation to express this reaction:

Fe; (504} + 3BaCl, -+ 3BaS504 + 2FeCl,

(A) How much BaCl: should be used to react with 10 grams
of Fe;(S04)3? (B) How much Pe;(S04); will be necessary to
produce 100 g of BaS0.? (C) From a mixture of 50 g of

Fe; (50,)3; and 100 g of BaCl,, how much FeCl, can be
produced?

S ———

Seolution: To answer these guestions, you must understand
e mole concept, and how it is used to calculate the
amount of material reguired in a chemical reaction.

A mole is defined as the number of grams of a sub-
stance divided by its molecular weight. In other words,
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amount in ams of substance
2 mole = molecular weight of substance
In the given equation:
Fe; (504) 3y + 3BaCl; + 3BaSO.+ + 2FeCl,,

the numbers before each compound are termed coefficients
(the coefficient of Fe:;(S04): is one, and by convention is
not written). The equation is balanced. This means that
all of the elements are egual in number on both sides of
the equation. For example, we have a total of 12 oxygen
atoms on the left and 12 on the right. Before doing any
problem involving a chemical egquation, we must always
balance it.

All the atoms must be accounted for. The coefficients
serve this purpose. After balancing, they also tell you the
relative mole amounts that will react. In other words, in
this reaction 1 mole of Fe;(50.); reacts with 3 moles of
BaCl;. For the reaction to occur, we must have a mole
ratio of 1 : 3 between Pe:(50.); and BaCl:. If such a
condition exists, then the equation tells us that 3 moles
of BaS0, will be produced per mole of Fe:;(SO«);. In
addition, 2 moles of FeCl; will also be produced. There-
fore, the coefficients tell the relative number of moles
of each substance that must be either present or produced.

With this information, we can now answer the guestions.

(A) We have 10 grams of Fe;(SO.)}; and want the number
of grams of BaCl; that are required to react with it. The
molecular weight of Fe; (504); is 399.88 g/mole. This number
is obtained by adding up all the atomic weights of the
individual atoms in the formula. Recalling the definition
of a mole, we have 10/399,88 moles of Fe;(S04) 3.

The equation tells us that 3 moles of BaCl, react
with one mole of Fe; (SO4)3;. Therefore, we must have 3 times
the number of moles of Fe;(S04), or

10 _ 30
Ix 359.8 399.88 ° The number of moles of BacCl,

required is, therefore, 33%255 . The molecular weight of

BaCl; is 208.24 g/mole. Recall, mole = number of grams/mole-
cular weight. The number of grams of BaCl; required is,
therefore,

T932pg Moles x 208.24 g/mole = 15.62 grams

(B) We want to produce 100 grams of BaSO,. The
molecular weight of BaSO, is 233.40 g/mole. Therefore,
we want to produce 100/233.40 moles of BaSO.. How much
Fe; (S04} ; should be used? Again, we must go back to the
equation and look at the coefficients to determine the
mole requirements. We see that 3 moles of BaSO, are pro-
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duced for every mole of Fez(S0.)3;. Therefore, the reguired
number of moles of Fe;(S0,); is 1/3 the number of moles of
BaSO, or

% x 2-5%%- = T&%?Tﬁ' . The molecular weight of

Fez(S04): is 399.88 g/mole. Consequently, the number of
grams required of Fe:(50,}, is

w5hgy mole x 399.88 g/mole = 57.11 grams

(C) In this question, we are working with a mixture
of two substances to produce a third. The first thing is
to compute the moles:

_ _50.00 -
Moles Fe;(504)» m‘a—g?—l—' g/mole .125 moles
100
Moles BaCl;: = m. a/mole = .48 moles

Because we are dealing with two substances to yield
one, we must also consider their mole ratios as well as
with the product FeCl;. The eguation calls for three moles
of BaCl; to react with one mole of Fez (50.) ;. We have
.125 moles of Pe; (S04)3. 3 times this amount is .375moles,
However, you have .48 moles of BaCl:;. This means, there-
fore, that we have .48 - ,.375 or .105 moles of BaCl:
that will not react. In other words, BaCl:; is in excess.
We always take the limiting reagent, which is Fe;(804),.
The amount of FeCl; present will reflect the number of
moles of Pe;(50.)3, and not BaCl;.

Because 2 moles of FeCl; will be produced for every
mole of Fe; (SO¢)s, 125 X 2 = ,25 moles of FeCly will be
produced. The molecular weight of FeCl; is 162.20. There-
fore, the maximum weight of FeCl, produced is .25(162.20)
= 40.56 grams.

& PROBLEM 187

Through several successive reactions, a chemist uses
carbon, CaO, HCl and H:0 to produce CgHyCl;. Assuming
an efficiency of 65 %, how much C¢H,Cl, can be produced
from 500 grams of carbon? Assume that 1/3 of the carbon
is lost as 3 moles CO.

Solution: In solving this problem, you must account for
all carbon atoms and employ the mole concept. You need not
be concerned with the actual sequence of reactions nor the
roles of Ca0D and H:O.

Dichlorobenzene, CgH.Cl;, consists of 6 carbon atoms.
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You can determine that there were originally 9 moles of
carbon present since 3 moles of CO are produced and the
carbon present in the CO represents 1/3 of the original
amount of carbon present.

A mole is defined as weight in grams/mclecular weight.
The molecular weight of carbon is 12. You started with
500 grams. Therefore, the number of moles of carbon is
500/12. 1t is stated above, however, that for every 9 moles
of C, 1 mole of CsHuCl: was produced. Therefore, the number
of moles of C¢H\,Cl; is 1/9 of the moles of carbon that you
started with. Namely, the number of moles of CgHu.Cl: is
1/9 x 500/12. The problem calls for an efficiency of 65 %.
Therefore, we must multiply this number of moles by

65 1,500 _ 65
160 °re §F " 71z " 100 °

The molecular weight of Ce¢H4Cl, is 147. Recalling the
definition of a mole, the weight of CgH,Cl; produced is

141:%:%;(1-8% = 442 grams.

VOLUME-VOLUME PROBLEMS

® PROBLEM 198

Calculate the volume of 0O; necessary to burn 50 liters of
CO completely. The balanced reaction is:

2C0 + 02 + 2C0:

Also, calculate the wvolume of CO: formed.

Solution: This is a volume-volume problem and the
technigue shown applies only to gases. It is assumed that
all the gases must be at the same temperature and pressure.
No molecular weights or molecular volumes are needed. One
solves this problem by setting up a ratio between the
actual volumes present and the mole volumes of the re-
acting compounds as shown in the equation below.

volume CO present - volume O; needed
mole volume CO mole volume O

The mole ratio for this reaction is 2 : 1, therefore,
the mole volume ratio is 2 : 1. Substitute, to obtain
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50 liters _ volume O:
4 liters 1 liter

volume O; = 25 liters.
To find the volume of CO:; produced, set up a similar
proportion between CO and CO; or 0; and CO;. The mole ratio

for CO and CO:z is 1 : 1 and for O: and CO; is 1 : 2. There-
fore use the equation

volume reactant - volume CO
mole volume reactant mole volume CO»
The values for CO as the reactant are:

50 . volune co,

volume CO; = 50 liters.

The values of 0; as the reactant are:

g_?_ _ volume CO,

volume CO: = 50 liters.

® PROBLEM 199
E———
In the Ostwald process for the commercial preparation of

nitric acid, ammonia gas is burned in oxygen in the presence
of a Pt catalyst. The balanced equation is:

4NH, + 50; —ES~  4NO + 6H,0

What volume of 0; and what volume of NO is formed in the
combustion of 500 liters of NHsy. All gases are under the
same conditions of temperature and pressure.

Solution: In order to solve this volume-volume problem
set up a ratio between the volumes involved. Ho molecular
weights are needed in volume-volume problems. First, one
wants to find out how much 0 is required to react with
500 liters of NH;. As can be seen from the stoichiometry
of the reaction, the ratio of the mole volumes (i.e. how
much NHy reacts with O;) is 4 : 5. Using the equation

volume NH resent _ volume O required
mole volume NH; mole volume O;

500 liters _ volume O:
7 Iiters 5 1iters

volume O = 625 liters.
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To find the amount of NO produced, set up a similar
equation. In this case, 4 mole volumes of MNH; produce 4
mole volumes of NO as indicated by the stoichiometry of the
reaction

volume NH; present _ volume NO produced
mole volume NH, mole volume NO

500 liters _ volume NO produced
T Iiters { liters

volume NO produced = 500 liters.

It was mentioned in the problem that a Pt catalyst
was used. A catalyst is a substance which speeds up the
rate at which a reaction occurs by lowering the amount of
energy needed to start a reaction (i.e. lowering the
activation energy). Catalysts have no effect on the final
concentrations of the compounds invelved in the reaction.
Therefore, the presence of a catalyst does not change the
values calculated in this question.

* PROBLEM 200

Calculate the volume of oxygen necessary to burn completely
100 cubic feet (l cubic foot = 28.316 liters) of butane gas

according to the eguation
2C4Hyo + 130; + BCO; + 10H;0

Solution: Since volumes are concerned, the procedure

for loIving this problem is to set up a ratio between the
volumes present and the mole requirements. For this re-
action, 2 moles of butane react with 13 moles of O:.

When two gases are under the same temperature and
pressure conditions, a mole of either gas will occupy
the same volume. Therefore, since 13/2 times as many
moles of O0: are required, the volume of O; must be 13/2
times that of methane.

Given the volume of methane is 1000 cu. ft., the
volume of 0; = l% (1000) = 6500 cubic feet.(l.84 x 105

liters)

WEIGHT-VOLUME PROBLEMS
¢ PROBLEM 201

Glucose-l-phosphate, essential to the metabolism of I
carbohydrates in humans, has a molecular weight of
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260 g/mole and a density of about 1.5 g/cm®. What is
the volume occupied by one molecule of glucose-1-
phosphate?

Solution: 1In general, volume = mass/density. Hence, in
order to determine the volume, we must determine the mass
of one molecule of glucose-l-phosphate.

One mole of glucose-l-phosphate weighs 260 g
(this is the meaning of a molecular weight of 260 g/mole).
Since there is an Avogadro's number of molecules in a
mole (6.02 x 10°? molecules/mole), the mass of one
molecule of glucose-l-phosphate is given by

mass = —Delecular Neight - 260 g/mole
Avogadro's n r

6 x 102! molecules/mole

= 4.3 % 107?? g/molecule.

Hence, one molecule of glucose-l-phosphate weighs
4.3 x 10~*? g and has a volume of

mass __ _ 4.3 x 10-%2

"l
volume = = 2,9 x 107%*? cm®.
1 aens:l.ty 1.5 g/' ] *

® PROBLEM 202

What is the mass of 1 liter of carbon monoxide (CO) at
standard temperature and pressure (STP).

Solution: At STP, 1 mole of any gas occupies a volume
Of 22.4 t. The weight of any substance divided by its
molecular weight (MW) is equal to the number of moles
of that substance. Thus, the weight of 1 mole of any
substance weighs its molecular weight (in grams).

The molecular weight of CO = 28 g/mole. Thus,
22.4 liters of CO at STP weigh 28 g. The mass of one liter
of CO can then be found from the following proportion

28 = X grams of CO
2.3 §1ters E Titer

Solving for X, X = 1.25 g.

o PROBLEM 203

—
What is the weight of 1,000 cubic feet of air at STP?
E—
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Solution: To solve this problem, one must first

ze that air is a mixture of 80% N, and 20% Oj.
One should also know that 22.4 cubic feet of any gas
at STP weighs its cunce molecular weight. For example,
in this problem,

22.4 ft.? of 0; would weigh 32 oz.

22.4 £ft.? of N; would weigh 28 oz.

Using this information, if one knows what 22.4 ft.°®
of air weighs, then one can determine how much 1000 ft.
of air weighs.

Since air is a mixture, one can find its ounce
molecular weight by multiplying the per cent composition
of each gas times each gas' ounce molecular weight and
adding these two values:

for Ny : (0.B) (MW N;) = (0.8) (28 oz) = 22.4 oz
for 0; : (0.2)(MW 0:) = (0.2)(32 oz) = 6.4 oz.

The ounce molecular weight for air is 22.4 + 6.4 =
28.8 oz., and has a volume of 22.4 ft.®

If 22.4 ft.?! of air has a weight of 28.8 oz then,
the weight of 1000 ft.® can be found through the following
proportion:

22.4 ft.® = 1000 ft.?
28.8 oz, unknown weight

Solving for the unknown weight of air

(1000 ft.*) (28.8 oz.)
(22.4 ft.%)

=1.29 x 10°? oz.

weight of air =

* PROBLEM 204

e
Chlorine may be prepared by the action of KCl0; on HCl,
and the reaction may be represented by the eguation:

KCl0s + 6HC1 + KC1l + 3Cl:; + 3H:0
Calculate the weight of KCl0, which would be required to

produce 1,0 liter of Cl; gas at STP. R = ,082 liter-
atm/mole-°K.

Solution: From the equation one can see that 1 mole of
KC10; reacts to form 3 moles of Cl;. If one can find the
number of moles of KC1l0y, which will react to form 1 liter
of Clz, then one can find its weight by multiplying the
number of moles by the molecular weight of KClO,. STP
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(Standard Temperature and Pressure) is defined as 0°C and
1 atm.

One can find the number of moles of Cl; in 1 liter by

using the Ideal Gas Law
. B

n BT
where P is the pressure, V is the volume, R is the gas
constant (0.082 liter-atm/mole-°K), T is the absolute
temperature and n is the number of moles. Here, T is given
in °C; it can be converted to °K by adding 273 to it. You
have, then,

T =0 + 273 = 273°K,

One can now solve for the number of moles of Cl: produced.

P =1 atm
PV V=1 liter
T = 273

1l atm x 1 liter

liter-atm
0.082 mole=tK — 273°K

n= = .045 moles.

From the equation for the reaction, the following
ratio is determined.

3 number of moles of Cl

T © humber of moles of KC1O,
One knows that 1 liter contains .045 moles Cl;, and if you
substitute this value into the above ratio, one can find
the number of moles of KCl0,; reacted.

3 _ .045 moles
T © number of moles of KC1O0;

.045 moles x 1 _

number of moles of KC1l0; = .015 moles

The weight of .015 moles of KCl0, can be found by
multiplying .015 moles by the molecular weight of KCl1O,.
(MW of KCl0,; = 122.5.)

weight of KCl0; = 122.5 g/mole x .015 moles = 1.84 g.

* PROBLEM 205

Lithium oxide (Li»0, molecular weight = 30 g/mole) re-
acts with water (aio, molecular weight = 18 g/mole,
density = 1.0 g/cm’) to produce lithium hydroxide (LiOH)
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according to the following reaction:
Li,0 + H;0 + 2LiOH.

Wwhat mass of Li,0 is required to completely react with
24 liters of H,0?

Solution: One mole of Li,0 reacts with exactly one mole
©f H,0, as indicated by the coefficients in the reaction.
Hence, if we determine the number of moles of H;0 in

24 liters, we then know the required number of moles of
Li;0, and, from this, can calculate the mass of Li,0 that
we need.

The number of moles of water is moles = mass/molecular
weight. But mass = density x volume, so that the number of
moles of water is

mass - density x volume
molecular weight molecular welght

- 1.0 g/cm® x 24 liters _ 1.0 gécm’ x 24000 cm?
g/mole g/mole

= 1333.33 moles

moles =

Thus, we require 1333.33 moles of Li:0 to completely
react with 24 liters of H:0 (= 1333,33 moles). Multiplying
this by the molecular weight of Li;0, we determine that

1333.33 moles * 30 g/mole = 40,000 g = 40 kg

of Li:0 is needed.

* PROBLEM 206

What volume of hydrogen at STP is produced as sulfuric acid
acts on 120 g. of metallic calcium. Equation for the re-
action is

Ca + H,S50, + CaSO, + H:

Scolution: This problem may be solved by using either the
mole method or the proportion method.

Mole method: 1In using the mole method, one looks at
this equation and sees that for every mole of calcium
acted on by H:2504, one mole of hydrogen is produced.

This means that to find how much hyrdogen is produced,
one must first find out how much calcium is present. There
will be the same number of moles of hydrogen produced as
there are calcium reacted. After one knows how many moles
of hydrogen are produced, one can calculate the volume.
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To calculate the number of moles of calcium present,
one must divide the amount present by the molecular weight
(molecular weight of Ca = 40).

number of grams present
number of moles = Sy Y eTgRe

number of moles of Ca = 12: i 3.00 moles

Therefore, 3.00 moles of hydrogen gas are produced. At
STP (Standard Temperature and Pressure), the volume of
one mole of any gas occupies 22.4 liters. Thus, when 3
moles of gas are generated, as in this problem it occupies
3 x 22,4 liters = 67.2 liters.

Proportion method: In the proportion method, the
molecular weights (multiplied by the proper coefficients)
are placed below the formula in the equation and the a-
mounts of substances (given and unknown) are placed above.
In this case, because one is trying to find the volume of
hydrogen and not its weight, the volume of one mole will
be placed below the equation as shown.

120 g X( Vol.)

Ca + H;50, + CaS0, + H,
40.0 g 22.4 liters

120 g _ X
.0 g . ters
X = unknown volume of H; produced.

Solving for X:

x = 122:4 1it;r' 120 = 67.2 liters.

& PROBLEM 207

The executioner in charge of the lethal gas chamber at the
state penitentiary adds excess dilute H;S0, to 196 g (about
¥ 1b) of NaCN. What volume of HCN gas is formed at STP?

Solution: The equation for this reaction is
H3S0, + 2NaCN -+ 2HCN + Na2S8O.

This means that for each NaCN reacted, one HCN is formed.
After one knows the number of moles of HCN formed, one can
find the volume that the gas occupies by multiplying the
number of moles by 22.4 liters (volume of one mole of gas
at STP). STP (Standard Temperature and Pressure) is de-



fined as 273°K and 1 atm.
The number of moles of NaCN reacted can be found by

dividing 196 g by the molecular weight of NaCN. (MW of
NaCN = 49.)

number of moles = 7%2%TﬁETE" 4.0 moles

From the stoichiometry of the reaction, we see there
will be 4.0 moles of HCN formed.

The volume of the gas can now be found.

volume = 4.0 moles x 22.4 liters/mole = 89.6 liters.

e PROBLEM 208

A chemist decides to prepare some chlorine gas by the
following reaction:

MnO: + 4HC1 ~+ MnCl,; + 2H,0 + Cl; ¢
If he uses 100 g of MnO;, what is the maximum volume of

chlorine gas that can be obtained at standard temperature
and pressure (STP)?

Solution: The solution of this problem entails a
combination of stoichiometry and gas law theory.

The first thing to determine is how many moles of
chlorine will be produced. The volume can be determined
using the fact that each mole, at STP, occupies 22.4 i.

Since the equation is balanced, you must lock at
the coefficients. The equation indicates that for every
mole of MnO:, 1 mole of chlorine gas is produced. A mole
is defined as being equal to weights in grams of
material/molecular weight of material.

The molecular weight of MnOz is 86.9. It follows,
then, that the number of moles of MnO; is 100/86.9. This
will be equated to the number of moles of chlorine gas
produced.

At STP one mole of gas occupies 22.4 liters.
However, we do not have 1 mole, but 100/86.9 moles. To
calculate the new volume, you multiply the STP wvolume
by the number of moles of chlorine gas produced. In other
words, the volume of the chlorine gas is
100
5.9

22.4 x = 25.8 liters.
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o PROBLEM 209

What volume of ammonia at STP can be obtained when steam is
passed over 4000 g of calcium cyanamide? The balanced
reaction is

CaCN: + 3Hz;0 = 2NH, + CaCO,

(Molecular weight of CaCN: = 80, MW of NH; = 17.)

Solution: From the stoichiometry of the equation 1 mole
Of CaCN: produces 2 moles of NH;. Thus, if one calculates
the number of moles of CaCN:, then one knows the number of
moles of NHy. To calculate the number of moles of CaCN:
divide its weight by its molecular weight, thus, the number
of moles of CaCN; equals

4000 CaCN
—gﬁ—g;m?-f-- 50 moles.

Therefore, the number of moles of NH; produced equals
100 moles.

At STP, one mole of any gas occupies 22.4 liters.
Hence, the total volume of NH; produced at STP is

v,

NH =(22.4 liter/mole) (100 mole NH;) = 2240 liter.
3

® PROBLEM 210

Iron (III) oxide is reacted with carbon monoxide in a blast
furnace to produce iron. The balanced reaction is:

Fe:03 + 3CO + 2Fe + 3CO:

What volume of CO at STP is reguired to completely use up
31.94 kg of iron oxide? (MW of Fe:0; = 159.7, MW of CO = 28.)

Solution: From the stoichiometry of the above reaction,
one sees that 1 mole of Fe:0; requires 3 moles of CO to
react. Thus, three times as many moles of CO will react
with a given number of moles of Fe:03;. Once the number of
moles of CO is known, one can use the fact that 1 mole of
any gas at STP has a volume of 22.4 I to determine the
volume of CO required.

The number of moles of Fe;0; available for the re-

action is the weight of Fe:0; in grams divided by its
molecular weight:

moles Fe;0; = ;wﬁg%:.%.e—’gi - ?19;am = = 200 moles.



The number of moles of CO needed to completely react
is 3(200 moles) = 600 moles.

The volume at STP of 600 moles of CO is the number
of moles of CO times the volume of 1 mole:

volume CO at STP = (moles CO) (22.4 i/mole)

= (600 moles) (22.4 &/mole) = 13,440 R.

® PROBLEM 211

How many liters of phosphine (PH;) gas at STP could be made
from 30 g of calcium by use of the following sequence of
reactions:

3ca + 2P -+ Ca,P,
Ca,P; + 6HC1 + 2PH; + 3CaCl,

(Molecular weights: Ca = 40, PH; = 34.)

Solution: From the stoichiometry of these two egquations 3
moles of Ca will yield 2 moles of PHy gas. Thus, if one
knows the number of moles of Ca, then one can determine the
number of moles of PH, produced. The number of moles of Ca
given is its weight divided by its molecular welght.
Therefore,

number of moles Ca = %%—§7§§TE = 0.75 moles

From 0.75 moles of Ca, one produces 2/3 as much or
2/3(0.75) = 0.50 moles of PHy gas. At STP, one mole of
any gas occupies 22.4 liters, hence, the total volume of
PH: produced at STP

= (22.4 2/mole) {0.50 moles PH,) = 11.2 L.

® PROBLEM 212
]

Hitroglycerin (C,Hs NO,) ;] explodes according to the follow-
ing reaction:

4C4Hs (NO,) 3 () + 12C0;(g) + 6Nz (g) + 02(g) + 10H,;0(qg),

producing only gaseous products. What is the total volume
of gaseous products produced at standard temperature and
pressure (STP) when 454 g of nitroglycerin explodes? The
molecular weight of nitroglycerin is 227 g/mole.

Solution: This problem is an application of the ideal
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gas equation, PV = nRT, where P = pressure, V = volume,
n = number of moles, R = gas constant, and T = absolute
temperature. Solving for V,

STP is, by definition, 0°C(= 273°K) and 1 atm pressure.
Hence, T = 273°K and P = 1 atm. Also, R = 0.082 liter-
atm/mole-deg. We must find the number of moles, n, of
gaseous products. The number of moles of nitroglycerin
we started with is equal to its mass divided by the
molecular weight, or 454 /227 g/mole = 2 moles of
nitroglycerin. Dividing the equation for the reaction of
nitroglycerin by 2 (so that 4C;Hs(NOj3) s becomes

2C;Hs (NO;3) 3) , we obtain:

2CyHs (NOj) 3 (k) + 6COz2(g) + 3N2(g) + 40i(g) + 5H:0(qg).

Thus, our 2 moles of nitroglycerin will produce a total of
6+ 3+ %+ 5= 14.5 moles of gaseous products, so that

n = 14.5 moles. Substituting the values of n, R, T, and

P into the equation for V gives:

nRT 14.5 moles = 0.082 liter-atm/mole-deg = 273°K
V== = T atm

= 325 liters.

® PROBLEM 213

A chemist performs the following reaction:
2KC10s(s) + 2KCL(s) + 30:(q).

He collects the 0: gas by water displacement at 20°C.

He observes a pressure of 753 mm Hg. Assuming the

pressure of water vapor is 17.5 mm Hg at 20°C and he

started with 1.28 g of potassium chlorate (KCl0i), what

volume of gas is produced? (R = ,0821 f-atm/mole °K.)
—

Solution: You are asked t> find the volume of gas
produced and can do so using the equation of state,
PV = nRT, where P = pressure, V = volume, n =
number of moles, R = universal gas constant and T =
temperature in Kelvin (Celsius plus 273°).

In the problem you are told the pressure at which
the gas is collected, which must be modified due to the
presence of water vapor and the temperature. If you knew
n, you could substitute for the values in the equation of
state and solve for V.

Your procedure will be to find the number of moles of
gas produced. This can be determined from the reaction e-
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guation given and the use of stoichiometry. If you knew
how many moles of KClO: you started with, you would know
the number of moles of 0; produced, since 3 moles of 0
are generated for every 2 moles of KClO;. You can deter-
mine how many moles of KClO; you started with. You are
told that the chemist has 1.28 g. Since the molecular
weight of KC10, is 122.55 g, you have

r]i'-ilg-s- = 1.045 x 10°? moles of KClO,. Therefore,

from reaction there are % {1.045 = 10=%) = 1,57 x 10~2
moles of O:; gas produced.

Now you go back to PV = nRT. Recall that the gas
was collected by water displacement. Thus, it is saturated
by water vapor. Hence, the pressure of 0; is only
753 mm Hg - 17.5 mm Hg, or 735.5 mm where 17.5 mm Hg is
the water vapor pressure. Since 1 atm = 760 mm,

(735.5 mm) Iﬁ-G‘T“:: = .968 atm.

Now, substitute and solve for the volume V of O;
produced. Rewriting and substituting,

V= g%z = (.01 .0821)(293°K

= ,390 liters or 390 ml.
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CHAPTER 6

SOLIDS

Basic Attacks and Strategies for Solving Problems
in this Chapter. See pages 191 to 211 for step-by-
step solutions to problems.

Many solids form crystals or molecular structures in which the constituent
atoms or molecules are in a repeating three-dimensional array. Metals, simple
salts, and semiconducting solids like silicon are all crystalline. The most
common non-crystalline or amorphous solid is glass. In this solid, the
molecules are in a random orientation with respect to each other. Glasses do
not have a sharp melting point, rather they have a melting range, thus leading
some to classify glass as a supercooled or extremely viscous liquid.

A complete description of the possible crystalline structures of solids is
beyond the scope of this text, but several common cubic crystalline structures,
simple cubic, face centered cubic (fcc), and body centered cubic (bec), are
illustrated in the figures associated with Problems 218 and 219, A unitcell is
the smallest repeating unit of the lattice.

A key solution in calculating the stoichiometric properties of unit cells is
to ascertain how many cells share a particular atom or molecule. For cubic
lattices, a corner species is shared by eight cells, an edge species by four cells,
a face centered species by two cells, and a body centered species by only one
cell.

In crystals, the atoms or molecules remain in a fixed orientation with
respect to each other. The distances between atoms can be determined from
x-ray diffraction patterns because the distances are comparable in magnitude
to the wave lengths of x-rays. Hence x-ray diffraction patterns are determined
by the regular spacings between the atoms or molecules.
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The principles of stoichiometry discussed in Chapters 3 and 4 can be used,
along with information on the size of unit cells, to calculate the densities,
volumes, and many other properties of crystalline solids. For example, the
theoretical density of a crystalline solid can be obtained by:

p = mass of unit cell 5-3
volume of unit cell

This is the maximum value of a pure crystal; because of imperfections in
the crystalline lattice, the measure density is usually slightly less than that
calculated by this procedure.

Phase Diagrams

Phase diagrams are also discussed in this chapter. Phase diagrams are
simply graphs, usually on pressure and temperature coordinates, showing the
boundaries between phases. An example for a simple single-component
phase diagram (e.g., water) is shown below and illustrates some very familiar
as well as some lesser known properties of pure compounds.

Pressure Salid Liquid

W LR ¥ T D ———

' 1

Tm  Temperature Tb
Figure 1 Phase diagram for single component system

The scales on the axes of the sample phase diagram shown above have
deliberately been left off so that the diagram applies to any single-component
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system which has only one solid phase*. If the diagram above were to apply
for water, then the normal boiling point, T, (the temperature where the liquid
and gas phases are in equilibrium at 1 atm. total pressure), would be 100°C.
The melting point, T_, is 0°C, and at a pressure of one atmosphere, water is
a liquid between 0°C and 100°C. At temperatures and pressures represented
by points along the lines separating the phases, both phases can exist in
equilibrium with each other.

The line BN represents the temperatures and pressures where the solid and
gas phases are in equilibrium. Similarly, the line NA represents the points
where the liquid and solid phases are in equilibrium; for water and many other
species, it slants slightly to the left of vertical as shown in this figure
illustrating the effect of pressure on lowering the melting point. Note that in
a similar figure in Problem 231, the solid-liquid equilibrium boundary
between the solid and liquid phases has a positive slope; either can occur. The
line NC represents the points where the liquid and gas phases are inequilibrium
and this line ends at point C, the critical point. Above the critical point (218
atm and 375°C for water), the liquid and gas phases are indistinguishable. In
this part of the phase diagram the material is sometimes called a supercritical
fluid since it is not quite correct to refer to it as either a liquid or gas. There
is normally no corresponding end point at A where the solid and liquid phases
become indistinguishable (except, perhaps, at extreme pressures).

Note that at point N (0.0098°C and 4.58 torr for water) the solid, liquid,
and gas phases meet. At this point, called the triple point, all three phases can
exist in equilibrium. The triple point is unique; that is, there is only one point
where this can occur, and both the temperature and pressure must be exactly
equal to those represented by the coordinates of the triple point. On the other
hand, there are many values of temperature and pressure where both liquid
and gas or liquid and solid or even gas and solid phases exist in equilibrium.

If the temperature is raised at constant pressure along the line rs, the material
will change from a liquid to a gas. The same thing will happen if the pressure
islowered at constant temperature along the line mn. Similarly, the solid phase
will sublime (change to a gas) if the appropriate state variable (temperature/
pressure} changes along the lines pg or ut.

*Many single-component sysiems have more than one solid phase. These are typically different erystailine
forms of the comp Sulfur, for ple, has a monoclinic and orthorhombic solid crystalline phase, In a phase

diagram for such & material, areas of the diagram exist which rep the temp and where each
of the solid phases is stable.
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Step-by-Step Solutions to
Problems in this Chapter,
“Solids”

CRYSTAL STRUCTURE

® PROBLEM 214

Distinguish between crystalline and amorphous solid
substances, using some specific examples, To what extent
is the distinction useful?

Chloride ion

Solution: Crystalline substances can be generally thought
of as species composed of structural units with specific
geometric patterns. The accompanying drawing of sodium
chloride would be an example of such a pattern. The
important point is that there exists a regularity in the
arrangement of structural units, Structures with regularity
generally show a sharp and characteristic melting point,
which is the case with crystalline substances.

Amorphous substances, however, tend to be shapeless
and without definite order. That is, you have a randomness.
For example, glassy or glasslike materials such as Plexi-
glas and silicate glasses. In substances with a general
lack of order, the melting points vary over a range or
temperature interval, For amorphous substances, this is
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exactly what you find. It would, however, be incorrect
to state categorically that amorphous substances are
without ANY order. For they do tend to have short range
order even though they do contain long-range randomness.

e PROBLEM 215

Explain briefly the following terms; (a) isotropic and
anisotropic solids, (b) general and directional properties
of crystalline substances, (c) a plane, an axis, and a
center of symmetry and (d) polymorphism and allotropism.

Flane of symmetry Axis of s%nnetry Point of symmetry
(abcd) (ab (e)

Solution: These properties all pertain to the solid state,

(a) An isotropic solid is one in which there are no
directional differences in structure, Isotropic solids
usually do not form regular crystals,and examples of an
isotropic amorphic solids are Plexiglass and glass. An
anisotropic solid is one in which its properties depend,
in general, upon the particular direction along which the
measurement is made, Crystalline substances, for example,
are anisotropic. Examples of anisotropic crystals are
cubic and tetrahedral lattices. (b) By general properties
of crystalline substances, you mean those such as density,
specific heat, melting point and chemical composition,
These are called "general” due to the fact that none of
them involve any special direction.Directional properties
refer to those such as refraction and absorption of light,
cohesion, expansion and electrical and thermal conductivity,
all of which are measured in a special direction, (c) Plane
of symmetry is said to exist in a crystal if it can be
divided by an imaginary plane passing through the center,
such that the two equal parts formed are an exact mirror
image of each other, An axis of symmetry is said to exist
in a crystal if you can draw a line through the crystal's
center and when you proceed to rotate the crystal about
this line through 360° the same appearance of itself is
produced more than once. A crystal will have a center of
symmetry, if every crystal face has a twin equidistant on
the opposite side of this center. The accompanying figures
illustrate each of these. (d) Polymorphism refers to the
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existence of substance having a definite composition yet
occurring in more than one crystalline form, When the
substance is an element rather a compound, this phenomenon
is termed allotropy.

¢ PROBLEM 216

It is known that both metallic and ionic crystals are good
conductors of electricity, yet many of their other proper-
ties differ significantly. Explain why.

Solution: The similarities and differences of the two
will be seen after an investigation of their space
lattices, i.e., those patterns of points describing the
atomic or molecular arrangements of points in a unit of

a crystal. For something to conduct electricity, it must
have charges, In an ionic crystal, the lattice points
are occupied by positive or negatively charged ions, each
of which occupies a position exactly equivalent to every
other species of like charge. The electric conductivity
of ionic crystals is low but increases with Temp. because
more electrons are excited into the conduction band of
the crystal. Ionic crystals are held together by electro-
static forces between the ions.

In a metallic crystal, you have discrete atoms,
not ions, at the lattice points. It seems that the species
should not conduct electricity. It is important to
realize, however, the valence or outer electrons of the
metallic crystal are distributed over the crystal as a
whole rather than being localized on each atom. The
mobile electrons, therefore, which are able to move in
an applied electric field, account for the electrical
conductivity.

This mobility of electrons also explains why a
metallic crystal is generally strong, lustrous and
malleable. In the ionic crystal, you have strong electro-
static forces hetween the ions, which accounts for the
high melting points. However, these crystals also tend
to be hard and brittle because the crystal consists of
parallel sheets of positively and negatively charged
ions, lateral displacement may bring ions of like charge
into the vicinity of each other, resulting in electro-
static repulsion of like charges. This, then, helps to
explain why they possess a facile crystal fracture.

® PROBLEM 217

The properties of diamond and graphite differ vastly.
Explain these differences on the basis of their
fundamentally different space lattices.
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Diamond Graphite
Structure Structure

Solution: The arrangement (location) of all atoms in a
unit of a crystal is termed a space lattice, i.e., those
patterns of atoms describing the atomic or molecular
arrangements. This problem calls for a comparison of
such lattices in a diamond and graphite. The accompany-
ing figures show the space lattices in question.

The diamond lattice surrounds each carbon atom
by 4 others in a tetrahedral configuration. There exist
covalent bonds between the carbon atoms, which means
they share electrons, These covalent forces are
responsible for the hard nature and high melting point
of the substance. On the other hand, graphite has
covalent bonding in two-dimensional, planar, hexagonal
rings. As the figure suggests, the sheets of these
atoms are held together by weak forces of attraction,
This means, that the layers can slide easily over each
other. This, then, accounts for the lubricating proper-
ties and flakiness associated with this material,

LATTICE STRUCTURES AND UNIT CELLS

o PROBLEM 218

Excluding hexagonal unit cells, when counting the number
of points inside a cell, a point on an edge is % inside
the cell, and a lattice point at a corner is 1/8 inside
the cell. Justify these fractions, Calculate,also, the
the net number of lattice points in the following unit
cells: simple cubic, body-centered cubic, face-centered
cubic, and tetragonal.

Solution: To solve this problem properly you need to

e definition of a unit cell and lattice point.
You need, also, to know the actual structures of the
unit cells given. You proceed as follows: A unit cell
is that small fraction of a space lattice, which sets
the pattern for the whole lattice. In other words, it is
the smallest portion of the space lattice (which is just



b b by
- - a"
: . .

simple cubic Dbody-centered cubic face-centered cubic
(a) (b) (c

tet 1
(a) e r?ggna

the pattern of points which describes the arrangement of
atoms or molecules in the crystal), which, when moved
repeatedly a distance equal to its own dimensions along
the various directions, generates the whole space lattice
equivalent to the original lattice. The lattice is, of
course, just points that denote atoms or molecules; thus,
the term lattice point. The accompanying illustrations
give you the structures in gquestion, From this, you can
obtain justification for the fractions and find the net
number of lattice points. For example, take the simple
cubic structure. In a space lattice, each atom is shared
with three other unit structures as seen in figure d.

Note; This point is shared by 8 unit cells, if you
place another 4 cubes on the side. Thus, each point is
only 1/8 in the cell. This same sort of procedure and
reasoning can be used to justify all fractions in all
unit cells given. Calculations now become easy. Simple
cubic: Have 8 lattice points. Each is only 1/8 inside
cell. Thus, you have net of (1/8)(8) = 1,

Face-centered cubic: B lattice points at corners,
each only 1/8 inside cell. Have a point on each face,.
Each point is only & inside cell. Have six points. Thus,
net = (B) (1/8) + (6) (k) = 4.

Body-centered: Again have (8)(1/8) from lattice
points at corners. 1 point in center, which is entirely
in cell. Thus net becomes (8) (1/8) + (1) (1) = 2.

Tetragonal: only have a net of (B) (1/8) from lattice
points at corners.

® PROBLEM 219

Refer to the accompanying figure and determine the number
of unit particles (atoms) in a unit cell of each of the

three type lattices.
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(@) (®) (c)

Unit cells in cubic lattices: (a) simple cubic lattice;
(b) body-centered lattice; (c) face-centered lattice.

Solution: The following rules may be used to determine
the number of unit particles (atoms) associated with each
type of cubic unit cell:

1) An atom at a corner contributes 1/8 of its volume
to each of eight adjacent cubes.

2) An atom on an edge of a cube contributes 1/4 of
its volume to each of 4 adjacent cubes,

3) An atom in the face of a cube contributes 1/2
of its volume to each of 2 adjacent cubes.

4) An atom completely within a cube contributes all
of its volume to the unit cell,

The number of unit particles in each of the three
types of lattices can be found as follows:

Simple cubic: 1In the simple cubic lattice all
eight unEEs are of the same variety - they are all at
corners, thus rule 1 is used,

Total atoms in cell = 8 corners x 1/8 atom/corner = 1 atom
Therefore the area of unit cube is equivalent to 1 atom.
Body-centered: In the body-centered lattice there are
nine atoms contributing to the unit cube. There are 8
corners and one atom completely within the cube, thus,
rules 1 and 4 are used.
Total atoms in cell = 8 corners x 1/8 atom/corner
+ 1 atom in center = 2 atoms.
Face-centered: 1In the face-centered lattice there
are 17 atoms contributing to the unit cube, There are
8 corners and 6 faces, thus, rules 1 and 3 will be used.

Total atoms in a unit cell = B corners x l1/8 atom/corner
+ 6 faces x 1/2 atom/corner
= 4 atoms.
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e PROBLEM 220

What fraction of the total space in a body-centered cubic
unit cell is unoccupied? Assume that the central atom
touches each of the eight corner atoms of the cube.

C\ A

G

Figure 1 Figure 2 B

body-centered lattice

Solution: To determine the percent of the unit cube that
Is unoccupied by the atoms making up the lattice, one must
subtract the volume taken up by the atoms from the volume
of the cube. This volume is then divided by the volume of
the cube and multiplied by 100 to find the percent of
unoccupied space.

1) Determining the volume of the atoms: One must
first determine the number of atoms contributing to the
unit cube, In this lattice there are 8 corner atoms and 1
atom in the center. Corner atoms contribute 1/8 of their
volume to the cube. The atom in the center contributes
its entire volume.

no. of atoms in unit cube = (1/8 atom/corner x B corners)
+ 1 atom (in center) = 2 atoms.
Thus, the volume in the unit cube taken up by the atoms is

equal to the volume of two atoms. The radius of these
atoms is taken to be 1. The volume of a sphere is 4/3 nr?.

volume of 2 atoms = 2 x 4/3 n(1l)’ = 8.38

2) Volume of the cube: The corner atoms are assumed
to be touching the central atom. The diagonal of the cube
can be visualized as shown in Figure 2.

Because AB is shown to be 4r or 4 the side of the
cube AC can be found using the Pythagorean Theorem. Once
AC is known the volume of the cube can be found. From
geometry, it is known that

197



CB = AC x /2

AB? = AC® + CB* AE = 4

4 = AC* + 2(RD)? CB = AC x V7
4? = 3AC?

AL

')

The volume of the cube is equal to the length of the
side cubed.

1]
volume of cube = |—| = 12.32
3
3) The space in the cube is equal to the volume of the
spheres subtracted from the volume of the cube.
vol. of space = vol. of cube - vol., of spheres
vol. of space = 12.32 - B8.38 = 3,94

3.94

percentage of cube taken up by space = 1233 % 100 = 32 &.

¢ PROBLEM 221

The spherical atomic nucleus of potassium has a radius of
about 4 x 10-'? cm.; 6.02 x 10?? of these nuclei weigh
about 39 g. Calculate the approximate density of the
nucleus of potassium in tons per cubic centimeter. Volume
of a sphere = 4/3 wr’, where r is the radius,

Solution: The density is defined as the mass of a
substance divided by its volume, To calculate the density
one must know the weight and volume of the substance.
Here one is given the weight in grams but the problem
asks for the density in tons, thus one must convert grams
to tons. The volume of the nuclei is not given, but can
be found by using the radius of a nucleus, the formula
for the volume of a sphere and the number of nuclei
present,

1) Converting grams to tons

There are 454 g in one pound and 2000 1b in one ton,
therefore, grams can be converted to tons by multiplying
the number of grams by the following conversion factor
1 1b/454 g = 1 ton/2000 1lb
number of tons = 39 g x 1 1b/454 g » 1 ton/2000 1b

= 4.3 x 10~° tons.
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2) calculating volume of nuclei
The volume of a sphere is equal to 4/3 nr® where
r is the radius of the sphere. One is given that the radius
of a potassium nuclei is 4 x 10~'? cm,
volume of 1 nuclei = 4/3 7 (4 x 10~!'? ¢m)?
= 4/3 (3.14) (64 x 10-** em?)
= 2.6 x 10'3? cml

The total volume of the nuclei is egqual to the number
of nuclei times the volume of one nucleus

total volume = no. of nuclei x volume of one nucleus
total volume of potassium nuclei = 6.02x102%x2.6x10-*7cm’
=1,6 x 107 %cm
3) The weight in tons and the volume in cubic centi-
meters is now known. The density in tons per cm® can be

calculated

no. of tons (= mass)

density = no. of cm® (= volume)
-
density = 4:3 : 107 tg:s = 2,7 x 10°® tons/cm®.

® PROBLEM 222

The density of KF is 2.48 g/cm®. The solid is made up of a
cubic array of alternate K¥ and P~ ions at a spacing of
2.665 x 10® cm, between centers. From these data, calculate
the apparent value of the Avogadro number.

Solution: Avogadro's number is the number of particles in
one mole of a substance. Here, one is given the dimensions
of a cubic lattice made of & Kt ions and % F~ ions., Due to
the fact that KF crystallizes like NaCl, it can be seen that
there are eight ions or 4 formula units of KF in the cube.
To calculate Avogadro's number from the data, one should
find:

(1) the volume of one cube

2) the weight of one cube using the density

3) the number of cubes in one mole of KF

4) Avogadrd's Number by multiplying the number of

cubes by 4, the number of formula units (KF) per
cube.
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Solving for Avogadro's Number:

1) The volume of the cube is found by cubing the
length of the edge. From the crystallization of KF, it is
seen that the length of the edge of cube is twice the
spacing between ion centers. This is due to the fact that
three ions make up an edge, and, as such, 2 spacings be-
tween the ions exist.

Therefore,
length of edge = 2,665 x 107 cm x 2 = 5.33 x 10~ cm
volume of cube = (5,33 x 10-%)?* = 1,51 x 10-%%cm?.

2) Using the density, one knows that 1 cm? weighs
2.48 g. Therefore, the weight of one cube is equal to the
density times the volume of a cube.

weight of one cube = 2.48 g/em® x 1.51 x 10~ em?
= 3,76 x 10~?? g/cube

3) One mole of KF weighs the sum of the weights of
one mole of K*¥ and one mole of P~, (MW of K = 39,10, MW
of F = 19.00.)

MW of KF = 39,10 + 19.00 = 58.10 g/mole

The number of cubes in one mole is then found by
dividing 58.10 g/mole by the weight of one cube,

58,10 g/mole
3.76 x 10~*? g/cube

no. of cubes in one mole =

= 1,55 x 102! cubes/mole.

4)0ne finds the number of KF particles in one mole
(Avogadro's Number) by multiplying 1,55 x 10?® cubes/mole
by 4 formula units/cube, because there are 4 KF formula
units in each cube.

Avogadro's Number = 4 EEEEEé%.EEEEE x 1,55 x 10%? EEEE%

= 6,2 x 10** formula units/cube,

e PROBLEM 223

Iron may crystallize in the face-centered cubic system.

o
1f the radius of an Fe atom is 1.26 A, (a) Determine
the length of the unit cell, (b) Calculate the density
of Fe if its atomic weight is 55.85.
E——

Solution: Picture the face of the cube with an iron
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face-centered lattice

P
S

atom at each corner and one in the center of each face
as shown in the figure,

The diagonal BC will be equal to the length L
4 radii of Fe atoms. Hence,

o o
BC =4 x 1,26 A = 5,04 A

Using the Pythagorean Theorem, one knows that the
squares of the two sides of a right triangle added
together equal the square of the hypotenuse, Thus,

AB* + AC? = BC?
Because the sides of a square are equal - AB = AC.

From this it can be seen that 2 AB’= BC’. AB is defined
as the length of the unit cell, Using

2“3‘12'

it can be seen that
—, _ BC? BC? _ BC
AB ‘—!— and AB = -5 __/E

Since we have already found BC, this equation can be
-}
solved., (BC = 5,04 A.)

-]
BC _ 5.04 A _ °

AB = 3.55 A
',I -

-]
The length of the unit cell is 3.55 A.

(b) The density is defined as the mass in grams of
a unit cell in one unit volume. In this problem we are
given the mass of one mole of Fe and we have calculated
the length of one side of the unit cube, To find the
density one must calculate the number of atoms in one
unit cell, the weight of one atom of Fe and the volume
of one unit cube first.

The following rules may be used to determine the
number of unit particles (atoms) associated with the



face-centered lattice:

1) An atom at a corner contributes 1/8 of its
volume to each of 8 adjacent cubes,

2) An atom in the face of a cube contributes 1/2 of
its volume to each of 2 adjacent cubes.

In this lattice we have 8 corner atoms and 6 face
atoms. To calculate the total number of atoms contribut-
ing to the unit cube one can use the above rules,

Total number of atoms = 8 corners x 1/8 atom/corner
+ 6 faces x 1/2 atom/face

= 4 atoms,

The unit cube therefore contains the equivalent of
4 atoms.

To find the weight of 1 atom one divides the
molecular weight by Avogadro's Number (6.02 x 10%%),
because there are Avogadro's Number of atoms contained
in a mole of atoms,

weight of 1 atom = ?&SE,JWT = 9,28 x 10-2 g

Since there are 4 atoms in this unit cube this
figure is multiplied by 4.

weight of 4 atoms = 4 x (35'85 ) o weight of unit cube

The volume of the cube is found by cubing the length
of a side of the sguare because the volume is equal to
the length x width x height of a rectangular solid. In
a cube all three of these quantities are equal,

The volume of the cube = (3,55 x 10-° cm)?.

-]
(1 &A=10"" cm). We now have the quantities necessary to
find the density. cc = cubic centimeters = cm?.

weight of unit cube
volume of unit cube in cc

4 x(55.85 g]
. x

(3.55 = 10~% cm)?

density =

= B.30 g/cc

The density of Fe is therefore 8.30 grams per cubic
centimeter,



o PROBLEM 224

Metallic gold crystallizes in the face-centered cubic
lattice. The length of the cubic unit cell, a, is

o
4.070 A. (a) wWhat is the closest distance between gold
atoms? (b) What is the density of gold?

+*-— d—

face-centered cubic

Solution: An ordered array of atoms, ions, or molecules
is called a lattice. Every lattice is a three-dimensional
stacking of identical building blocks called unit cells.
The most symmetrical crystals have cubic lattices. There
are three kinds of elementary cubic lattices: the simple
cubic, the face-centered cubic, and the body-centered
cubic. The length of the cube edge is designated by the
symbol a. In a face-centered lattice, an atom would be
located at each corner of the unit cell and at the center
of each of the six faces.

(a) In the gold crystal above, the closest distance
from oge corner atom to another corner atom is a,

4.070 A. The distance from any corner atom to an atom
at the center of a face is one-half the diagonal of that
face. Using the fact that the diagonal of any square is

x length of one side, the diagonal is then ayZ, Half
the diagonal is % av/Z or

% (4.070 A) /T = 2.878 A

This distance is the closest distance between atoms,
since this distance is shorter than the distance between
adjacent corners.

(b) The density is computed by first counting the
number of gold atoms that can occupy one unit rell. This
number is 1/8 times the number of occupied corners in
the unit cell plus % times the number of occupied face-
centers. Since a cube has 8 corners and 6 faces, the
number is

1/8 » B + & « 6 = 4

The volume of the cubic unit cell is a’. The



density if the mass of 4 gold atoms (4 atomic Wt/Avogadro's
#) divided by the volume of the unit cell, a’, Thus, the
formula for the density of a gold crystal lattice is

(4 atoms) (Atomic Wt. of gold)

Density = a’¥ (Avogadro's number])

Substituting into the egquation the Atomic Weight of
gold, 197.0 g/mole, Avogadro's number, 6.023 x 1027

o
atoms/mole, and converting 4.070 A to 4.070 x 10~* cm, then

(4 atoms) (197.0 g/mole)
(4.070 x 10™® cm)?(6.023 x 10?*' atoms/mole)

Density =

= 19.4 g/cm’.

® PROBLEM 225

Krypton crystallizes in the face-centered cubic system,
-]

with the edge of the unit cell 5,59 A, Calculate the
o

density of solid krypton. Assume 1 A = 10~° cm.

face-centered lattice
Solution: To determine the density of krypton in g/cec,
one can use the given information in the following way:
1) determine the number of atoms in one cube

2) determine the number of cubes in one cubic
centimeter

3) determine the weight of one cube

4) determine the weight of one cubic centimeter
(i.e. the density).

Determining the density:

1) In a face centered cube, there are 14 atoms
contributing to the volume, 8 are corner atoms and 6 are



face atoms. Corner atoms contribute 1/8 of their volume
to the cube and face atoms contribute 1/2 of their
volume., Thus, the number of atoms making up the cube can
be found.

no. of atoms = (1/8 atom/corner x 8 corners)
+ (1/2 atom/face x & faces) = 4 atoms.

]
2) 1 A= 10"" cm. Thus, the side of the cube is

equal to 5.59 A or 5.59 x 10~* cm. The volume of a cube
is equal to the length of the side cubed.

volume of one cube = (5,59 x 10~% cm)?® = 1.75 x 10~?? cc

The number of cubes in 1 cc is found by dividing 1 cc
by the volume of one cube,

1l cc
1.75 x 1072%% cc

no. of cubes in 1 cc = = 5,71 x 102!

3} The weight of one mole of krypton is 84,
6.02 x 10%? atoms (Avogadro's number} of it must weigh
84 g. Therefore, the weight of one atom is found by
dividing 84 g by 6.02 x 102? atoms. There are 4 atoms in
one cube, thus the weight of one cube is egqual to the weight
of one atom times 4.

84 g
6.02 x 10?% atoms
84 g
6.02 x 10%? atoms

weight of 1 atom

weight of 4 atoms = 4 atoms x

5.58 x 1077 g,

4) The density is now found by multiplying the weight
of 1 cube by the number of cubes in 1 cc,

density = no. of cubes in 1 cc x weight of 1 cube

density = 5.71 x 10%! fece x 5,58 = 107*? g = 3,19 g/cc,

® PROBLEM 226

It is known that AgCl has the same structure as NaCl.
X-ray measurements of AgCl show a unit-cell edge length
of .55491 nm. The density of the crystal is found to be
5.561 g/cm®. Assuming 10=7 cm/nm, find the percentage of
the sites that would appear empty,. Assume that lattice
vacancies are the only defects,




The Structure of Silver Chloride

Solution: The key to solving this problem is to compute
the theoretical density of the unit cell from its X-ray
determined cubic edge length. Then, compare this value
with the actual density to find the percent of the sites
that would appear to be empty.

mass of 1 unit cell
volume of 1 unit cell

Theoretical density =

Each unit cell possesses 4 ions of each Ag+ and
Cl-. This is determined from the fact that each corner
ion contributes 1/8 of its volume to each of 8 adjacent
unit cells, each face ion contributes 4 of its volume to
the two adjacent cells, each edge ion contributes % of
its volume to each of 4 adjacent cells and each enclosed
ion contributes its entire volume. As seen in the accompany-
ing figure, there are 8 corner ions, 12 edge ions, 6 face
ions and 1 totally enclosed ion. The molecular weight of
AgCl is 143.32. Thus, the mass of 1 mole of unit cells is
4 times 143,32 g/mole of unit cells or 573.28 g/mole of
unit cells. Since the unit cell is a cube, volume =
{cubic-edge length) ' . Cubic edge length = ,55491 nm or
.55491 x 107 cm. Thus, volume becomes equal to
(.55491 x 10-7)° = 1,708 x 10~*?cm’ . As such, theoretical
density =

573.28 g/mole of unit cells
A X unit cells/mole
_E01T S0 AT coTTe/mls . 5571 g/cm’
The given density is 5.561 g/em?. Thus, the actual figure is

5.571 - 5:561 , 1008 = .20 too small. This is

the percent of lattice that is vacant.
® PROBLEM 227

Find the ionic radius of I, given that the unit-cell I
edge length of LiI is measured to be .6240 nm. Assume




that the large, negative ions are in actual contact
with the diagonal.

The Structure of Lithium Iodide

Solution: To solve this problem, determine the length
of the face diagonal in LiI space lattice, which is the
pattern of the arrangement of atoms or molecules in a
crystal.Because LiI has the same form of the cubiec unit
cell as NaCl, its space lattice will possess 3 I~ ions
on the face diagonal. Thus.if one knows the length of the
face diagonal, one can divide by 4 to deduce the radius
of I”. The face diagonal can be found (from the
Pythagorean Theorem) by multiplying (v2) times (cubic-
edge length). Thus, the face diagonal = ( -
(.6240) = .8823 nm. However, face diagonal = 4 I~ radii.

Thus, I° radius = <2823 = 2206 nm.

& PROBLEM 228

Consider a unit cell of sodium chloride in the accompanying
figure. (a) What fraction of a C1l™ at each corner of the
cube is within the unit cell? (b) What fraction of a Cl~
appears in each face? (c) What fraction of each Na'* is with-
in the unit cell? (Note that one complete Na* is in the
center.) (d) Add all the fractions for each ion within the
unit cell. What is the ratio of Na‘ to Cl1~7?

Solution: The following rules may be used to determine the
number of unit particles (atoms) associated with each type of
cubic unit cell:

1) An atom at a corner contributes 1/8 of its wvolume
to each of B adjacent cubes.

2) An atom on an edge of a cube contributes 1/4 of its
volume to each of 4 adjacent cubes.

3) An atom in the face of a cube contributes 1/2 of



fum ion

Chloride ion

Crystal latice of sodium chloride

its volume to each of 2 adjacent cubes.

4) An atom completely within a cube contributes all
of its volume to the unit cell.

{a) According to rule 1 an atom at a corner
contributes 1/8 of its volume to the unit cell,

(b) From rule 3 one can see that an atom on the face
of the unit cell contributes 1/2 of its volume to the cell,

(c) From rule 2 one can see that atoms on the edge
of the unit cell contribute 1/4 of their volume to the unit
cell. Therefore the sodium ions on the edge of the cell
contribute 1/4 of their wvolume and the one in the center
of the cell contributes its entire volume.

(d}) There are 14 Cl~ ions contributing to the cell.
8 are at corners and 6 are on faces - using parts a + b of
this problem one can calculate the number of atoms that the
Cl- ions contribute to the unit cell.
total number of C1~ ions = 8 corners x 1/8 atom/corner
+ 6 faces x 1/2 atom/face
= 4 atoms of Cl1~
The Na* ions can be dealt with in a similar manner. There
are 13 Nat ions, 12 on edges and 1 in the center - using
part ¢ of this problem one can find the number of Nat ions
contributing to the unit cell.
total number o~ Na* ions = 12 edges x 1/4 atom/edge
+ 1 atom in center
= 4 atoms of Nat
There are 4 atoms of Cl~ and 4 atoms of Na* contributing
to the unit cell. The ratio will therefore be - Na* : C1~
is 4 : 4orl : 1.

Na* and Cl~ contribute equally to the unit cell.



® PROBLEM 229

Find the distance between a plane passing through the
centers of one close-packed layer of spheres and an-
other plane passing through the centers of an adjacent
close-packed layer. You may assume that all spheres are
identical with a radius of .200 nm.

fa)

— )

Edge wew of stecking layen
shaweng face-centered
cubec wnit cell

— i)

fa)

View perpendicular to
Expanded wew of Macking layers thowing
starking yers Jace-centered cubic
wnil il

Solution: The small fraction of a space lattice, which
is e pattern of points that describes the arrangement
of atoms or molecules in a crystal, is a unit cell., The
unit cells contain only points that locate atomic or
molecular centers. Since atoms are space-filling
entities, their structures can be described as resulting
from the packing together of representative spheres. The
most efficient packing together of equal spheres is
called closest packing. In this problem, you are asked
for a distance between two planes, which is just the
spacing between the layers of spheres, A face-centered
cube, a type of unit cell, is a close packed structure.
From the accompanying figure, you can see that the body
diagonal of a face-centered cube is perpendicular to the
close-packed stacking layers. Thus, if you stand it on a
corner, the close packed layers will be parallel to the
floor. To see this more clearly, you can use models. From
this, you can relate the body diagonal to the spacing
between layers. Namely, body diagonal =3 times the



spacing. Thus, you need to find the length of the body
diagonal.

Body diagonal = vJ (edge length).
Edge length = 1//7 (face diagonal),

The face diagonal = 4 times the radii of the spheres,
as seen from the space lattice. You are told the radius of
a sphere is .200 nm, Thus, face diagonal = 4(,200 nm) =
.800 nm. Thus, edge length = (1//2)(.800) = ,5657 nm and
body diagonal = (/3) (.5657) = .9798 nm, Recall, body
diagonal is 3 times the spacing, which means the distance

between the planes is 3798 nm .327 nm,

PHASE DIAGRAMS

¢ PROBLEM 230

The diagram below is an example of a phase diagram for a
pure substance. To what phases do the regions A, B, and
C correspond?

1 atm

Pressure, P

Temperature, T

Solution: Following the 1 atm constant pressure line from
eft to right, we are proceeding from low values of the
temperature to high values, Therefore, we will intersect the
three regions in the order solid-liquid-vapor. The regions
A, B, C hence correspond to the solid, liquid, and vapor
phases, respectively. Point a denotes the normal freezing
(melting) point of the substance and the point b denotes
the normal boiling point.
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® PROBLEM 231

—

Draw a labelled phase diagram for a substance Z which has
the following properties; normal boiling point = 220°C,
normal freezing point 80°C, and triple point 60°C and

.20 atm. Predict the freezing and boiling, if the pressure
were .80 atm?

Lp bp
L n . ———————— - ————— ———————
"1—
F 8T sl Liquid
-
-
1.
& Gas
2T
triple
point
o 1 1 4 [ i
50 100 150 200 250

Temperature, °C

Solution: To draw this diagram you want to understand
all the terms involved. The relation between solid, liquid,
and gaseous states as a function of the given temperature
and pressure can be summarized on a graph known as a
phase diagram. From the given experimental observations,
you can draw the diagram. The lines which separate the
states in a diagram represent an equilibrium between the
phases. The intersection of the three lines is called the
triple point, where all three phases are in equilibrium
with each other. By normal boiling and melting points

you mean those readings taken at 1 atm. Thus, the phase
diagram can be written as shown in the accompanying
figure.

From the diagram you see that if the atm wnso.BO,
ths b.p. and f.p. would drop, respectively, to 215 C and
85

211



CHAPTER 7

PROPERTIES OF LIQUIDS

Basic Attacks and Strategies for Solving Problems
in this Chapter. See pages 213 to 250 for step-by-
step solutions to problems.

Liquids differ from solids in that the molecular structure is random, and
the liquid will normally assume the shape of the vessel or container in which
it is placed. Liquids are characterized by the following properties:

Density: The mass per unit volume occupied by a liquid is an
important property used to characterize a liquid. Liquids are nearly
incompressible and require extreme pressures to make a significant
difference in the density. Also, only small differences in the density
occur with moderate changes in the temperature; hence the density of
a liquid is frequently considered to be a constant, except when very
precise values are required. Water has a density of 1 gram per cubic
centimeter; common hydrocarbons, such as those in gasoline, have
densities of approximately 0.7 g/cc and float on water, while chloroform
(CHCL,), a common organic solvent, has a density of 1.5 g/cc and
sinks in water.

Viscosity: The viscosity is the internal resistance of a liquid to shear
stresses. Although not discussed in the problems of this text, it is an
important characteristic that reflects the ability of a liquid to flow.
Low viscosity liquids like water and gasoline flow and are pumped
easily. Higher viscosity liquids like molasses flow very slowly (hence
the cliché “slower than cold molasses™). Supercooled liquids, like
glass, are so viscous that they do not flow at all and are usually
considered solids.
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Vapor Pressure: Liquids are in equilibrium with the gas or vapor
above the liquid. The pressure of the gas above a pure liquid is called
the vapor pressure or sometimes, for emphasis, the pure component
vapor pressure. The vapor pressure is a strong function of the
temperature.

Surface Tension: Liquids are characterized by attractive forces
between the molecules. The strength of these attractive forces is
characterized by the surface tension. At the surface of a liquid, the
attractive forces tend to pull the surface atoms or molecules back into
the liquid. This force can be measured as a force per unit length (N/m)
of the liquid film.

The density of irregularly shaped solids is frequently measured by
submerging them in a liquid to determine their volume. The solid volume is
equal to the volume of liquid displaced. Since the determination of the mass
is usually straightforward (it can be weighed on a balance), the density of
irregular solids can be easily calculated once the volume is known.

Freezing Point Depression and Boiling Point Elevation

The freezing point is lowered and the boiling point raised for liquids when
a solute is dissolved. The freezing point depression and boiling point
elevation are proportional to the number of moles dissolved per unit mass of
solvent. The change in freezing or boiling point is calculated from the simple
equation

AT, =k, (m) 7-1
AT, =k, (m) 72

where k, and k, are the freezing and boiling point constants respectively, and
m is the molality (moles of solute/1000 g solvent) of the solution. The freezing
and boiling point constants are determined experimentally and are useful
because they are a characteristic of the solvent and usually not a characteristic
of the solute. Freezing point depressions are frequently used to determined the
molecular weights of solutes since the mass of solute and freezing point
depression are easily measured.

Equations 7-1 and 7-2 can be written with the molecular weight shown
explicitly as
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AT = k (mass of solute/1000 g solvent) 7-3
M.W.

At, =k, (mass of solute/1000 g solvent) 7-4
MW,

The key to solving the problems involving freezing point depression and
boiling point elevation is the use of these equations to solve for the unknown
quantity — AT, &, or k,, or the molecular weight, (M.W.).

Vapor Pressure-Raoult’s Law

The vapor pressure is a characteristic of a liquid and is a strong function
of temperature. It is precisely defined as the equilibrium gas (or vapor)
pressure above a pure liquid at a specified temperature with no other species
present. Except at extreme pressures, it is an excellent approximation to
assume that the vapor pressure is independent of the total pressure, i.e.,
unaffected by the presence of other species in the gas phase.

There are empirical equations that permit the vapor pressure to be
calculated, but these equations contain approximations and, for precise work,
measurements should be used.

Raoult’s Law predicts the partial pressure above a liquid which contains
amixture of compounds. Itis correct only forideal liquid mixtures, i.e., liquid
mixtures where the attractive forces are the same between like and unlike
molecules. It is a good approximation for mixutures of isomers (such as
normal pentane, isopentane, and neopentane) or adjacent members of ho-
mologous series (such as benzene, toluene, and xylene).

Raoult’s Law is written as follows:
p! = X'. P ﬂ: 7-5

where p is the partial pressure in the gas phase, x is the mole fraction in the
liquid phase, and P ° is the pure component vapor pressure (or just vapor
pressure). The subscript { indicates that this equation can be applied to each
species in the solution, i.e., i = 1, 2, 3, .... If two of the terms in Equation 7-
5 are known, the third can be easily calculated. If Raoult’s Law holds for one
species in a solution, it will hold for all the species. Departures from Raoult’s
Law are common in nature, but are not discussed in this text.
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One key to working the problems involving Raoult’s Law is to observe
that the total pressure is the sum of the partial pressures. From the ideal gas
law, the mole fractions in the vapor phase are simply the respective partial
pressures divided by the total pressure (sum of the partial pressures). As well,
the mole fractions of the various solutes must add up to 1.

Yi=P/P 7-6
where Y is the vapor phase mole fraction and P is the total pressure.
Clausius Clapeyron Equation of Vaporization

The Clausius Clapeyron equation is useful in calculating changes in vapor
pressure with temperature. It contains several approximations and is derived
by integrating the Clapeyron equation, which has a firm basis in theory.

P _ AH
dl  TAV

where AH and AV are the enthalpy and volume changes associated with
vaporization of the liquid. If it is assumed that AV is simply the vapor phase
volume (AV=RT/P), and that AH is a constant, Equation 7-7 can be integrated
to obtain the the Clausius Clapeyron equation.

In (P°/P° ) = -AH"#/R (\/T, -1/T}) 7-8

The assumptions are valid over limited temperature ranges for many
species.

Note: Several problems (see Problems 263, 267, 268) in this text show the
Clausius Clapeyron equation written as

log (P°/P°) = AHN9.15 (UT - \/T) 7-9
This form of the equation may be confusing. The factor, 19.15, is the product
of the gas constant, R, in joules/mole °K (8.31 ) and the conversion factor from

natural to common logarithms (log, to log, ), i.e., 8.31 x 2.303 = 19.15. To
use this form of the equation, AH must be expressed in joules/mole and base
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10 logarithms must be used.

It is possible, from Equation 7-7, to calculate changes in vapor pressure
from the enthalpy of vaporization or to calculate the enthalpy (or heat) of
vaporization from measurements of the vapor pressure at more than one
temperature.

Osmotic pressure (r), for very dilute solutions, can be represented by the
equation

n=nRT/V 7-10

where n is the number of moles of solute in a volume, V, of solution. It is
important to note that this equation does not apply except for very dilute
solutions. With Equation 7-9 it is possible to determine the molecular weight
of a species by measuring the osmotic pressure produced by a known mass of
solute.

Surface tension is usually determined by measuring the force required to
pull a ring of known diameter from a solution or by measuring the height that
a liquid “climbs” the wall of a wetted vessel.

If a ring is pulled from a liquid, two liquid films (inside and outside) form
between the ring and the liquid. The force required to pull the ring from
solution divided by the length of surface (2xtD) is the surface tension. When
surface tension is measured by determining the height that the liquid climbs
the wall of a wetted vessel, the same principle is used to determine the surface
tension. The equation that relates surface tension to the height of the liquid is

y=12rhpg 7-11
where y is the surface tension, p the density of the liquid, r the radius of the
tube containing the liquid, 4 the height that the liquid film climbs above the

free surface of the liquid, and g is the constant downward acceleration of
gravity.

213-E



Step-by-Step Solutions to
Problems in this Chapter,
“Properties of Liquids”

DENSITY

e PROBLEM 232
—

what volume of a block of wood (density = 0.80 g/cm®),
which weighs 1.0 kg, will be above the water surface
when the block is afloat? (Note: A floating object
displaces its own weight of water.)

Solution: Since a floating object displaces its own
weight in water, 1 kg of water is displaced by this
block of wood. One can find the volume of the block of
wood above the water by solving for the volume of the
block and subtracting the volume of 1 kg of water from
it. One uses the density to solve for the volume.

donsity - YA - L,

Therefore:
weight
volume = neity
Solving for the volume of the wood: 1 kg = 1000 g.

volume = f.ooog ey = 1.25 x 10! em?

Solving for the volume of the water displaced:
By definition the density of water is 1.0 g/cm’.

volume = f”g ds = 1.00 x 10° cm’

13



volume of wood above water = volume of wood - volume of
water

volume of wood above water = 1250 cm® - 1000 cm’
= 250 cm?®

o PROBLEM 233

A chemist dropped a 200 g object into a tank of water. It
displaced 60 ml. of the water when it sunk to the bottom
of the tank. In a similar experiment, it displaced only
50 g of an oil into which it was dropped. Calculate the
density of the object and the oil.

Solution: The density (p) of a substance is defined as
Its mass divided by its volume.

= mass
p volume

Thus, to solve for the densities of the object and the oil,
one must first calculate their respective masses and volumes.
The mass of the object is 200 g, but the volume is not given.
An object dropped in any liquid displaces a volume of liquid
equal to the volume of the object. The object displaces

60 ml of water; therefore, the volume of the object is 60 ml.
Solving for the density of the object:

mass 200
p-m- = 3,33 g/ml.

One is given that the object displaces 50 g of the
oil, and from the water experiment, it is known that the
volume of the object is 60 ml. Since the object displaces
the same volume of liquid as it occupies, 60 ml of the oil
weighs 50 g. Solving for the density of the oil:

* PROBLEM 234

Assuming that the density of water is .9971 g/em’ at 25°C
and that of ice at 0° is .917 g/cm?, what percent of a
water jug at 25°C should be left empty so that, if the
water freezes, it will just fill the jug?

Solution: Density = ;g%%%;.

When water freezes, the mass is constant, but its
density decreases. This means, therefore, that an in-
crease in volume occurs. To solve this problem, you must
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determine the change in volume of water from 25° to 0°.
Because you are given the densities of the substance

at each temperature, you can say for 1 mole of H:0 (MW =
18)

mass _ 1B g/mole _ O, 8
e —EL——Y ..—ff;sfo: water at 25°C and

volume
;% = w:m for ice at 0°C.
em

Rewriting, you have .997 y = 18 and .917 x = 18. Both
expressions equal 18, which means .997 y = .917 x, or

x _ .997 _
¥ = 1.087.

This means, then, that at 0°C the volume is
1.087 times greater than the original at 25°C. If you
let B equal the fraction of water to be put in the
jug, then you can say 1.087 B =1, or B = ,920. In
other words, only 92% of the jug should be filled at 25°
to obtain a completely filled jug at 0°. This means that
8 % is empty space.

e PROBLEM 235

The molecular diameter of an N; molecule, as deduced from
the Van der Waals b parameter, is 3.15 x 10~* cm. The
density of liquid nitrogen is 0.8081 g/cm’. On a hard-
sphere model, what fraction of the liquid volume appears
to be empty space?

Solution: To find the fraction of the liquid volume that
appears to be empty space, one must subtract the volume of
spheres from the total volume of the liguid. One can find
the volume of the spheres that constitute one mole of N:
li?uid by multiplying the volume of one sphere by 6.02 x
10%%, the number of spheres in one mole. The volume of a
sphere is equal to 4/3 nr® where r is the radius of the
sphere. The diameter of the N; sphere is given as 3.15 x
10-® cm, thus the radius is half of length or 1.58 x

10~* cm. Solving for the volume of 1 sphere:

volume of 1 sphere = 4/3 7 (1.58 x 10=* cm)?
= 1.652 x 10~?? cm?/sphere
Volume of 1 mole of spheres
= (6.02x10?° spheres/mole)x(1.652x10-%? cm?/sphere)
= 9,945 em®/mole

One can find the total volume of 1 mole of liguid N:
by dividing the molecular weight by the density. (MW = 28)
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28 le

- = - :
total volume 08081 g/cm 34.65 cm”/mole

The volume of the empty space is equal to the volume
of the spheres subtracted from the total volume.
volume of empty space per mole = 34.65 cm® - 9,945 cm’
= 24.70 cm’
The percent of the volume taken up by empty space is
equal to the volume of the space divided by the total volume
and multiplied by 100.

1
% of empty space = %%éég—gﬁy % 100

= 71.30 %&.

FREEZING POINT DEPRESSION AND BOILING
POINT ELEVATION
® PROBLEM 236

The freezing point constant of toluene is 3.33°C per mole
per 1000 g. Calculate the freezing point of a solution
prepared by dissolving 0.4 mole of solute in 500 g of
toluene. The freezing point of toluene is - 95.0°C,

-

Solution: The freezing point constant is defined as the
number of degrees the freezing point will be lowered per
1000 g of solvent per mole of solute present, The freezing
point depression is related to this constant by the follow-
ing equation.

freezing pt depression = molality of solute x freezing pt
constant

The molality is defined as the numver of moles per
1000 g of solvent. Here, one is given that 0.4 moles of
solute are added to 500 g of solvent, therefore there will
be 0.8 moles in 1000 g.

0.4 moles 0.8 moles
500 g 1000 g

The molality of the solute is thus 0.8 m. One can
now f£find the freezing point depreuion. The freezing point
constant for toluene is 3,33°

freezing point depression = molality = 3,33°

= 0,8 x 3,33° = 2,66°
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The freezing point of toluene is thus lowered by 2.66°.

freezing point of solution = (- 95°C) - 2.66° = - 97.66°C.

e PROBLEM 237
—

By how much will 50 grams of water have its freezing point
depressed if you add 30 grams (molecular weight 80) of
glucose to it?

Solution: The addition of any substance to water will
alter its boiling or freezing point. To determine the
amount of change, you must know the concentration of
solute (the substance dissolved) in the solvent (water).
This information is required because the freezing point
depression, Mt' equals the molal freezing point constant,

kf, times the molality (m).

a'rf = kf (m) .

The concept of molality refers to the number of
moles of solute per 1 kilogram of solvent.

The solute, glucose, weighs 30 grams. Therefore, the
number of moles of glucose is 30 g/180 g/mole = 1/6 moles.
You have 50 grams of water. However, molality refers to
moles per thousand grams. As such, a conversion is required;
namely 50/1000. Hence, the molality is

%- moles

——y—— = 3.33m
1000 ¢

Recall that the amount of depression of the freezing
point is defined as M!f -(kf ni. kf is given for water as

- 1.86 deg mole™!. You calculated m. The temperature de-
pression is thus A'rf = k! xm==-1,86° x 3,33 m = - 6.2°,

» PROBLEM 238
S —

What is the freezing point of a solution of 92 g of alcohol
(C;HsOH) and 500 g of H207?

Solution: The freezing point is dependent on the number
of solute particles. One mole of a substance dissolved in
1000 g of water lowers the freezing point 1.86°. One uses
the following equation to find the freezing point depression:

freezing pt. depression = molality of solute x 1,86°.

Now, one must find the molality of the alcochol. The
molality is defined as the number of moles in 1000 g of
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H20. In this solution, there are 92 g of alcohol present.
The number of moles is found by dividing 92 g by the
molecular weight of the alcohol. MW of C:HsOH = 46.

no. of moles = 1227;05;31? = 2 moles

There are 2 moles in 500 g of water,

In ¥000 g of H:0, there would be twice this amount
or 4 moles. Therefore, the molality of the alcohol is 4 m.

One can now find the freezing point depression.

freezing pt. depression = molality x 1.B6°
= 4 x 1.86° = 7,44°,
The freezing point of H:0 is 0°C,

freezing pt of solution = freezing pt of H:0 -
freezing pt of depression

= 0° - 7.44° = - 7.44°,

* PROBLEM 239

Calculate the composition (molality) of an alcohol -
water mixture which will not freeze above a temperature

of - 10°C (+14°F). (MW of alcchol = 46; Freezing point
constant for water (K;) = 1.86°,)

Solution: For dilute solutions, the number of degrees
that the freezing point is lowered by adding a solute to
a solvent is equal to the molality of the solute times the
freezing point constant th} of the solvent.

freezing point depression = Molality x Kf

Because the solvent in this case is water, the l(r for

water is used in solving the above egquation. The freezing
point depression is found by subtracting the new freezing
point of the water from the original one. The original
freezing point of water is 0°C.

freezing pt. depression = 0 - (-~ 10) = 10°C,

Since the freezing point depression and the freezing
point constant are known, one can now solve for the molality.

freezim int depression
molality = g oc Ing point constant

molality = yiggs = 5.4 molal
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Molality is defined as the number of moles of solute
present per kilogram of solvent. Here, the solute is the
alcohol and the solvent is water. The number of grams of
the alechol present in 1000 g of water can be found by
multiplying the molality by the molecular weight of the
alcohol.

46 g/mole x 5.4 moles/kg of H:0 = 250 g/kg H:0
Therefore, if 250 g of this alcohcl are added to

1000 g of water, the freezing point of the water will be
lowered by 10°C.

® PROBLEM 240

The molal freezing point constant for a certain liquid is
0.500°C. 26.4 g of a solute dissolved in 250 g of this
liquid yields a solution which has a freezing point 0.125°
below that of the pure liquid. Calculate the molecular
weight of this solute.

Solution: A mole of a substance in 1000 g of H;0 gives

a definite and known lowering of the freezing point. By
determining the freezing point of a solution of known con-
centration, one can calculate the molecular weight of the
dissolved substance, A general formula may be developed
for this kind of calculation:

K

= grams solute _f
molecular weight m x &Tf

where K{ is the freezing point constant and an is change

in the freezing point. Here, 26.4 g of a solute is dissolved
in 250 g of liquid. One can find the number of grams of
solute using the following ratio: (Note: there are 1000 g

in 1 kg.) Let X = number of g of solute in 1000 g

26.4 gg= X ;

"'W = 105.6 g

One can now solve for the molecular weight.

molecular weight = lgiﬁg-i x g;%%%;g

= 4224 g
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® PROBLEM 241

Ligquid naphthalene normally freezes at 80.2°C, When 1 mole
of solute is dissolved in 1000 g of naphthalene, the
freezing point of the solution is 73.2°C. When 6.0 g of
sulfur is dissolved in 250 g of naphthalene, the freezing
point is 79.5°C. What is the molecular weight of sulfur?

Solution: In order to determine the molecular weight of
sulfur, we must determine how many moles of sulfur corre-
sponds to 6.0 g.

When 1 mole of solute is added to 1000 g of naphthalene,
the normal freezing point is lowered by 7°C, from 80.2°C to
73.2°C. This corresponds to a concentration of 1 molal
{1 mole solute/1000 g solvent = 1 molal). The ratio of
sul fur to naphthalene in the sulfur-naphthalene solution is
6.0 g sulfur/250 g naphthalene = 0.024. Thus, adding 6.0 g
of sulfur to 250 g of naphthalene is egquivalent to adding
24 g of sulfur to 1000 g of naphthalene (because 24 g
sulfur/1000 g naphthalene is also 0.024).

The observed freezing point depression in the sulfur-
naphthalene solution is 0.7°C (from B80.2°C to 79.5°C). This
is the freezing point depression one would obtain by adding
24 g of sulfur to 1000 g of naphthalene. But this is one-
tenth the lowering one would obtain by adding 1 mole of
sulfur (the lowering would then be 7.0°C), hence 24 g of
sulfur must correspond to one-tenth of a mole.

Thus, the apparent molecular weight of sulfur is

24 -
m 240 g/mle.

® PROBLEM 242

A chemist wishes to determine the molecular weight and
molecular formula of fructose (a sugar). He places

.946 g of it in 150 g of H:0 (water) and finds that the
freezing point of water is depressed to -0.0651°C, Determine
the molecular weight and formula of fructose, assuming that
the simplest formula of fructose is (CH:)O.

Solution: To answer this gquestion, you must know the
quantitative relationship for the depression of the
freezing point, AT,. This relation can be expressed as

ATf = k£ x m, where ATf = the actual depression, kf = molal

freezing point constant (-1.86 deg mol™! for water) and m =
molality of the solution. Molality is defined as moles of
solute per 1 kg of solvent.

In this problem, water is the solvent and the
fructose compound is the solute. As such, you can express
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the freezing point relationship as
grams solute
= molecular we t
an kf x T3 solvent x loo00, where

the numerator is the number of moles of solute, You possess
all of the unknowns, except the molecular weight, which can
be calculated. In other words, solve for the molecular weight
by substitution. Hence.

6 g__

L, 94
mol. wt.
-0.0651°C = - 1,.86°C/mole x 10 3

x 1000 g/kg

mol wt. = 180 g/mole.
To determine the molecular formula, you must figure
out what formula has a molecule weight of 180 g, and yet is
still a multiple of (CH:2)O.

Thus, one determines the weight of 1 (CH:)0 and
divides this into 180 g. (MW of (CH:)0 = 30.)

180 =
no. of (CH:)O in fructose = 33—E7T%E:T6 6 (CHz)0

Therefore, the formula for fructose is 6 x (CH:z)O
or CgHy20¢.

® PROBLEM 243

A chemist discovered a new compound and wished to determine
its molecular weight. He placed 2.00 grams of the unknown

compound in 10 grams of water and found that the normal
freezing point of the water was depressed to - 1.22°C. What
is the molecular weight of the new compound?

Solution: To answer this guestion, you must know the
quantitative relationship for the depression of the freezing
point, hTf. This relationship can be expressed as aT! = kfzm,

where an is the actual depression, kf = molal freezing

point constant (- 1.86 deg mole~! for water), m = molality
of the solution. Molality is defined as the number of moles
of solute per 1 kilogram of solvent. In this problem,water
is the solvent and the unknown compound is the solute. You
can express the freezing point relationship as

g.solute/mol.wt.
£ kf * *7g.solvent * 1000,

where the numerator is the number of moles of solute. You
have all of the unknowns, except the molecular weight.
Solving for the molecular weight of the unknown:

AT
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- 1.22° = - 1.86° x 2BOLWE: » 1900,

mol. wt. = 305 g/mole.

® PROBLEM 244

Calculate the approximate freezing point of a solution of
162 g of HBr in 500 g H20, assuming that the acid is 90%
icnized.

Solution: The freezing point of a solution is a
colligative property, which means that it depends upcn
the number of solute particles present in the solution.
The depression in the freezing point is related to the
number of particles by the eguation:

freezing pt. depression = Kf x molality of solute

where K. is the freezing point constant. The freezing point

constant is defined as the number of degrees the freezing
point is lowered when 1 mole of solute is added to 1 kg
of solvent. Kf for H:0 is 1.,86°, One now must determine

the molality of the solution. The molality of unionized
HBr is found by first determining the number of moles
present. (MW of HBr = 8l.) The number of moles present
equals the weight divided by the molecular weight.

no. of moles = %gzaaﬁara = 2 moles

One can now find the molality by dividing the number
of moles by the number of kilograms of solvent (1000 g =
1 kg)

2 moles

3 =4m

molality =

The molality of the unionized HBr is 4.0 m, but one
is given that the compound is 90% ionized. This means that
the total number of particles in the solution will increase.
One must therefore calculate the effective molality. HBr
ionizes as shown:

HBR ~ H* + Br~

One HBr forms, one H* and one Br~. Because the HBR
is 90% ionized, onli 10% of the original HBr is left and
.90 % molality of HY and Br~ ions are formed. The effective

molality of the solution is the sum of the concentrations
of the three components.

HBr 10 x 4m = 4 m
H* .90 x 4m = 3.6 m



Br~ 490 x 4m = 3.6 m
effective molality = 7.6 m

One can now find the amount that the freezing point
has lowered.

freezing pt. depression = Ke x eff, molality
freezing pt. depression = 1.86° x 7,36 = 13,7°

The freezing point of water is lowered by 13,7°. It
was originally 0°C, it is now - 13,7°C.

® PROBLEM 245

What percent of the AB particles are dissociated by
water if the freezing point of al 0100 m) AB solution is
~0.0193°C? The freezing point lowering constant of
water is - 1.86°C/mole.

Solution: To answer this question,you must determine
the number of particles dissociated and divide that
number by the initial number of particles available for
dissociation. To accomplish this, you must be able to
relate guantitatively the freezing point depression with
the concentration of particles in solution., From the
equation, be = kf m, where ATf = the depression of the

freezing point, kf = the freezing point depression constant,

and m = molality of the solution, one can determine the
concentration of the particles. From the data given, the
total concentration of particles,

m o= 2Tg _ - .0193°C _
-E; = 1.86°G4,

0104 m

With this in mind, let x be the concentration of AB
particles that dissociate. As such, you have x molal for
A* and x molal for B, since AB + A% + B~. You are told
that you start with a molal solution of,N100. Therefore,
the number of particles undissociated is .01 - x. As such,
the total concentration of particles is x + x + (,0100 - x),
which is equal to .0100 + x. Before, however, you said it
was .0104 m from the equation M.‘f - kf m. It follows then,

that you can equate the two. Thus, .0104 m = (,0100 + x)m,
Solving for x, you obtain, x = ,0004 m.

This number, x = .0004 m, represents the molal con-
centrations of each A* and B-. Therefore, it must be the
number of particles that dissociated. You started with
.0100 m concentration of particles, Therefore, the percent
that dissociated is

fg-%g-g-- .04 = 4%,



® PROBLEM 246

What is the approximate boiling point at standard pressure
of a solution prepared by dissolving 234 g of NaCl in
500 g of H:0?

Solution: The boiling point of a solution is a colligative
property. This means that it depends on the ratio of number
of solute particles to number of solvent particles or
molality. Molality is defined as the number of moles of
solute divided by the number of kilograms of solvent.

When water is the solvent the boiling point constant,
Kb' is 0.52%, This means that when one mole of solute is in

1 kg of H20 the boiling point of water is raised 0.52°,
boiling pt elevation = Rh x molality of solute

One can find the boiling point elevation once the
molality of the NaCl is found. To determine the molality
one must first determine the number of moles present. This
is done by dividing the number of grams present by the
molecular weight. (MW of NaCl = 58.,5.)

no. of moles = 3;;—% = 4.0 moles

There are 4.0 moles of WaCl in 500 g, or 0.5 kg, of
H20. The molality can now be found.

. moles of solute
molality = g of solvent
4.0 moles

- 3 =8.,0m

molality =

NaCl is an electrolyte which means that when it is
placed in H;O it dissociates into its ions,

Nacl % Na*t + c1”

This means that for every NaCl present, there are two
ions formed. There are thus twice as many moles of particles
as molecules of NaCl present. The effective molality is,
therefore, twice the true molality.

effective molality = 2 x 8.0 m = 16.0 m

One can now solve for the boiling point elevation.

boiling point elevation = 0.52° x 16,0 m = 8.32°

The boiling point of the water is raised 8.32°. It

was originally 100°C, therefore the new boiling point is
100°C + B8.32° = 108,.32°C,



e PROBLEM 247

Ethanol boils at 78.5°C. If 10 g of sucrose (C;;H;:0;;)
is dissolved in 150 g of ethanol, at what temperature
will the solution boil? Assume Rh = 1.20°C/M for the

alcohol.

Solution: When a non-volatile solute, such as sucrose,
15 szssolvod in a solvent, such as ethanol, it will raise
the boiling point of the solvent. The boiling point
elevation can be found by using the equation

nTb = Kbn.

where ﬁTb is the boiling point elevation, Kb is the

elevation constant, and n is the molality of the solution.
You want to determine nwh and are given Kb' Thus, you need

to determine the molality of the solution. Molality is
defined as the number of moles of solute per 1 kg of
solvent, i.e. moles solute/l kg solvent.

Solving for molarity of sucrose: (MW of Cy:H;,0;,, =
342.3).

grams solute
molecular wt. solute

- 10 - =2
347.3 g/mole 2.921 = 10 moles.

You have 150 g of solvent, ethanol. But molality is
per 1 kg, so that you must multiply 150 g by 1 kg/1000 g.

Moles of solute =

= .195 M

Molality = 202321 mole

kg

Thus, the elevation of the boiling point is

ATy = Kbn = (l.20°/M) (.195 M) = .23°C.

Thus, the boiling point of the solution is
78.5°C + .23°C = 78.73°C.

® PROBLEM 248

Give the approximate boiling points at sea level for the
following: (a) 2 molal HBr; (b) Suspension of 100 q of
powdered glass in one liter of water; (¢) 1.2 x 10°*
sucrose molecules/liter; (d) 0.5 molal BaCl;.
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Solution: The boiling point is a colligative property and,
erefore, depends upon the number of particles present in

1 kg of solvent, The boiling point constant for water is

0.52°C. This means that for each mole of particles dis-

solved in 1 kg of H:0 the boiling point will be elevated

by 0.52°C.

boiling pt. elevation = 0.52°C x molality of solute.

The molality is defined as the number of moles in one kg.
of solvent.

{(a} 2 molal HBr. HBr is a strong acid and will thus
ionize completely when diluted with H:0 to form H* and
Br~ ionmns.

HBrgZ——*H* + Br~

Therefore, 2 particles will be formed by each HBr that
ionizes. The effective molality of the solution is then
twice the molality of the HBr.

effective molality = 2 = 2 molal = 4 molal.
One can now find the boiling point elevation.
boiling pt. elevation = 0.52° x 4 molal = 2,1°

The normal boiling point of H;0 is 100°C the new
boiling point is 100° + 2,1° or 102.1°C.

(b} Suspension of 100 g of powdered glass. These
particles will not dissclve to their molecular components
in H;0, thus the boiling point of the water will not be
changed.

{c) 1.2 x 10?" sucrose molecules/liter. One liter
of H:0 weighs 1 kg, therefore, 1.2 x 10°* sucrose molecules
are dissolved in 1 kg of H;0. The number of moles present
is egual to the number of molecules present divided by
Avogadro's number, the number of particles in one mole.

1.2 x 10®" molecules

x molecules/mole 2 moles

no. of moles =

Hence, there are 2 moles of sucrose in 1 kg of water,
thus the solution is 2 molal, Sucrose does not ionize in
water, therefore, the true molality is equal to the effective
molality. Solving for the boiling point elevation:

boiling pt. elevation = 0.52° x 2 molal = 1.04°

The boiling point of this solution is 100° + 1,04°
or 101.04°,

{(d) 0.5 molal BaCl,. BaCl; is a strong electrolyte
and will completely ionize in H,0.

BaCl: &= Ba** + 2C1~



3 jons will be formed for each BaCl; present. The
effective molality will therefore be 3 times the molality
of unionized BaCl:.

effective molality = 3 x 0,5 molal = 1.5 molal

One can now solve for the boiling point elevation.

boiling pt. elevation = 1.5 molal x 0.52° = 0.78°

The boiling point of H,0, 100°, will be raised 0.78°
to be 100,78°C.

o PROBLEM 249

The normal boiling point of benzene is 80.10°C. When 1 mole
of a solute is dissolved in 1000 g of benzene, the boiling
point of the resulting solution is 82.73°C. When 1.2 g of
elemental sulfur is dissolved in 50 g of benzene, the
boiling point of the solution is 80.36°C. What is the
molecular weight of sulfur?

Solution: In order to determine the molecular weight of
sulfur, we must determine how many moles of sulfur corres-
pond to 1.2 g.

When 1 mole of solute is added to 1000 g of benzene,
the normal boiling point is raised by 2.63°C, from 80.10°C
to 82.73°C. This corresponds to a concentration of 1 molal
(1 mole solute/1000 g solvent = 1 molal). The ratio of
sulfur to benzene in the sulfur-benzene solution is
1.2 g sulfur/50 g benzene = 0.024. Thus, adding 1.2 g of
sulfur to 50 g of benzene is equivalent to adding 24 g of
sulfur to 1000 g of benzene (because 24 g sulfur/1000 g
benzene is also 0.024).

The observed boiling point elevation in the sulfur-
benzene solution is 0.26°C (from B0.10°C to BO.36°C).
This is the boiling point elevation one would obtain by
adding 24 g of sulfur to 1000 g of benzene. But this is
about one-tenth the rise one would obtain by adding 1 mole
of sulfur (the rise would then be 2.63°C), hence 24 g of
sulfur must correspond to about one-tenth of a mole.

Thus, the apparent molecular weight of sulfur is
24 -
D_.l_mgﬁ 240 g/mle .

® PROBLEM 250

It is known that at 4.6 mm Hg, the boiling point of water
is lowered to 0°C. But at 4.6 mm Hg, the freezing point
is still 0°C. Explain (a) why the freezing point was not
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the paradox of water freezing and boiling at the same

altered substantially by a change in pressure, and (b)
temperature.

Solution: To solve this problem, you want to consider what
would alter the temperature of any phase change and see if
the condition exists in this case. The temperature of any
phase transition is affected by pressure only because of
the accompanying volume change. Since the difference in
density between solid and liguid is usually small, as
compared to liquid and gas, a pressure change will not
alter to any significant degree the freezing point, since
the volume change will be small. Thus, the boiling point
was altered, but not the freezing point. The paradox of
both the boiling point and freezing point being at the
same point can be explained by a discussion of the triple
point. At this point, some molecules are going from liquid
to solid and others from solid to liquid, and similarly
for the gas-liguid and ligquid-solid transformations. An
equilibrium is established when an egqual number of
molecules are going each way in all three processes. Thus,
at the triple point, you have a set of conditions in which
all three states may exist in eguilibrium with each other.
The freezing and boiling points, when at the same tem-
perature, suggest such an equilibrium. Thus, the existence
of one temperature for both boiling and freezing point can
occur at a given pressure.

® PROBLEM 251

A G.T.0. has a 22 gal.cooling system. Suppose you fill it
with a 50-50 solution by volume of (CH,0H) 5, ethylene glycol,

and water. At what temperature would freezing become a
problem? Assume the specific gravity of ethylene glycol is
1.115 and the freezing point depression constant of water
ig 1.86 C°/mole.You might have placed in methanol

(CH30H) instead of (CHyOH) ,. If the current cost of
ethylene glycol is 12 cents/lb and the cost of methanol

is 8 cents/lb, how much money would you save by using
CH,OH? And yet, ethylene glycol is the more desirable
nnéitraeze. Why? density = .79 g/ml for CH30H and

3.785 liter= 1 gallon

Solution: To determine the freezing point of the water-

ethylene glycol solution, you employ the following equation
o1y = 1000g K¢ (N3)
u]_ (Ng + Nz}

where AT¢ is the change in the freezing point of the solvent,
water, K¢ the freezing point depression constant of the

solvent, M; is the molecular weight of the solvent, N} the
number of moles of solvent and N; the number of moles of solute.

You are given K¢ for water and the molecular weight



1.618= hence, you can solve for ATy after determining Nj
and N,.
2

You can calculate the number of moles of water and
of ethylene glycol present by using their densities and
volumes. Use the following steps:

1) Convert 22 gal (the volume of the tank) to liters.
volume = 22 gal x 3.785 £/gal = 83.3

2) You are told that the mixture is 50-50 by volume or
one half water and one half ethylene glycol. Hence there
are 83.3/2 £ or 41.68 £ of each.

3) Use the density of each compound to find the
number of grams of each present. (density of Hy0 = 1.0
and 1000 cm® = 1 &)

mass of H,0 = 1.0 g/cm3 x 1000 em3/4 x 41.68 £
= 41.68 x 103 g H,O
mass of (CH,OH), = 1.115 g/cm3 x 1000 cm’/f x 41.68 £
= 46.47 x 103 g of (CH,0R)

4) The number of moles of each is found by dividing
its mass by its molecular weight. (MW of H,0 = 18, MW of
(CHROH) 5 = 62).

3
moles of H,0 = 41.68 x 10 = 2.32 x 103 moles
2 18 g/mole

3
moles of (CH,0H), = ‘5';; ;:tgle = 7.50 x 102 moles

You can now solve for AT £ by substituting into the above
equation

AT, = 1000 g (1.86 °C/mole) (7.50 x J,:Em.;g!
£ " (18 g/mole) (2.32 x 103 + 7.50 x 102 moles)

6

1.40 x 10
= = 25- °
5.53 x 104 z ¢

The normal freezing point of water is 0°C, after
adding the ethylene glycol, the freezing point becomes
0°-25.2°C or -25.2°C.

Determine the amount of money it is possible to save
by using a methanol-water mixture by calculating how much
41.68 § (half of the volume of the tank) of methanol costs
and subtracting this value from the cost of 41.68 L of
ethylene glycol. To calculate the cost of each

1) 1 1b = 454 g. Since the costs are given in
cents/lb, determine the weight in pounds of 41.68 £ of
each. Earlier the weight of 41.68 { of ethylene glycol
was found to be 46.47 x 10°g. Converting this to pounds,



weight of (CH,OH), = 46.47 x 10%g x %E%EE' = 102.4 1b

weight of (CE30H) = density x volume
.79 g/ml x 103 m1/f x 41.68 £

= 33,07 x 103 g

Converting to pounds
i =33.07 x 103 g x 112 = 72.8 1b.
weight of C330H 33.07 x g 53 g

The cost of each is found by multiplying the price per pound
by the weight of each.

cost of (CH,0H), = 102.4 ib x $.12/1b = §12.29
cost of (CH,0H) = 72.8 1b x $.08/1b = $5.82

The difference in cost is $12,29 - 5.82 = $6.47. Hence,
you save $6.47 by using methanol.

You have found that a 50-50 mixture of water and
ethylene glycol protects the car to a temperature of -25.2°C.
The most desirable antifreeze will protect the car at the
lowest temperature, hence, to determine whether ehtylene
glycol is more desirable than methanol, calculate the
lowest temperature at which the car will be protected by
methanol. This is accomplished by using the above equation
for freezing point depression.

ATg = 1000 g (Kg) (Njp)
M) (N, + N;)
P:eviouslg, one has determined Kg, Ny and M) to be 1.86°C/mole,

2.32 x 10° moles and 18 g/mole, respectiwvely. Thus, to solve
for ATg determine N, first. As shown, the weight of the

methanol is 33.07 x 103 g. Find N, by dividing this weight
by the molecular weight of methanol, 32.

No. of moles of methanol (Ny} = EE;EE_E_EEEE
32 g/mole

= 1.03 x 103 moles.
Solving for ATg:

ar, = 1000 g (1.86 °c/mole) (1.03 x 103 moles)
(18 g/mole) (1.03 x 103 + 2.32 x 103 moles)

= 31.8°C.

The methanol will protect the car at temperatures as low as
0°C-31.8°C or -31.8°C. This is fine while the car is not
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in motion and is cold, but when the car is driven the engine
becomes wvery warm. Methanol has a boiling point of 60°C

and will evaporate while the engine is operating, whereas
the ethylene glycol has a much higher boiling point and

will not evaporate. Thus, if methanol is used as an anti-
freeze it will have to be replaced after each use of the

car while the ethylene glycol will last all winter. In the
end it is far more expensive and troublesome to use methanol.

RAOULT'S LAW AND VAPOR PRESSURE
* PROBLEM 252

You have two l-liter containers connected to each other by
a valve which is closed. In one container, you have liquid
water in equilibrium with water wvapor at 25°C. The other
container contains a vacuum. Suddenly, you open the valve.
Discuss the changes that take place, assuming temperature
is constant with regard to (a) the vapor pressure, (b} the
concentration of the water molecules in the vapor, (¢} the
number of molecules in the vapor state.

Solution: The vapor pressure is the pressure exerted by
the gas molecules when they are in eguilibrium with the
liquid. When the valve is opened some of the gas molecules
will move to the empty container. At this point the press-
ure will be less than the equilibrium pressure because the
concentration of the gas molecules will be lowered. Very
guickly, though, the equilibrium will be attained again by
the action of more liguid molecules vaporizing. Therefore,
the vapor pressure and the concentration of the gaseous
molecules of the system remains essentially unchanged.

Since the concentration of the gaseous molecules
remains unchanged when the volume of the system is doubled,
the number of molecules must also be doubled. This is true
because concentration is an expression of the number of
molecules per unit volume.

* PROBLEM 253

A chemist decides to find the vapor pressure of water by
the gas saturation method. 100 liters of Nz gas is passed

through 65.44 g of water. After passage of the gas
63.13 g remained.The temperature of the H,0 (water} is 25°C.

Find the vapor pressure of water at this temperature.

Solution:In the gas saturation method,a dry, unreactive gas
such as nitrogen or air is bubbled through a specific amount
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of liquid maintained at constant temperature. After the gas
has been bubbled away, the loss in weight of the ligquid is
determined. The weight loss is the number of grams of
liquid in the vapor state. There exists an equation that
relates the volume, pressure, weight loss, and molecular
weight of the liquid.

P= % RT, where P = vapor pressure, g = grams of

vapor, M = molecular weight of liquid, R = universal gas
constant (.0821 liter-atm vy = yolume, and T = temperature
mole °K

in Kelvin (Celsius plus 273°)

The pressure will be expressed in mm, so that you use
the conversion factor of 760 mm. g = 65.44 - 63.13 = 2.31

a
grams or the weight of the liguid in the vapor state.

The molecular weight of water = 18.02 g/mole. Thus,

P = §RT = (2.31 grams) (.0821 LALSE 3EW) (298°K) }‘iﬂﬁ'_l
(18.02 g/mole) (200 liters)

= 23.8 mm = vapor pressure of H,0.

e PROBLEM 254

When a swimmer leaves cold water on a warm, breezy day,
he experiences a cooling effect. Why?

Solution: The eguilibrium vapor pressure, is defined as
the pressure exerted by the gas of that substance in
equilibrium with the liquid state of the same substance.
When the swimmer leaves the cold water, he is, coated with
water. As the water evapgrates a layer of gaseous water
molecules form around the swimmer's body.

This vapor attains an equilibrium with the atmosphere
which hinders further vaporization of the water. However,
when the breeze comes, it blows away the vapor above the
water, and thereby keeps the partial pressure of the vapor
low above the skin. This, then, causes increased evapora-
tion so that the partial pressure can be reestablished.
This is true because the concentration and vapor pressure
of the gaseous water molecules must be below a certain
point for evaporation to occur. Once this pont has been
reached no more liquid molecules of water can go into the
gaseous state.

For the water to evaporate, it must go from a liquid
to a gaseous phase, a process which requires heat. The
water removes heat from the swimmer's body. Thus, the
swimmer feels a cooling effect.



¢ PROBLEM 255

The vapor pressures of pure benzene and toluene at 60°C are
385 and 139 Torr, respectively. Calculate (a) the partial
pressures of benzene and toluene, (b} the total wvapor
pressure of the solution, and (e¢) the mole fraction of
toluene in the vapor above a solution with 0.60 mole fraction
toluene.

Solution: The vapor pressure of benzene over solutions of

nzene and toluene is directly proportional to the mole
fraction of benzene in the solution. The vapor pressure
of pure benzene is the proportionality constant. This is
analogous to the vapor pressure of toluene. This is known
as Raoult's law. It may be written as

Py = X; P}
Py = XZ PE

where 1 and 2 refer to components 1 and 2, P, and Pz represent
the partial vapor pressure above the solution, Py° and P,°

are the vapor pressures of pure components, and and X

are their mole fractions. Solutions are called ideal if

they obey Raoult's law.

The mole fraction of a component in the wvapor is equal
to its pressure fraction in the vapor. The total wvapor
pressure is the sum of the vapor's component partial
pressures.

To solve this problem one must

1) calculate the partial pressures of benzene and toluene
using Raoult's law

2) find the total vapor pressure of the solution by adding
the partial pressures

3) find the mole fraction of toluene in the vapor.

One knows the mole fraction of toluene in the solution
is 0.60 and, thus, one alsoc knows the mole fraction of
benzene is (1-0.60) or 0.40. Using Raocult's law:

= 385 Torr = 1339

Plenzene P';oluene
= (0.40) (385 Torr) = 154.0 Torr

= (0.60) (139 Torr) = 83.4 Torr

a) Ppenzene

Peoluene
b) Piopay = 154.0 + 83.4 = 237.4 Torr
c) The mole fraction of toluene in the vapor =

“toluene « 553:4 = 0.351.
Ptoluene + Pbenzene *

xtaluena, vap =



& PROBLEM 256

At 90°C, benzene has a vapor pressure of 1022 Torr, and
toluene has a vapor pressure of 406 Torr. From this
information, calculate the composition of the benzene-
toluene solution that will boil at 1 atm pressure and
90°C, assuming that the solution is ideal.

Solution: A solution boils when the sum of the partial
pressures of the components becomes equal to the applied
pressure (i.e. total pressure). To solve this problem,
one must realize that the applied pressure is atmospheric
pressure, 760 Torr.

One can determine the partial pressure of benzene (P3)
and of toluene (P?) by using Raoult's law. Raocult's law
states that the pﬁrtial pressure p of a gas is equal to
its vapor pressure p° times its mole fraction X in the
solution.

P = p°X

Dalton's law of partial pressure states that the sum of
the partial pressures of a system is equal to the toal
pressure of the system. For this particular benzene-
toluene solution to boil the total pressure of the system
must equal atmospheric pressure 760 Torr. If one lets
the mole fraction of benzene equal + then the mole
fraction toluene is equal to 1 - X_." One determines the
partial pressures by substituting $nto Raocult's law

Py = P; (xg)
Pb = Pl; [l-xal.
Then, substituting into Dalton's law:
760 Torr = Py + Pb
760 Torr = 1022 xa + 406 tl—xa)

= 1022 X, + 406 - 406 X,
Xy = 0.574

The mole fraction of benzene in the liquid is 0.574
and the mole fraction of toluene is (1-0.574 )=0.426.

® PROBLEM 257

A chemist dissolves 300 g of urea in 1000 g of water. Urea
is NHZCOHHZ. Assuming the solution obeys Raoult's law,
determine the following: a) The vapor pressure or ghe
solvent at 0° and 100°C and b) The boiling and freezing
point of the solution. The vapor pressure of pure water is
4.6 mm and 760 mm at 0°C and 100°C, respectively and the
Ke = 1.86 C /mole and Ky = <52 C /mole.




Solution: To solve (a), you must employ Racult's law,
which states Pnzo - P.Ezo "nzo. where Pnzo = the partial
pressure of water (the solvent), P;zo = the vapor pressure of

water when pure, and X, ., is the mole fraction of H,0 in the
solution. The mole fration is equal to ° .
Ngolute * ano
where ano = moles of H;0, and Ng,),te = moles of solute.
You are told the P'Hzo for H,0 at the temperatures in

question. Thus, to find the vapor pressures of the solution,
you must calculate xﬂzo and substitute into Raocult's law.

To calculate the concentration of urea, remember moles =

rams
#oTecular welght" Since you have 300 grams of urea and the

molecular weight of urea ia 60.06 g, you have 3%2%6 or
4.995 moles of urea. Similarly, for water (MW=1B8), you have

n—/ﬁ—l—m“g 1o = 55.55 moles of water. Thus, the mole fraction

of water = 55;55 = .917. Therefore, at 0°,

- . ’ - ) = L]
(’s,o P n;oxazn (4.6 mm) (.917) = 4.2 m)n 760°,

("nzo =F"1,0%,0 = (760) (.917) = 697 m.)T0 solve (b), you use the
equations M.'f = Kf" where AT = freezing point depression,

Ky = molal freezing pt. depression constant, and m = molality

and AT, = Kbl. where 4Ty = boiling point elevation, K, = molal

boiling point depression constant. If you find ATg, you can

calculate the freezing point, since the normal freezing point
is decreased by this amount to give you the new freezing
point. Boiling point works in the same way, except that you
add to the normal boiling point. To calcu!ate M‘t and ATy,
you must know molality. Molality = moles soclute per

1 kilogram solvent. You have 4.995 moles of urea and

1000 g of water or solvent, so that 4:995 m0les 5y,
solution, 1 kg

Thus, ATg = (1.86)(5) = 9.3°C and eﬂ‘B = (.52)(5) = 2,6°C.

Therefore, the freezing point is now 0.0°C - 9.3°C =+9.3°C
and the boiling point is = 100°C + 2.6°C = 102.6°C.

® PROBLEM 258

A solution of 20.0 g of a non-volatile solute in 100 g of
benzene at 30°C has a vapor pressure 13.4 torr lower than
the vapor pressure of pure benzene. What is the mole



fraction of solute? Vapor pressure of benzene at 30°C =
121.8 torr.

Solution: At constant temperature, the lowering of the
vapor pressure by a non-volatile solute is proportional to
the concentration of the solute in the solution (the mole
fraction). This is called Racult's Law. The mole fraction
of a solute is defined as the number of moles of solute
divided by the sum of the number of moles of solute and

of solvent.

moles solute

mole fractiom of solute = moles solute + moles solvent

Raoult's Law is used to solve this problem. It can
be stated:

P = P'X,,
where P° is the vapor pressure of the pure solvent, P is
the vapor pressure of the solution, and X; is the mole
fraction of the solute.
Using Raoult's Law for this solution:
13.4 torr = (121.8 torr) (Xj;)
0.111 = X;

The mole fraction of the solute is 0.111.

The vapor pressure of benzene at 75°C is 640 torr. A
solution of 3.68 g of a solute in 53.0 g benzene has a
vapor pressure of 615 torr. Calculate the molecular weight
of the solute, (MW of benzene = 78,0,)

Solution: At constant temperature, the lowering of the
vapor pressure by a non-volatile solute is proportional to
the concentration of the solute in the solution,
Hence, p* - p = P'X;,
where P® is the original pressure, P is the final pressure
and X; is the mole fraction of the solute, Here, one solves
for the mole fraction of the solute, and from that, one can
determine the molecular weight.
¥X: = mole fraction
P* - P = PUX, P! = 640 torr

P = 615 torr



640 torr - 615 torr = (640 torr).X:
25 torr = (640 torr)- X:

25 torr =x
torr 2

mole fraction = ,039
Mole fraction is defined as the number of moles of
each component divided by the sum of the number of moles
in the solution.
mole fraction of solute =

_ no. of moles of solute
~ no. of moles of solute + no. of moles of benzene

To find the number of moles of solute, one must first
know the number of moles of benzene present. This is found
by dividing the number of grams of benzene by the molecular
weight of benzene. (MW = 78,)

no. of moles of benzene = 924—%%—55555

53.0
no. of moles = m = ,679 moles

One can now solve for the number of moles of solute.
Let X = moles of solute

mole fraction _ moles solyte
of solute moles benzene + moles solute

039 = Ty

.039 (.679 + X) = X
265 + .039X = X
.265 = ,961 X
.275 = X
Thus there are .275 moles of solute present. One is
told that there are 3.68 g of this solute, therefore, there
are .275 moles in 3,68 g. The molecular weight is found by
dividing 3.68 g by 0.275 moles,

molecular weight = %;335%312 133.8 g/mole.

® PROBLEM 260

Water at 30°C has a vapor pressure of 31.82 mm Hg. When
25.0 g of ethylene glycol is added to 1000 g of water, the
vapor pressure is lowered to 31.59 mm Hg. Determine the

molecular weight of ethylene glycol.
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Solution: This problem is an application of Racult's law.

Let p’ denote the vapor pressure of pure water, P
the vapor pressure of the ethylene glycol - water solution,
n, the number of moles of water in the solution, and n,

the number of moles of ethylene glycol. Then from Raocult's
law,

n
W

L]
P=pP — .
ne+nw

Multiplying by minus one and adding p° to both sides of
this equation gives

n
a
or, p* - p=p° —
ne nw

Since the number of moles is egual to the number of
grams divided by the molecular weight, this equation becomes
9./M,

p'-p‘p‘—w—gy—.
ge e+ MH'

where 9 denotes the number of grams of ethylene glycol, 9y
the number of grams of water, M, the molecular weight of
ethylene glycol (which we are trying to determine), and M,
the molecular weight of water.

For this problem, p* = 31.82 mm, p = 31.59 mm, g, =

25.0 g, 9, = 1000 g, and the molecular weight of water, HH =
18. Substituting into the last equation, we obtain

25.0 g/“e

31.82 mm - 31.59 mm = 31.82 mm ‘m '

25.0 g;"!'ls
or, 0.23 mm = 31.82 mm m .



Solving for He'
0.23 mm {1000 25.0 25.0
382 mm __TU_E + __ﬁ;"g) = '_ﬂ:_s’

0.23 mm 1000 g _ 25.0 g _ _0.23 mm . 25.0 g

x
31.82 mm 18 He . mm He

_ 1 _ 0.23 mm
M x 209 [1 m)

or, M = 5 X Touog * 509 82 m

Thus, the molecular weight of ethylene glycol is 62.

31.82 mm [1 _ _0.23 mm) - 62.

CLAUSIUS-CLAPEYRON EQUATION OF VAPORIZATION
® PROBLEM 261

If the vapor pressure of ethyl alcohol, C,Hs;OH, is
0.132 atm at 34.9°C, and 0.526 atm at 63.5°C what do you
predict it will be at 19.0°C?

Solution: Equilibrium vapor pressure is the pressure
exerted by a vapor when the vapor is in equilibrium with
its liquid. The magnitude of the equilibrium vapor pressure
depends (1) on the nature of the ligquid and (2) on its
temperature. The vapor pressure is related to temperature
by the following egquation

- AH

logp = 9157 + C
where p is the vapor pressure, T is the absolute temperature,
4H is the heat required to transform one mole of liquid to
the ideal gas state, and C is a constant dependent on the
liguid and units used for expressing pressure. One is giwven
p and T for two trials, thus AH for ethyl alcchol can be
found.
For p = 0.132 atm

T = 34.9°C + 273 = 307.9°K

*) log 0.132 = yyrys307.9%00 * ©
For p = 0.526 atm
T = 63.5°C + 273 = 336.5°K



- AH
b) log 0.526 atm = IETIE—TssgtguiT +C

One can solve for AH by subtracting equation a from
equation b,

log 0.526 = - AH/19.15(336.5°K) + C
= [log 0.132 = - 4H/19.15(307.9°K) + c]
log 0.526-log 0.132 = ~4H/19.15(336.5°K)+AH/19.15(307.9°K)

= .279 - (- .879) = - AH/6444 + AH/5896
(6444)(5896) (.60) = (- AH/6444 + AH/5896) (6444) (5896)

2.28 x 107 = - 5896AH + 64444H

2.28 x 107 = 548aH

T
2.28 x 10 = AH

4.16 x 10" J/mole = AH

After solving for AH one can find the vapor pressure
at 19.0°C by a similar method.

For p=0.132 atm
T = 34.9°C + 273 = 307.9°K
4H = 4.16 x 10" J/mole

c) log 0.132 = Zyg18. X 10 J/mole ,
log 0.132 = - 7.055 + ¢

For p=7
T = 19.0°C + 273 = 292°K
8H = 4.16 x 10° J/mole

- L]
a) log p = TI%?%%T??%%FR%ZEEEE +C==7.439 + C

Subtracting equation ¢ from equation d:
log p = - 7.439 + C
~ [log 0.132 = - 7.055 + C]

log p - log 0.132 = - 384
log p =~ ,384 + leg 0.132
log p =~ .384 + (- .879)



logp=~- 1.263
p = .0545 atm.

® PROBLEM 262

If the vapor pressure of methyl alcohol, CH;0H, is
0.0526 atm at 5.0°C and 0.132 atm at 21.2°C, what do you
predict the normal boiling point will be?

Solution: The normal boiling point of a liquid is the
temperature at which the vapor pressure of the liquid is
egual to the prevailing atmospheric pressure. Atmospheric
pressure is defined as 1 atm. The pressure is related to
the temperature by the equation

In p="ggE+cC
where p is the vapor pressure, AH is the heat regquired to
transform one mole of ligquid to the ideal-gas state; R is
the gas constant, 8.314 J/mole °K; T is the absolute tem-
perature; and C is a constant dependent on the liquid. One
can solve for AH by using the values obtained for p at
5°C and 21.2°C.
For p = 0.0526 atm

T = 5.0°C + 273 = 278°K

R = B.314 J/mole °K

- AH
1n (0.0526) = =377 F/moTe *BI (278K * ©
a) ~ 2,945 = - AH/2,311 x 10° J/mole + C

For p = 0.132 atm
T = 21.2°C + 273 = 294.2°K
R = B.314 J/mole °K

- AH

7314 3/mole °K T v C

1n (0.132) =

b) - 2,025 = - AH/2.446 x 10" J/mole + C

One can solve for AH by subtracting equation a from
equation b.

- 2,025 = - AH/2.446 x 10° J/mole + C
= [-2.945 = - #H/2.311 x 10° J/mole + C]

.920 = - AH/2.446x10" J/mole +AH/2.311x10° J/mole



(2.446x10° J/mole) (2.311x10° J/mole) (.920) =
(-AH/2446x10° J/mole+AH/2.311x10% J/mole) (2.446x10° J/mole)
%(2,311x10% J/mole)
5.200 x 10° J¥*/mole? = -(2.311 x 10° J/mole) sH
+(2.446 x 10’ 3/mole) pH
5.200 x 10° J¥*/mole? =( 135 x 10° J/mole) AH

5.200 x 10° J'/mole? _ ..
135 x 107 J/mole

3.85 x 10* J/mole = AH

Using a similar method the normal boiling point can
be found now that one knows AH.

For p = 0.0526 atm
T = 5.0°C + 273 = 278°K
R = B.314 J/mole °K

AH = 3.85 x 10* J/mole

- .= 3.85 x 10* J/mole
In 0.0526 = (5315 3 msTa oK T376°RT * ©

<) - 2.945 = - 16,657 + C
For p=1.0 atm
T=?

R = B.314 J/mole °K

AH = 3.85 x 10" J/mole

- [
1n 1.0 = ?.85 X :g J‘mole +C

_ 4.63 x 10*°K
T

d) 0= +C

Subtracting equation d from equation ¢ one can obtain T.
~ 2.945 = - 16.657 + C

4.63 x 10°°K

—g—

- |0 ==

+ ]

3
- 2.945 = - 16.657 + !;EW

1 &
13.712 = 4:63 x 107 >k
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3
_ 4.63 x 10* °K

T = 337.7°K

Boiling peint in °C = 337.7°K - 273 = 64.7°C.

e PROBLEM 263

Find the va?or pressure of CCl. (carbon tetrachloride) at
3g°c, if H' = 32,000 J/mole and at 23°C, the vapor pressure
is .132 atm.

Solution: To solve this problem, employ the Clausius-
Clapeyron equationi which permits evaluation of vapor press-
ure in terms of AH' (the heat required to transform one mole
of liguid to the ideal-gas state), the original vapor press-
ure and the two temperatures. The egquation states:

an' 1 1
log BL = yifry [ - o

where p; and p: are vapor pressures and T, and T; are the
temperatures in Kelvin, Let p: be the vapor pressure of
CCls at 38°C., Substitute the known values for solution,

log ;%%3 - 325?00 [!%I - 2&3]-

Solve for p:, to cbtain p: = ,250 atm.

o PROBLEM 264

Two substances A and B have the same 0.l132-atm vapor press-
ure at 15°C, but A has a heat of vaporization of 25,000

J/mole, whereas B, 35,000 J/mole. What will be the respective

normal boiling points?

Solution: The vapor pressure, heat of vaporization and
solute temperature are related in the Clausius-Clapeyron
equation. This equation is written:
AH [ 1 1
in E& i [?? T
where p; is the initial pressure, p: is the final pressure,
AH is the heat of vaporization when T; is the boiling point,
R is the gas constant, 8.314 J/mole °K, T; is the initial
temperature and T; is the final temperature. To solve for
the boiling point of A, note that at the boiling point of
a liquid the vapor pressure is equal to the atmospheric
pressure. Atmospheric pressure is 1 atm.

pt = 0.132 atm Ty = 15°C + 273 = 288°K

p2 = 1 atm T, =2
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AH = 25,000 J/mole R = 8,314 J/mole °K

1n 2:132 _ 255000 J/mole [ 1__1
nTT . J/mole T K

- 2.025 = 3,00 x 10* °K (1/T, - 3.47 x 10~3/9K)
- 6.75 x 107%/°K = 1/T - 3.47 x 10~3/°K
2.795 x 10™%/°K = 1/T

357.78 = T
The boiling point of A in °C is

357.78 - 273 = B4.78°C

Solving for the boiling point of B:

p1 = 0.132 atm T; = 15°C + 273 = 288°K
pz = 1.0 atm Ty = ?

AH = 35,000 J/mole

R = 8.314 J/mole °K

in 0.132 _ 355000 J/mole A 1
1.0 v mole "K |T: Z88°K
- 2,025 = 4.21 x 10 °K (1/T, - 3.47 x 10~?/°K)
- 4.81 x 10"/°K = 1/T2 - 3.47 x 10™¥/°K
2.989 x 107%/°K = 1/T;
334.56°K = T:
The boiling point of B is equal to 334.56°K or
334.56 - 273 = 61.56°C.

® PROBLEM 265

At a 4000-m altitude the atmospheric pressure is about
0.605 atm. What boiling point would you expect for water
under these conditions?

Solution: The pressure and temperature of a liquid that
vaporizes are related in the Clausius-Clapeyron equation.
This equation is

1n ;£ =4 (1 - 1
2 R\T; T

where P; is the initial pressure, P, is the final pressure,

AH is the heat of vaporization, R is the gas constant,
8.314 J/mole °K, T, is the boiling point at P, and T is the
boiling point at P]. The heat of varpor:l.zntian of H30 is

U4



40,600 J/mole. One can assume for purposes of calculation
that P1 is 1 atm. The boiling point of Hy0 at 1 atm is

373°K. Solving for the boiling point at 0.605 atm:
P; = 1 atm Ty = 373°K
P, = 0.605 atm T, =2
4H = 40,600 J/mole
R = 8.314 J/mole °K

1 40,600 J/mole 1 - 1
In 57605 = =
. 8.3143/mole °k \Tz 373°K

.5025 = 4.88 x 107 °K (1/T, - 2.681 x 1073/°K)
1.0297 x 107%/°k = 1/T, - 2.681 x 1073/°K
2.784 x 1073/°k = /T,

359.20°K= T,

The boiling point in °C is 359.20°K-273 or 86.2°C.

* PROBLEM 266

Liquid nitrogen is an excellent bath for keeping
temperatures around 77°K, its normal boiling point. What
pressure would you need to maintain over the liquid nitrogen
if you wanted to set the bath temperature at 85°K? Heat

of vaporization is about 5560 J/mole.

| .

Solution: One uses the Clausius-Clapeyron equation to
solve for the final pressure. This equation is written

P
1 -
1n =A8f 1 A
72 E_(TZ Tl)

where Pl is the initial pressure, PE is the final pressure
i

at B5°K, AH is the heat of vaporization, R is the gas
constant, 8.314 J/mole-°K, T, is the initial temperature

and T, is the final temperature. The pressure of a liquid
at its boiling point is egual to the atmospheric pressure,
which is 1 atm. Solving for the final pressure:

Pl =1 atm T = 77°K
Py, =7 Ty = 85°K
AH = 5560 J/mole

R = B.314 J/mole °K
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1n L - 5560 J/mole ( 1 - )
P2  8.314 J/mole °K | 85°K 77°K

-lnP, = 6.687 x 102°K (1.176 x 10™2°K - 1.298 x 10~2°K)
-1nP, = 6.687 x 102eK (-1.22 x 10~3/°K)

-1nP, =-8.1581 x 10-1

2
Py = 2.26 atm.

® PROBLEM 267

A

If the AH' of water is 40,600 J/mole at 100°C, what is
the boiling point of water at a pressure of .750 atm.

Solution: The boiling point is defined as the temperature
at which the vapor pressure of a liquid equals that of the
surrounding atmosphere. The normal or standard boiling point
is that temperature where the vapor pressure of a gas e-
guals one atmosphere. For water, this is 100°C.

In this problem, therefore, you have two pressures
for water, one temperature, and AH', which equals the heat
reguired to transform one mole of liquid to the ideal-gas
state. These parameters are used to solve for the non-
standard boiling point in the Clausius-Clapeyron equation,
which states

By 4H_ 11 _ 1
log oy " 19,15 (T, " T)

where p; and p; are vapor pressures and T, and T: are

their respective temperatures in degrees Kelvin. If you

let T; be the boiling point of water at .750 atm, sub-

stituting into the equation:

log f.oo - 4ofsao [ﬁ% - 1%1}

Solving for Tz, you obtain 365°K or 92°C, which is
the boiling point of water at .750 atm.

* PROBLEM 268
I
If the vapor pressure of CCl. (carbon tetrachloride) is
.132 atm at 23°C and .526 atm at 58°C, what is the AH' in
this temperature range?

Solution: Molecules in a vapor exert a pressure that is
characteristic of its liquid state. The pressure exerted
by this vapor, when in equilibrium with the liquid, is
called the equilibrium vapor pressure. The equilibrium
vapor pressure can be expressed quantitatively as
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log p = 75y *C
where p = vapor pressure, T = temperature in degrees
Kelvin, AH' = heat reguired to transform one mole of
liguid to the ideal-gas state, and C = a constant that is
characteristic of the liguid. C can be eliminated from
the expression by denoting that at two temperature ranges,
T, and T;, you have:

- AH' ARH'
log py - 109 P2 * 137157, * I5.15 75 or

B1 . _AH! [_1__1]
log 5y " 19.15 |T; ~ T
In this problem, you are asked to find AH'.
Let p; = .132 atm at T; = 296°K and p; = .526 atm
at T; = 331°K, then substitute these values in the above
equation. Therefore,

log +132 . AR 11
9 7526 T 19.15 |331 ~ 296

Solving for &4H', you obtain
AH' = 32,000 J/mole.

OSMOTIC PRESSURE
o PROBLEM 269

A sugar solution was prepared by dissolving 9.0 g of sugar
in 500 g of water. At 27°9C, the osmotic pressure was measured
as 2.46 atm. Determine the molecular weight of the sugar.

Solution: The molecular weight of the sugar is found by
ete ning the concentration, C, of sugar from the e-
quation for osmotic pressure,

T = CRT,
where 7 is the osmotic pressure, R = universal gas constant
= 0.08206 liter-atm/mole- " , and T is the absolute tem-
perature.

The osmotic pressure is measured as 7 = 2,46 atm
and the absolute temperature is T = 27°C + 273 = 3009K,
hence

T = CRT,
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2,46 atm = C x 0.08206 liter-atm/mole~ X x 300°K,

- 2.46 atm
or C = §T0820¢ Iiter-atm/mole =K » JOU°K

= 0.10 mole/liter.

If we assume that the volume occupied by the sugar
molecules in so small a concentration can be neglected,
then in 1 liter of solution there is approximately 1 liter
of water, or 1000 g of water, and

C = 0.10 mole/1000 g.

Therefore, there is 0.10 mole of sugar dissolved in 1000 g
of water.

9.0 g of sugar dissolved in 500 g of water is equi-
valent to 18.0 g of sugar dissolved in 1000 g of water
(9.0 g/500 g = 18.0 g/1000 g). But since C = 0.10 mole/1000 g,
the 18.0 g of sugar must correspond to 0.10 mole of sugar.
Therefore, the molecular weight of the sugar is

18 g/0.1 mole = 180 g/mole.

& PROBLEM 270

A chemist dissolves 10 g of an unknown protein in a liter of
water at 25°C. The osmotic pressure is found to be 9.25 mmHg.
What is the protein's molecular weight. Based upon the number
of moles in 10 g of protein, what would the freezing point
depression and boiling point elevation be? Assume R =
Universal Gas Constant = ,0821 liter-atm/mole®K, k., =

f
1.86°C/m, and kb = .52°C/m.
_

Solution: The osmotic pressure (w) can be related to the
molar concentration (C), Universal Gas Constant (R) and te-
perature (T) in degrees Kelvin of a solution wia the formula
7 = CRT. After solving for C one can determine the molecular
weight of the protein .Recall, C = moles/liter = N/V, where
N = moles and V = volume in liters. Hence, n = N/V RT. But

N = moles = No. of grams/molecular wt = g/M.W. Rewriting,

1-@ RT or H.H.-%.

Substituting for the known values,

10 (.0821) {298°K) ,, 760 mm _
M = X g = 20,200 e

Note, you assumed a volume of 1 liter and multiplied by the
conversion factor 760 mm/atm, since R is in atm. and = in
mmHg. Now that you know that the molecular weight is 20,100,
the number of moles in the 10 g of protein is 10/20,100 =
4.98 x 10" moles. To find the freezing point depression,
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M'f, and boiling point elevation, AT, , you must find the
molality, since ""‘Tb = kbm and n'rf = kfm, where kf = molal
freezing point depression constant, kb = molal boiling point

elevation constant and m = molality. Molality = moles of
solute per 1 kg solvent. Thus, molality = ,000498 mole/l kg,
since in 1 liter of water you have 1000 ml, which weighs

1 kg. Therefore,

AT, = (1.86°C)(.000498) = 9.3 x 107* % and

a1, = .52°C(.000498) = 2.59 x 10" °c,

SURFACE TENSION

® PROBLEM 271
—
What would_be the surface tension of a liquid (density
0.876 g/cn3) which rises 2.0 cm in a capillary where water
at 20°C rises 4.5 cm?

Solution: Surface tension refers specifically to the
orce within a liguid that acts parallel to the surface
and tends to stretch the surface out. The eguation that

relates surface tension to the density of a liguid is

T= 172 rheg

where ¥ is the surface tension, r is the radius of the
tube, h is the height the liquid rises, £ is the density
of the ligquid and g is the downward acceleration of gravity.
This eguation can be rewritten

27

rg =

hp

Because r and g are constant for a given capillary tube

29 Hy0 27 5

PH 0 Pry0  Plig Flig
One can find 7 Ho0 and fﬂzo from standard tables.

’ano = 72.62 dyn/cm, Fﬂz‘:’ =1 g/cm3.

Solving for 1ig?

2 (72.62 dyn/cg%‘ _ 2744
(4.5 cm) (1 g/cm (2.0 cm) (0.876 g/cm)
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T1iq = 2(72.62 %n/ml (2.0_cm) (0.876 g/cm’)

cm g/cm?)

T1ig = 28.27 dyn/cm

® PROBLEM 272

Given that the surface tension of water is 72.62 dyn/cm
at 20°C, how high should water rise in a capillary that
is 1.0 mm in diameter?

Solution: The surface tension is related to the radius of
the capillary tube by the eguation:

¥ = % rhpg

where y is the surface tension, r is the radius of the
capillary tube, h is the height the water rises, p is the
density and g is the downward force of gravity. The density
of H;0 is 1 g/cm?, the force of gravity is 980 cm/s® and
the surface tension is given as 72.62 dyn/cm. The radius is
found by dividing the diameter of the tube by 2. (1 mm =
10! em). Seolving for h:

dyn _
72.62 L2 = 72.62 EgET

72.62 g/sec? = %(10=! /2 cm) (h) (1 g/cm?) (980 cm/sec?)

72.62 g/sec?® (2)(2)
{10=! cm) (1 g/cm?) (980 cm/sec?)

h =

h = 2,96 cm.
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CHAPTER 8

SOLUTION CHEMISTRY

Basic Attacks and Strategies for Solving Problems
in this Chapter. See pages 251 to 275 for step-by-
step solutions to problems.

Itis important to understand the different ways in which the concentration
of a solvent in a solution can be expressed. The different expressions of
concentrations used in this chapter follow.

a) Formality: the ber of gram fi la weights per liter of solution
(abbreviated F)

b) Molarity:  the number of gram molecular weights per liter of solu-
tion (abbreviated M)

c) Normality: the number of gram equivalent weights per liter of solu-
tion (abbreviated N)

On occasion, each of these measures may be referred to as 1000 g of
solvent rather than one liter of solution. They are then called weight-
formality, weight-molarity, and weight-normality respectively. The weight-
molarity is the only one of the three in common usage and is also called
molality. Therefore, a fourth definition should be added to the list.

d) Molality:  the number of gram molecular weights per 1000 g of
solvent (abbreviated m)

The differences in (a), (b), and (c) are sufficiently subtle to justify
additional explanation, The “formula weight” may differ from the “molecular
weight™ if hydration is present in the solute but, of course, loses its identity
when dissolved in an aqueous solution. For example, the formula weight of
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Mg(NO,),+6H,0is 256.43 but, in an aqueous solution, the water of hydration
loses its identity and only magnesium (Mg*’) and nitrate (NO,") ions can be
traced to the solute. Formula weights and molecular weights also differ for
complicated molecules, such as polymers, where the formula is known but the
number of monomer units in an individual molecule, and hence the size of the
molecule, are uncertain.

Normality is related to the reactivity of a species. In the example given
above, if 76.9 g of Mg(NO,), - 6H,0 is dissolved in water to form one liter of
solution, the formality and molarity are both 0.3 (76.9/256.43). The salt
completely ionizes to form magnesium (Mg*) ions and nitrate (NO,) ions.
The concentration of magnesium ions (Mg*?) is 0.3M, and of nitrate ions
(NO,) is 0.6M. However, the normality of both the magnesium ions (Mg*?)
and the nitrate ions (NO,)" is 0.6N. For magnesium, the normality is twice the
molarity because each jon has a charge of +2. While it is generally true,
for ions, that the normality is equal to the molarity times the charge on the
ion, it is important to examine the reaction context before specifying the
normality.

In calculating the volumes of solutions required to mix a new solution of
intermediate concentration or to neutralize species from separate solutions, it
is important to calculate the amount (i.c., moles) of solute in cach solution. In
the problems in this text, non-ideal volume effects are, in general, neglected,
and you may assume the volumes are additive. The procedure is best
illustrated by an example.

Determine the volume of 0.1IN H,SO, and 0.1M H,S0, needed to neu-
tralize 100 ml of 0.5M NaOH. It is important to understand the meaning of
molarity and normality.

In 100 ml of 0.5M NaOH, there exists 0.05 moles of OH" ions. Therefore,
0.05 moles of H* ions will be required for neutralization. In0.1M H,SO,, there
are 0.2 moles of H per liter available for reaction, while in 0.1 N H,SO,, there
are only 0.1 moles of H* per liter available for reaction. For the 0.1N solution,
500 ml (0.5 liters) will contain 0.05 moles of H*, while for the 0.1M (0.2N)
solution, 250 m1 (0.25 liters) will contain the required 0.05 moles of H*.
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Step-by-Step Solutions to
Problems in this Chapter,
“Solution Chemistry”

DENSITY AND FORMALITY

* PROBLEM 273

In over 90% of cases, the concentration of ethanol
(C:HsOH, density = 0.80 g/ml) in blood necessary to
produce intoxication is 0,0030 g/ml. A concentration

of 0.0070 g/ml is fatal. What volume of B0 proof (40%
ethanol by volume) Scotch whiskey must an intoxicated
person consume before the concentration of ethanol in his
blood reaches a fatal level? Assume that all the alcohol
goes directly to the blood and that the blood volume of

a person is 7.0 liters.

Solution: The difference between a fatal concentration
of ethanol and an intoxicating concentration of ethanol
is 0.0070 g/ml - 0.0030 g/ml = 0.0040 g/ml. We must
determine the total volume of ethanol in the blood which
corresponds to a concentration of 0.0040 g/ml and then
calculate the volume of Scotch whiskey which will provide
this concentration.

The total mass of ethanol in blood needed to raise
the concentration from an intoxicating to a fatal level is
equal to concentration of ethanol x volume of blood =
0.0040 g/ml = 7 liters = 0.0040 g/ml x 7000 ml = 28 g of
ethanol. Dividing this mass by the density, we obtain the
corresponding volume of ethanol, or 28 g/0.80 g/ml = 35 ml
of ethanol.

The amount of Scotch whiskey that must be consumed
must provide 35 ml of ethanol. But the Scotch whiskey is

only 40% ethanol, or 0.40 ml ethanol/ml Scotch. Let v
denote the volume of Scotch in ml. Then

ratio of
ethanol to Scotch x volume of Scotch = volume of ethanol

251



0.40 ml ethanol/ml Scotch x v ml Scotch = 35 ml ethanol

35 ml ethanol
Of, V = 530 mI ethanol/ml Scotch °¢ M1 Scotch.

Thus, under our assumptions, an intoxicated person
must drink 88 ml of 80 proof Scotch whiskey (about 3
ounces) before ethanol reaches a fatal level in his blood.

* PROBLEM 274

I
What are the mole fractions of solute and soclvent in a
solution prepared by dissolving 98 g H:S50(M.W. 98) in
162 g H:0 (M.W. 18)7?

Solution: The mole fraction of solute is defined as the
moles of solute divided by the sum of the number of moles
of the solute and the number of moles of the solvent,

. moles of solute
Mole fraction of solute = moles of solute+moles of solvent

The mole fraction of the soclvent is defined similarly,

moles of solvent
Mole fraction of solvent = oy o tetmoles of SOLvERt

Here, the solute is H;S0, and the solvent is H:0. One
is given the amount of H:50. and H:0 in grams. Therefore,
these quantities must be converted to moles. This can be
done by dividing the number of grams available by the
molecular weight.

No. of moles = w

No. of moles of HiSO. = 9‘5%%-31? = 1 mole
No. of moles of H:0 = 122mo = = 9 moles

Now that the number of moles of both solvent and
solute are known, the mole fraction can be found.

1 mole

Mole fraction of H2S0, = Thole + 0 moles = 0.1

. 9 moles =
Mole fraction of Ha0 = T moTe ¥ T moles 0.9,
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* PROBLEM 275

A wine has an acetic acid (CH;COOH, 60 g/formula weight)
content of 0.66% by weight. If the density of the wine
is 1.1l g/ml, what is the formality of the acid?

Solution: This problem involves the correct inter-
pretation of percent by weight. 0.66% by weight means

0.66 x 10~? g acid per 100 g wine or 6.6 x 10°? g acid per
1000 g wine. To convert 6.6 x 10~? g acid to formula weight
we divide by 60 g/formula weight and obtain 6.6 x

10~? g/60 g/formula weight = 1.1 x 10=? formula weight. To
convert 1000 g wine to volume, we divide by the density of
the wine and obtain 1000 g/1.11 g/ml = 900 ml = 0.90 liter.
The formality is then

. formula weights _ 1.10 x 10-* formula weight
formality = Goyone (Iiters) 0,90 liter

=1,2 x 10-? formal = 1.2 x 10~* F.

MOLALITY

* PROBLEM 276

2.3 g of ethanol (C:HsOH, molecular weight = 46 g/mole)
is added to 500 g of water. Determine the molality of
the resulting solution,

Solution: This problem is a calculation of the molality
of an aqueous solution, Molality is equal to the number of
moles of solute per kilogram of solvent. In this case the
solvent is water and the solute is ethanol,

Since 1 kg of water corresponds to twice the amount
of water given in the problem it is desirable to calculate
the amount of ethanol that would be added to 1 kg of water
and still maintain the same concentration of 2.3 g ethanol
per 500 g of water. For 2 x 500 g = 1000 g = 1 kg of water,
we require 2 x 2.3 g = 4,6 g of ethanol.

We now know that our solution of 2.3 g ethanol in
500 g water corresponds to 4.6 g ethanol per 1 kg water,
and all that remains to be done is to calculate the number
of moles of ethanol in 4.6 g. We do this by dividing by
the molecular weight to obtain 4.6 g/46 g/mole = 0.1 mole
ethanol.

The concentration of the solution is then
0.1 mole ethanol/l kg water = 0.1 molal.



* PROBLEM 277

What is the molality of a solution in which 49 g of
H,S50, (MW 98) is dissolved in 250 grams of water?

Solution: Molality is defined as the number of moles of
solute per kilogram of solvent.

. - mles ot solute
Molality oo 5 solven
Here, the solute is H;50, and the solvent is water, In this
problem, one is given the number of grams of solute and
the number of grams of solvent. One must calculate the
number of moles of solute and the number of kilograms of
solvent,

The number of moles of solute (H:250.) is found by
dividing the number of grams available by the molecular
weight.

no. of moles = 22:;0f grams

no. of moles of H250, = ﬂ%%aﬁ = 0.5 moles

Grams can be converted to kilograms by multiplying
the number of grams by the conversion factor 1 kg/1000 gm.
For the water, 250 x 1 kg/1000 gm = .250 kg. The molality
can now be found.

no. of moles of H;S0
Molality = = r . of H.0

0.5 moles

Molality = S

= 2.0 moles/kg.

e PROBLEM 278

Determine the mass of water to which 293 g of NaCl
(formula weight = 58,5 g/mole) is added to obtain a
0.25 molal solution.

Solution: To solve this problem we use the relationship

number of moles of solute
molality = =g of solvent or,

f NaCl
molality = “‘21:" of Sacl |



The number of moles of NaCl in 293 g is determined
by dividing 293 g by the formula weight of NaCl, or
moles NaCl = mass gacl/formula weight NaCl =
293 g/58.5 g/mole = 5.0 moles NaCl, Then, solving for the
kg of water,

moles of NaCl _ 5.0 moles NaC

kg of water = molallty 7 3% molal = 20 kg H:20.

MOLARITY
® PROBLEM 279

Calculate the molarity of a solution containing 10.0 grams
of sulfuric acid in 500 ml of solution. (MW of H:50, =
98.1.)

Solution: The molarity of a compound in a solution is
efin as the number of moles of the compound in one

liter of the solution. In this problem, one is told that
there are 10.0 grams of H,SO, present, One should first
calculate the number of moles that 10.0 g represents,

This can be done by dividing 10.0 g by the molecular weight
of H;S80,.

amount present in grams
molecular weight

10.0
number of moles of H3;S50, = §§TT-§§EET3'- 0.102 moles

Since molarity is defined as the number of moles in
one liter of solution, and since, one is told that there
is 0.102 moles in 500 ml ()% of a liter), one should multiply
the number of moles present by 2. This determines the number
of moles in H250« present in 1000 ml.

number of moles =

Humber of moles in 1000 ml = 2 = 0.102 = 0.204.

Because molarity is defined as the number of moles
in 1 liter, the molarity (M) here is 0.204 M.

® PROBLEM 280

Calculate the weight in grams of sulfuric acid in
2.00 liters of 0.100 molar solution. (MW of H250, = 98.1.)
—

Solution: Molarity is defined as the number of moles of
a compound in a solution. In this problem, one is trying to
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find the amount of H,S0, in 2.00 liters of a solution that
is 0.100 molar in H3SO,. From the definition of molarity,
one can see that in one liter of this solution there is
0.100 moles of H;S0,. This means that in 2.00 liters of
the same solution, there is twice that amount,

number of moles of H3S0. in 2 liters = 2 liters x
0.100 moles/liter = 0,200 moles

Since one knows that the molecular weight of H2S0,
is 98.1 g/mole and that there are 0.200 moles present in
this solution, one can find the number of grams present
by multiplying the MW by the number of moles present.

number of grams = MW ¥ number of moles present
number of grams of H,50, = 98,1 g/mole = 0.200 moles

= 19.6 g.

e PROBLEM 281

Hydrogen peroxide solution for hair bleaching is usually
prepared by mixing 5.0 g of hydrogen peroxide (H:0:,
molecular weight = 34 g/mole) per 100 ml of solution,
What is the molarity of this solution?

——

Solution: Before employing the definition

number of moles

molarity = Soyome ters

we must convert 5.0 g of H:0:; to the corresponding number
of moles. To do this, we use the formula

moles = mass/molecular weight,

Then,

moles = oTecular weight

5.0
= a/mole = 0,15 moles H:0;

Converting 100 ml to liters, 100 ml = 100 ml x Typyar =

0.10 liter. The molarity is then

number of moles _ 0.15 moles

molarity = oyime (1lters) . ters

= 1.5 moles/liter = 1.5 molar = 1.5 M.



® PROBLEM 282

Each liter of human blood serum contains about 3.4 g of
sodium ions (Na*, ionic weight = 23 g/mole), What is the
molarity of Na* in human blood serum?

Solution: We are given that the concentration of Nat is

.4 g ter, To convert this concentration to molarity,
we need to convert 3.4 g to the corresponding number of
moles. This is accomplished by dividing 3.4 g by the

ionic weight of Na* (which is essentially the atomic weight,
since the missing electron does not detract much from the
weight) to obtain 3.4 g/23 g/mole = 0.15 mole. The con=~
centration is thus 0.15 mole/liter = 0.15 molar = 0.15 M,

e PROBLEM 283

A 10° liter tank of seawater contains 16,600 kg of
chlorine (Cl™), 9200 kg of sodium (Na*) and 1180 kg of
magnesium (Mg**). Calculate the molarity of each. Is
all the charge accounted for?

Solution: You are given the volume and weight of the
materials in seawater and asked to calculate the molarity.
Since molarity = no. of moles/liters, you need to calculate
the number of moles of Cl-, Mg** and Na* present to solve
this problem.

no. of grams -
A mole = atomic welght - For C17, then,the
- 1.68 x 10’ P
no. of moles - 3 Tes = 4.68 x 10° moles

% s
Therefore, its molarity is 5"“—519" = .468 M C1”
10

&
For Mg**, the no. of moles = 1.18 x 10g
1.18 » 10% f
Its molarity is, thus, = ,04B M

10%.liters
[ 3
For Na*, you have 9200 xglo = no. of moles of Nat,
9.200 x 10° f
Its molarity = = 400 M.

10
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The total positive charge is .400 + 2(.048) = .496 M,
The concentration of Mgt* must be doubled (in total positive
charge) since each ion has 2 charges instead of one, as in
Nat. The total negative charge stems only from Cl-, which
must equal .468 M. Thus, 0.496 moles/liter - ,468 moles/liter=
.028 moles/liter negative charge is unaccounted for, since all
opposite charges must cancel each other out.

o PROBLEM 284

What mass of calcium bromide CaBr:, is needed to prepare
150 ml of a 3.5 M solution? (M.W, of CaBr: = 200.618 g/mole)

Solution: M is the molarity of the solution and is defined
as the number of moles of solute per liter. The solute is
the substance being added to solution, A 1 M solution con-
tains 1 mole of solute per liter (1000 ml) of solution.

We are asked to calculate the mass, however, no term
for mass appears in the molarity equation. Therefore, a
connection must be found between mass and another variable.
The connection is the mole equation (moles = mass/M.W.).
After substitution, the molarity equation reads

rams (mass)
M.W.

Moo= Titers

grams = liters (M.W.) (M)
= .15¢ (200.618 g/mole) (3.5 moles/L)

= 105.32 g of CaBr,;.

¢ PROBLEM 285

In the United States, alcohol is rated according to "proof",
which is usually defined as twice the percent by volume of
pure ethanol in solution, measured at 60°F. What is the
molarity of ethanol in a "92 proof" solution of ethanol in
water. The density of ethanol (C;HsOH, molecular weight = 46
g/mole) is 0.80 g/cm® at 60°F; the density of water (H;0,
molecular weight = 18 g/mole) is 1.0 gm/cm® at 60°F(15.5°C).

Solution: We will solve this problem by determining the
number of moles of ethanol in one liter of solution.

A solution which is "92 proof" corresponds to 92/2
or 46% ethanol by volume. Consider one liter of solution.
The volume of ethanol in this liter is 46% x 1 liter =

0.46 liter. Converting this to cm®, 0,46 liter =
0.46 liter x 1000 cm’/liter = 460 cm’, To convert this to
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the corresponding mass we multiply by the densitg {mass =
volume x density), obtaining 460 cm® x 0.80 g/cm’ =

460 x 0.80 g of ethanol. The number of moles in our one
liter solution is obtained by dividing the number of grams
by the molecular weight (moles = mass/molecular weight),
or, moles = 460 = 0,80 g/46 g/mole = 8.0 moles.

There are B.0 moles of ethanol in one liter of
solution, and the concentration is therefore

8.0 moles/l liter = 8.0 molar.

& PROBLEM 286

A student has 50.00 mg crystal of Ba(OH)2+8H:0 (M.W. = 3135)
and wants to make a solution of .12 M OH™. How much water
must the student add to obtain such a solution?

Solution: Molarity is defined as moles/liter. You are
given the desired molarity, .12 M, and can calculate the
number of moles of OH™ that would have to be present for
this molarity. With these two known values, the volume
(liters) can be obtained. You have 50 mg of Bal(OH):+*BH,0
or (1 g/1000mg) 50 mg/315 g/mole = 1,59 = 10~" moles of
Ba (OH) ; *8H,;0.

Now, Ba(OH).+8H,0 contains 2 moles of OH , which means
that you have 3.18 x 10" moles of OH™ present in this
crystal. Recalling, the stated definition of molarity,
liters (volume) = moles/molarity. Therefore, the volume
{liter) of water to be added =

3.18 x 10~* moles _ o
170 moles/iiter - 2-65 * 1077 liters

or 2.65 ml total solution volume.

® PROBLEM 287

Determine the molarity of a 40.0% solution of HC1l which has
a density of 1.20 g/ml.

Solution: The molarity is defined as the number of moles
of a compound present in 1 liter of solution. Here one is
told that the density of this solution is 1.20 g/ml. This
means that one ml of the solution weighs 1.20 g. The
solution is 40.0% HCl, thus 40.0% of the 1,20 g is made up
by HC1 and 60% by H»0. Here one finds the molarity of the
HCl by: 1) determining the total weight of 1 liter of the
solution, 2) calculating the weight of HCl present, and

3) finding the number of moles of HCl present in 1 liter
(molarity).
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Solving: 1) If 1 ml of this solution weight 1.20 g,
1000 ml (1 liter) is equal to 1000 x 1,20 g.

weight of solution = density x 1000 ml
= 1,20 g/ml x 1000 ml = 1200 g
2) 40.0% of this weight is taken up by HCl.
weight of HCl = weight of solution x .40
= 1200 g x .40 = 480 g.
3) The molecular weight of HCl is 36.5 g/mole, thus
the number of moles of HCl present in this 1 liter of

solution is egqual to the weight of the HCl present divided
by its molecular weight.

no. of moles of HCl in 1 liter = vei :; of HCl

480
= sgjgﬁaaﬁar: = 13.15 moles

The solution is therefore 13.15 moles/liter in HC1
or 13.15 M.

* PROBLEM 288

If 25 ml of .11 M sucrose is added to 10 ml of .52 M
sucrose, what would be the resulting molarity?

Solution: In this problem one mixes two solutions of
erent concentrations and wishes to find the resulting
molarity. The answer is obtained by first calculating the
total number of moles present and then dividing this by
the total wvolume.
Molarity is defined as moles + volume. Therefore,
moles = Molarity * Volume
For the .11 M solution,
no. of moles = ,11 moles/liter x ,025 liter
= ,00275 moles
For the .52 M solution,
no. of moles = .52 moles/liter x ,010 liter
= ,00520 moles

total no. of moles = ,00275 + ,00520 = ,00795



total no. of liters = ,025 + .010 = ,035

.00795
035

Final Molarity = = ,23 M.

® PROBLEM 289

A chemist wants to dilute 50 ml of 3.50 M H;S804 to 2.00 M
Hz50.. To what volume must it be diluted?

Solution: Molarity is defined as the number of moles of
solute per liter of solution. In other words,

no, of moles of solute
liters of solution

molarity =

.

In this problem you have a 50 ml solution of 3.50 M. In a
liter there are 1000 ml. Thus, the number of liters in this
solution is .05. Substituting, you have

3.50 M = DO of moles of H250.
* N . i

Solving for the number of moles, you obtain .175 moles of
H250, .

When you dilute this mixture, you will still have
.175 moles of the solute, H:;SO,. You are only increasing
the volume of the solvent, water. Therefore, in the diluted
2.0 M solution you wish to have

.175

2-00 = T1vars of solvent °

Solving for liters of solvent, you obtain .0875 liters or
87.5 ml. Thus, to dilute to a molarity of 2, the total
volume must be 87.5 ml.

e PROBLEM 290

What will be the final concentration of a solution of
50 ml of .5M H280. added to 75 ml of .25M H:50. (the
final volume is 125 ml)?

Solution: Two facts must be known to answer this questiom:

M = Molarity = the number of moles of solute per liter
of solution and (2) that the number of moles of H:504 in
the final solution is the sum of the number of moles of
H250. in each solution.

no, of moles
liters of solution

molarity =
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One can rearrange this equation to determine the
humber of moles present in each solution.

no. of moles = molarity x liters of solution
The total number of moles in the final solution is
equal to the sum of the number of moles of each of the two
initial solutions.
total number of moles = (0.05L)(.5 moles/L) +
(.0752) (.25 moles/1)
=0,025 moles + .019 moles
= .044 moles.
To obtain the final concentration, you return to

the definition of molarity, supplying the known values.
Thus, molarity (final concentration) =

{It was given that the volume of the final solution
equaled 125 ml = ,125 liters.)

e PROBLEM 201

What will be the final concentration of I” in a solution
made by mixing 35.0 ml of 0.100 M NaHSO; with 10.0 ml of
0.100 M KIO;? Assume volumes are additive.

Solution: The equation for this reaction is
(1) 5HSO3F + 2I07 + I, + 550377 + 3H* + H,0

1I- is formed in the following reaction:
(2) H20 + I, + HS07 - 21T + SO + 3H*

One must first calculate the concentration of I
formed in reaction 1 before the amount of I~ can be found.
There are 5 moles of HSO7 and 2 moles of I0O7 needed to

form 1 mole of I,. Molarity is defined as moles per liter.
Thus the solution of NaHSO,; contains

35 m x 4700 MO1eS o 3,50 x 107* moles
There are 10.0 ml x ﬁl—g-g—o%li'- = 1.00 x 10~* moles

of KIOs present. In any given reaction one of the re-
actants is called the limiting reagent. This means that
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when the reaction proceeds, all of the limiting reagent

is used but there are other reactants left in their
original state. The limiting reagent limits the amount of
product formed. Two moles of IO7 are needed to form 1 mole
of I;. Thus, if all of the KIO; present reacts

-1
1.00 x 207 moles o 5.00 x 10~ moles of I,

will be formed. 5 moles of NaHSO, are needed to form 1 mole
of I;, if all of the NaHSO, present reacts,

-3
1;29_:_3&2_.2.&! or 7.0 x 10~* moles of I,

will be formed. Therefore, when all of the KIO; reacts,

only 5.0 x 10™* moles of I, are formed and when all of the
NaHSO, is reacted, 7.0 x 10~° moles of I, are formed. Thus,
KIO; is the limiting reagent and only 5.00 x 10=" moles of
I, are formed. When 5.00 x 10™" moles of I, are formed,

5 x 5.0 x 10°* moles, or 2.5 x 10~? moles of NaHSO, are
used. This leaves (3.5 x 10=* - 2.5 x 10-') moles or 1.0 x
10~*® moles of NaHSO; left unreacted to react to form the I~
in equation 2. H;0, HSO5 and I; react to form IT. The number
of moles present of each of these must be known to find the
limiting reagent. This is done in a manner similar to that
used for reaction 1. From equation i, one knows that there
is 1 moleuor H,0 formed for each Iz formed. Thus, there are
5.0 x 107 molgs of Hzn present,

From equation 2 one notices that one mole of each
H;0, HS503, and I; are needed to form 2 moles of I~, There
are 5.0 * 10" moles of H,0, 1.0 x 10~' moles of HSO3, and
5.0 % 10~ moles of I, present. Thus, the I, is the limiting
reagent because there is the least of it present to react.
Therefore, 2 * 5.0 x 10™" moles or 1.0 x 10~ moles of
1= formed. If the volumes are additive, the final volume
present is 45 ml. Thus, there are 1.0 x 10~ moles of
I present in the final volume of 45 ml of solution.
Solving for the concentration

1.0 x 10-° moles

- Tter = .002 M.

® PROBLEM 292

What is the mole fraction of H:50, in a 7.0 molar
solution of H2S50. which has a density of 1.39 g/ml?

Solutions The mole fraction of H;S0., is egqual to the
number of moles of H;SO. divided by the sum of the number
of moles of H;50. and of Hi0.

moles of H:S0.

mole fraction of H:SO0. = porer= ¥ HTeo. + moles OF Hi0
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Since the solution is 7.0 molar in H250., you have
7 moles of H:50, per }1ter of solution. If one knows how
much 7 moles of Hi50, weighs, and how much one liter of
the solution weighs, the weight of water can be determined
by taking the difference between the quantities. The weight
of one liter of the solution can be calculated by multiply-
ing the density by the conversion factor 1000 ml/1 liter.

weight of 1 liter of the solution
= 1.39 g/ml x 1000 ml/liter = 1390 g/&.

weight of the water in a one liter solution
= weight of the total solution
- weight of 7 moles of H,S50,
7 moles of H:50, weigh 7 times the molecular weight
of HzS0«.
weight of 7 moles of H3S0, = 7 x 98 g = 686 g.
Hence, weight of the water = 1390 g - 686 g = 704 q.

The number of moles of H;0 is found by dividing its
weight by the molecular weight of H:0.

no. of moles of H;0 = 70; 2 i 39 moles

The number of moles of both components of the system
is now known, therefore, the mole fraction of H2S0, can be
obtained,

moles of HiS50,
moles of H;S0, + moles of H,0

7

mole fraction of HiS50, = 5—4—gg = 0.15.

mole fraction H3S0. =

® PROBLEM 293

You have 100-proof (50 percent alcohol by volume) bonded
Scotch whisky. Calculate its molarity, mole fraction,
and molality., If the temperature were to drop to - 10°C,
could you still drink the Scotch? Assume density =

.79 g/ml for ethyl alcohol (C:HsOH) and Ke = 1.86°C/m
for water.

Solution: To find molarity, mole fraction, and molality,
you need to know how many moles of alcohol are present in
the whiskey. You can obtain this from a calculation using
the density.

To find whether you can still drink the whisky at



- 10°C, requires you to know its freezing point, since

you cannot drink something if it is frozen. You can deter-
mine the freezing point of the Scotch by determining the
freezing point depression of the water containing the
alcohol. This is found from AT, = Ke m, where AT; = the

depression, Ef = freezing point depression constant, and
m = molality.

You now proceed as follows:

You are told that 100 proof means 50 percent alcohol
by volume. This means that 1 liter of components possess
500 cm? of ethyl alcohol (a liter = 1000 cm’). Density =
mass/volume. You know the density and volume, so that
mass of alcohol = density x volume = ,79(500) = 395 q.

Molecular wt. of the alcohol = 46.07 g. Thus, you
have 395/46.07 = B.57 moles of alcohol, Hence,

= moles of solute - B.57 _
molarity = yyyers of solution 1 8.57 M.

moles of solute

Kolality = kilograms of solvent

To find the number of grams of solvent, you need to use the 3
density again., In 1 liter of Scotch_Whisky, you have 500 cm
of water. Density of water = 1 g/cm”.

Thus, mass of water = 500 cm®(1 g/em®) = 500 grams. Thus,
Molality = 221 = 17,14 m
1000

You divided 500 by 1000 since molality is moles per
1000 g of solvent.

Mole fraction: (MW of H,0 = 18,) moles of H,0 =
500 g/18.0 g/mole.

Mole fraction of ethyl alcohol =

moles ethyl alcohol 8.57

moles ethyl alcohol + moles Hz0 = .2357.

= 500
8.57 + >yg

Now, you answer whether the scotch can be consumed at
- 10°C, You already calculated the molality. Thus, AT, =
ke m = (1.86) (17.14) = 31.88°C. Thus, the freezing point of

whisky is 0°C - 31.88°C = - 31.88°C. The temperature is only
- 10°C, however. This means whisky is still a liquid and can
be consumed.



NORMALITY

* PROBLEM 204

Calculate the normality of a solution containing 2.45 g

of sulfuric acid in 2.00 liters of solution., (MW of
H280, = 98.1.)

Solution: Normality is defined by the following equation.

grams of solute
equivalent weight x liters of solution

Normality =

In this problem, one is given the grams of solute
(H2504) present and the number of liters of solution it
is dissolved in. One equivalent of a substance is the
weight in which the acid contains one gram atom of re-
placeable hydrogen. This means that when the acid is
dissolved in a solution, and it ionizes, that in one
eguivalent weight, one hydrogen atom is released, The
equivalent weight for acids is defined as:

equivalent weight = oy esTomaapTe

When H:50, is dissolved in a solution, there are
two replaceable H as shown in the following equation:

H,S0. ~ 2H* + sof

This means that in calculating the equivalent weight
for H:50, the molecular weight is divided by 2.

¢ ¢ 98.1
equivalent weight of H;50, = 5—36513315333

= 49 g/equiv

The normality can now be calculated,

grams of solute
equiv, wt x liters of soln

Normality =

- 2.45 g
Normality = i3 g/equiv x 2.0 liters

= 0.025 equiv/liter.



® PROBLEM 295

How many grams of sulfuric acid are contained in 3,00 liters
of 0.500 N solution? (MW of H;S50, = 98.1,)

Solution: The number of grams of sulfuric acid contained
n this soclution can be determined by using the definition
of normality.

grams of solute
equivalent weight x liters of solution

Normality =

Here, one is given the normality (N) and the number of liters
of solution. The equivalent weight for an acid is the molecu-
lar weight divided by the number of replaceable hydrogens,

. MW
equivalent weight = no, of replaceable H

The number of replaceable hydrogens is determined by
the number of hydrogens that will ionize when the acid is
placed in solution. This number is 2 for H:50., as shown in
the following equation:

H.50, > 20' + sof

Once the number of replaceable hydrogen is known, the
equivalent weight can be found,

MW
equivalent weight = o — e e ble |

equivalent weight of H2S0, = ggééif; = 49 g/equiv.

At this point the number of grams of solute can be
determined.

grams of solute = Normality x equiv weight x liters of
solution

grams of H;50, = 0.500 equiv/L x 49 g/equiv x 3.0 liter
= 73.5 q.

® PROBLEM 206

Calculate the normality of a solution 40 ml of which is

required to neutralize 0.56 g of KOH.

Solution: KOH ionizes as shown in this equation.

KOH > K* + OH™



This means that for each KOH molecule ionized, one
OH™ ion is formed. Thus to neutralize the KOH one must
have 1 H* ion for each OH™ ion. Thus, one must first
determine the number of moles of KOH present in 0.56 g.
This is done by dividing 0.56 g by the molecular weight
of KOH (MW of KOH = 56)

number of moles of KOH = number of moles of OH™
number of moles of KOH = 2:385.9 = S%LE;—EI— = .01 mole
MW g/mole *

Therefore, in the 40 ml of the solution there must
be .01 moles of H* ions. The normality of an acid is
defined as the number of equivalents of H* in 1 liter of
solution. An egquivalent may be defined as the weight of
acid or base that produces 1 mole of HY or OE™ ions. In
this problem, equivalents = moles, There are 1000 ml in
1 liter, thus in 40 ml there are

1l liter

40 ml * 7500 m1

= .04 liters.

number of liters = 40 ml x & 1it:r

The normality can now be found.

- Dumber of egquivalents
normality number of liters

.01 equivalents
= .04 liters = .25 N.

o PROBLEM 297

If 20 ml of 0.5 N salt solution is diluted to 1 liter,
what is the new concentration?

Solution: When considering normality one must always
keep in mind that it is a concentration defined as the
number of egquivalents per liter. Since the number of
equivalents does not change during dilution, equivalents
before dilution = egquivalents after dilution, or in other
words,

M1V, = N2V; 1 liter = 1000 ml
where N; is the normality of the initial solution, V; the
initial volume, N: the final normality and V: is final
volume.

Solving for the final normality:
(0.5) (0.0202) = N2 (11}



(0.5) (0,0202)

Nz = T L

= 0.01 N

* PROBLEM 298

A sulfuric acid solution has a density of 1.8 g/ml and
is 90% H:50. by weight. What weight of H;S50. is present
in 1000 ml of the solution? What is the molarity of the
solution? the normality?

Solution: 1) Here one is asked to find the weight of
H:80, in 1000 ml of the solution and told that the solution
weighs 1.8 g/ml and that 90% of this weight is made up by
H250,. The total weight of the solution is 1000 ml times
the weight of one ml.

Hence, weight of solution = 1000 ml x 1.8 g/ml =
1800 g. H;50, makes up 90% of this weight.

weight of H;50, = .90 = weight of solution
= .90 x 1B00 g = 1620 q.

2) The molarity is defined as the number of moles
in one liter of solution. One has already found that
1620 g of H350, is present in 1 liter of the solution.
Thus, to calculate molarity, one should determine the
number of moles present in 1620 g. This is done by
dividing 1620 g by the molecular weight of H350.,. (MW
of H250, = 98.1.)

moles of H2S0, present = §é%§E§;EETE = 16.5 moles

Since there is 1 liter of solution, the molarity of H:;SO,
is 16.5 M.

3) The normality is defined as the number of moles
of ionizable hydrogens per liter of solution. From the
following equation one can see that there are 2 ionizable
hydrogens for each molecule of H;S80,.

H,50, ¥ 2H* + SOT

Therefore if there are 16.5 moles of Hz50. in one
liter of the solution the normality is twice this amount.

normality of an acid = no. of ionizable H x molarity

=2 x 16,5 = 33.0 N.



¢ PROBLEM 299

A solution is prepared by dissolving 464 g NaOH in water
and then diluting to one liter. The density of the re-

sulting solution is 1.37 g/ml. Express the concentration
of NaOH as (a) percentage by weight, (b) molarity, (c)
normality, (d) molality, (e) mole fraction.

Solution: (a) The percentage by weight of NaOH in this
solution is found by dividing the weight of NaOH present,
464 g, by the weight of the solution and multiplying by
100. The weight of the solution is found by using the
density of the solution. The density, 1.37 g/ml, tells
the weight of 1 ml of solution, namely, 1.37 g, In one
liter, there are 1000 ml, thus the weight of the solution
is 1000 times the weight of one ml,

weight of 1 liter = 1000 ml x 1.37 g/ml = 1370 g,

The percentage by weight of the NaOH in the solution can
now be found.

weight of NaOH
percentage of NaOH = Ght of solution % 100
464
= 100 33.9 %,
= n-nrg— = 33.9

(b) The molarity is defined as the number of moles
in one liter of solution. The molarity in this case can
be found by determining the number of moles in 464 g of
NaOH, which is the amount of NaOH in one liter. The number
of moles can be found by dividing 464 g by the molecular
weight of NaOH, (MW of NaOH = 40.)

464 464
no. of moles = _ﬁﬁ_g = 15'37%3!3 = 11.6 moles,

The molarity of this solution is thus 11.6 H.

(c) The normality of a basic solution is the number
of moles of ionizable OH™ ions in one liter of solution,
There is one ionizable OH™ ion in each NaOH as shown by
the equation:

NaOH = Na‘t + OH™
Therefore, there are the same number of OH™ ions in the
solution as NaOH molecules dissolved, Thus, the molarity
equals the normality.

normality = molarity x 1 ionizable OH"

normality = 11.6 N
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(d) The molality is defined as the number of moles
present in 1 kg of solvent. One has already found that
the solution weighs 1370 g or 1,37 kg and that there are
11.6 moles of NaOH present, Therefore the molality can
now be found.

no. of moles present
molality = no. of kg present
_ 1,6 moles _
'_Tr—LWTI-B = 1,370 X&) = 12.8 m

(e} The mole fraction is equal to the number of moles
of each component divided by the total number of moles in
the system. The components in this system are H:;O and NaOH.
One already has found that there are 11.6 moles of NaOH
present, but not the number of moles of H;0. This can be
found by determining the weight of the water and dividing
it by its molecular weight. This solution weighs 1370 g,
the NaOH weighs 464 g, thus the weight of the water is
equal to the difference of these two figures,

weight of H;O0 = weight of solution - weight of NaOH

= 1370 g - 464 g = 906 g.

oOne can now f£ind the number of moles of H;0 present.
(MW of H;0 = 18.)

no., of moles = Bosg wols = 50,3 moles

The total number of moles in the system is the sum of
the number of moles of H;0 and of the NaOH.

no. of moles in system = moles H;0 + moles NaOH

= 50,3 + 11.6 = 61,9 moles

One can now find the mole fractions.
no. of moles of each component
mole fraction = total no, of moles system

mole fraction of H:0 = g%g- = .81

mole fraction of NaOH = %‘%—'g— = .19,

N



NEUTRALIZATION

& PROBLEM 300

A mixture consisting only of KOH and Ca(OH): is neutralized
by acid. If it takes exactly 0.100 egquivalents to neutral-

ize 4.221 g of the mixture, what must have been its initial
composition by weight?

Solution: One equivalent of an acid is the mass of acid
required to furnish one mole of H,0%; one equivalent of a
base is the mass of base reguired to furnish one mole of
OH™ or to accept one mole of H,0*., Here one must find the
mixture of KOH and Ca{OH); that contains 0.100 equivalent
of base. There is one equivalent for each OH™ in a molecule
of base. Thus, there is 1 egquivalent of base for each KOH.
There are two for each Ca{OH):. Since one is given that
there are 0.100 egquivalent in 4.221 g of the mixture,

one should solve for the equivalent per gram for KOH and
Ca (OH) 2.

for KOH: MW = 56.1  equiv =1

ssgiz = ggir = 1.78 x 107 equiv/g

For Ca(OH): MW = 74.06 equiv = 2

e_‘lgﬁ = ':Tz'ﬁ = 2.70 x 10~? equiv/qg.

There must be 0.100 equiv present. Let
x = number of grams of KOH

4.221 - x = number of grams of Cal(OH),

0.100equiv. = |1.78 x 10~% ‘g‘i" (x) + [2.70 x 1072 ﬂg—iﬂ]k

(4.221 - x)

0.100equiv. = 0,0178x &gi-"l + .114 equiv - .0270x 9—‘1'-;-13
0.100equiv, = - ,0092x E%i:‘.’. + .114 equiv

-.0ldequiv. = - ,0092x 5%-1-‘-'-



-~ 014 equiv _
=.0092 equiv/g
1.52 g = x

2.701 g = 4.221 - x

The original mixture contains 1.52 g KOH and 2,701 g
Ca(OH) 2.

® PROBLEM 301

Calculate the volume of 0.3 N base necessary to neutralize
3 liters of 0.0l N nitric acid.

Solution: For neutralization to occur, there must be the
same number of hydrogen ions as there are hydroxide ions.
This is shown by the following equation

+ -
HY + OH™ =+ H,;0

The H* ions come from the acid, the OH™ ions from the base.
The number of H* and OH™ ions are equal to the number of
equivalents.

Normality is defined as the number of equivalents
of acid or base per liter of solution.

Normality = 59%%%%%3555

An equivalent is the number of grams of the acid or
base multiplied by the number of replaceable hydrogens or
hydroxides divided by the molecular weight of the acid or
base.

grams of solute x no. of replaceable H or OH
MW of solute

equivalent =

The number of replaceable hydrogens or hydrodixes
is defined as the number which ionize when the compound
is placed in solution. For nitric acid, there is one
replaceable hydrogen

o, > #Y + no3
In brief, for neutralization there must be the same equi-

valent amount of base as there is acid. Because normality
is defined as

Normality = djivalents

equivalents are equal to the normality times the volume.

273



Thus, the normality of the base times its volume equals the
normality of the acid times its volume.

Nbase vbase = Nacld vacid'
where N is the normality and V is the volume.
Here, 0.3 equiv/liter x vbase = 0,01 equiv/liter x 3 liters

v < 0.01 x 3 liters
base 6.3

= 0.1 liter or 100 M.

e PROBLEM 302

what weight of Ca(OH) ., calcium hydroxide is needed to
neutralize 28.0 g of HCl. What weight of phosphoric acid
would this weight of Ca(OH); neutralize?

Solution: wWhen we have neutralization problems, i.e.,
those where an acid reacts with a base, we must consider
the meaning of equivalents. Equivalent weight may be
defined as the molecular weight of a substance (grams/mole)
divided by the number of protons (H*) or hydroxyl (OH™)
ions available for reaction. In other words,

Equivalent weight = molecular weight .
number of H* or OH™

In a neutralization reaction, the number of equi-
valents of acid equals the number of equivalents of base.

The number of equivalents of acid and base are
egqual, thus, if we can calculate the number of equivalents
of 1 reactant, we automatically know the number of egqui-
valents present of the other reactant. To find this
quantity use the equation

rams
no. of equivalents = §?§E§3§EGI$EIQHF

The equivalent weight of HCl is

M.W. 36.5 74.1
— e = = 36.5 and Ca(OH)2is —5— =
no. of H*(OH™)
37 g/equiv.

28
no. of egquivalents HCl present = 33?5—533EEIV = .767

Therefore, there are also .767 egquivalents of
ca({OH)z. To £ind the grams of Ca(OH): needed use
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. grams Ca(OH)
no. of equiv g‘m}\r_}'
767 = IEEES

grams Ca(OH): = 28.4 need to neutralize 28 g of HC],

The second half of the problem is answered in exactly
the same way. We know then that there must also be .767 equiy
of HiPO, (phosphoric acid) present due to the fact ,767 equiv
of base Cal(OH): is present. Recall, eguivalents of an acid
must eqgual the equivalents of a base for neutralization to
occur. The M.W. of HyPO, = 98,0 g, which yields a value of

2% = 32.7 grams per equiv, Therefore,

= _grams H3PO.
No. of equiv agma'u-lv—
.767 = 55

grams H3PO, = 25.1 g needed to neutralize 28.4 g of Ca(OH):.
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CHAPTER 9

EQUILIBRIUM

Basic Attacks and Strategies for Solving Problems
in this Chapter. See pages 277 to 303 for step-by-
step solutions to problems.

Most physical and chemical phenomena encountered in chemistry (e.g.,
reactions, solubility, ionization, and dissociation) proceed to some equilib-
rium state where concentrations and other properties do not change with time.
The equilibrium state, which might well appear to be a state where nothing is
happening, is a dynamic state where reactions or other changes occur in
opposite directions at equal rates.

The key to working all equilibrium problems lies in the definition of the
equilibrium constant and conversion of this definition to an equation with
only one unknown variable. For the general reaction in Equation 9-1

bB +dD < rR + 5§ 9-1

(which can represent a classical reaction, ionization, solubility, dissociation,
or any other equilibrium phenomenon) the equilibrium constant is defined as
follows:

K, =(a/a)(a, a,’) 9-2

where a/'is the activity of the species, /, raised to the stoichiometric coefficient
i. For gases at low pressures, the activity is equal to the partial pressure in
atmospheres; for liquids and solutes in dilute solution, the activity is equal to
the concentration in moles/liter. The activity of pure species is one.

Inordertosolve for the equilibrium composition, it is necessary to convert
the activity (the partial pressure or concentration) of each of the species to an
expression in a single variable. This can almost always be done by referring
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to the stoichiometry of the reaction and writing the concentration of each
species as a function of the fractional or absolute conversion of one species.
An example will best illustrate the technique.

Consider the reaction in Problem 314:

H,(g) +1,(g) = 2HI(g) 9-3

Since all species in this reaction are gases at moderate temperatures, the
equilibrium constant is

K..., = ."’;“1"r (PH:PJ_.) = ”"ﬂ(”n:"!:) (P f‘"f)" 9-4

where p represents the partial pressure in atm, P the total pressure, and n the
number of moles. (Note that for gases at low pressures, p, = (n/n,)P). In order
tosolve Equation 9-4 for the equilibrium composition, n,., n,,,, n,,, and n, must
be written in terms of a single variable. A convenient variable is x, the fraction
of the initial H, consumed at equilibrium. From Equation 9-3, the stoichio-
metric equation representing the reaction, the amounts of each species can be
written in terms of the variable x.

ny, =1.0(1-x)
n, =10(1-x)
n, = 1.0(2x)

n. =2

T

Equation 9-4 can now be wrilten in terms of a single variable, x, and
solved as follows;

K =(2)%(1-x) 9-5
K% = 20/(1 - x) 9-6
x =K"7(2+K%) 9.7

The equilibrium constant varies with temperature (to be discussed in
Chapter 15), but is independent of pressure. However, the equilibrium
composition will be changed by changes in the pressure if the number of
moles changes during the reaction. In Equation 9-4, the zero exponent on
pressure is a consequence of the fact that there is no change in the number of
moles in the reactants and products. If the number of moles changes, the
exponent on total pressure will be non-zero and the composition will change
as pressure changes.
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The Principle of LeChatelier provides a way to determine quickly the
qualitative effect of temperature and pressure changes (or changes in other
important parameters) on equilibrium composition. LaChatelier’s principle,
simply stated, says that “a system will respond to offset any imposed change.”
Therefore, if the pressure is increased, the equilibrium composition will shift
ina way that will lower the pressure. In gas phase reactions, this is equivalent
to shifting in a way to reduce the total number of moles. If the moles of
products of a reaction exceed the moles of the reactants, the equilibrium
composition will shift toward the reactants and vice versa. If there is no
change in the number of moles in a reaction (as in the HI synthesis represented
by Equation 9-4), changes in the pressure will not affect the equilibrium
composition (hence the zero exponent on total pressure).

Similarly, if the temperature is increased, the equilibrium will shift in a
way to reduce the temperature. This means, for increases in temperature, the
equilibrium composition will shift toward the reactants for exothermic
reactions and toward the products for endothermic reactions. The reverse is
true for decreases in temperature (Exothermic reactions produce heat, while
endothermic reactions consume heat).
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Step-by-Step Solutions to
Problems in this Chapter,
“Equilibrium”

THE EQUILIBRIUM CONSTANT

® PROBLEM 303

Determine the equilibrium constant for the reaction
Hp+I+=2HI if the equilibrium concentrations are:

Hy, 3.9 moles/liter; I, 0.4 mole/liter; HI, 0.6 mole/liter.
—

Solution: The equilibrium constant (Keq) is defined as
the pEEEnct of the concentrations of the products divided
by the product of the concentrations of the reactants.
These concentrations are brought to the power of the
stoichiometric coefficient of that component. For
example for the reaction 2A + B==3C, the equilibrium
constant can be expressed:

3
Kaq=-[£l__

[A12(B]

where [] indicates concentration.

One can now express the equilibrium constant for the
reaction Hz+I2=2HI as

Keq = _mn?
(H3][I,]

One is given the concentrations of the components
for the system, thus one can solve for the equilibrium
constant.

[H;] = 0.9 mole/liter
2
Keq = __[(HI]” [I,] = 0.4 mole/liter

(H,](1,]
[HI} = 0.6 mole/liter



Keq = 0.6 mole/liter]?2
"9 moles/liter] [0.4 moles/liter)

= 0.36 = 1.0

* PROBLEM 304

One of the two most Important uses of ammonia is as & reagent
in the first step of the Osfwald process, a synthetic route for the
production of nitric acid. This first step proceeds according to
the equation

qu(sJ + saztg) 2 LNO(g) + 6!(20(3) '
What is the expression for the equilibrium constant of this reaction?

Solution: This problem is an exercise in writing the equilibrium
constant of a reaction, In general, for a reaction in which re-
actants A,B,C,... go to products W,X,Y,... according to the
equation

A +bB+ cC+ ... 2w + xX +yY+ ...,

where a,b,c,w,x,y,... are the stoichiometric coefficients, the
equilibrium constant is given by

x ¥
DR ) il 3l '3 P

as* (81° [cl® ...
Hence, for the reaction

UNH, + 50, @ 4NO+ 6H)O,
the equilibrium constant is given by
mo)* [1,0)°

& 5
[333} [021

e PROBLEM 305

Given the reaction A + B p C + D, find the equilibrium comstant
for this reaction If .7 moles of C are formed when 1 mole of A and

1 mole of B are initially present., For this same equilibrium, find the
equilibriom composition when 1 mole each of A, B, C, and D are initial-
ly present.

Solution: In general, an equilibrium constant measures the ratio of the
concentrations of products to reactants, each raised to the power of their
respective coefficients in the chemical equation. Thus, for this reactiom,
the equilibrium constant, K, is equal to

D
3] -
You are asked to find K 4{n the first part of this problem. Therefore,
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you must evaluate this expression. To do this, use stoichiometry. From
the equation for the chemical reaction, you see that all the quantities

are in equimolar amounts; 1:1:1:1 . It is given that .7 moles of C His
produced. This means, therefore, that .7 mole of D must also be pro-
duced. If the equimolar quantities are to be maintained, then,.7 mole

of each A and B must have been consumed. If you started with 1 mole of
each, then .3 mole must be left. These mole s are the tra-
tions if you assume they are in a given amount of volume. Thus, sub-
stituting these values in

D
K= [n”n] .

2
ke G w544,
«.»?
Therefore, you have calculated the equilibrium constant of this reaction
to be 5.44.

The second part of this problem asks you to use this same equi-
1librium for a reaction that starts with 1 mole each of A, B, C, and D.
To find its composition, determine the concentration of each species at
equilibrium. This can be found from

D

To find the composition, assume X moles/liter (concentration) react.
Thus, st equilibrium, both C and D have a final concentration of

1 + x, since you started with 1 mole/litur and had x moles/liter

of each produced., This means, therefore, that A's and B's initial
concentration must be reduced by x moles/liter to 1 - x. Substituting,

2
5.44 = 'u:ﬂz— .
(1-x)

you obtain

Solving
' x = .40 moles/liter .

Thus, the concentration of both A and B = 1-.4 = .6M and of both C
and D=1+ 4= 1,44,

¢ PROBLEM 306

At a certain temperature, Keq for the reaction 31::21!2 F] (:6"6

is 4. If the equilibrium concentration of C,H, 1s 0.5 mole/liter,

what is the concentration of c’|H6 ?

t The equilibrium constant (Keq) for this reaction is
stated:
(c ]

Keq = _...ﬁ..ﬁ..i
[Czl’l]
where { ] indicate concentration. The [Czl’:] is brought to the

third power because three moles of it react. Equilibrium is defined
as the point where no more product i{s formed and no more reactant is
diseipated; thus their concentrations remain comstant. Here, one is
given Xeq and [Czilzl and asked to find [CGHG] . This can be



done by substituting the given into the equation for the equilibrium
constant.

Keq = [ciHE] Keq = 4

[6333]3 {C,1,] = 0.5 moles/liter
i= [ci“i]
©.5°

cgh,] = 0.5 x & = 0.5 moles/liter .

® PROBLEM 307

- —
The following reaction
2H,5(g) @ Zilz(g) + 5,(8)

was allowed to proceed to equilibrium. The contents of the two-liter
reaction vessel were then subjected to analysis and found to contain
1.0 mole 1425, 0.20 mole H, , and 0.80 mole 52 . What is the equilib-

rium constant K for this reaction?

Solution: This problem involves substitution into the equilibrium
constant expression for this reaction,

2
)7 s,

(1,512
The equilibrium concentration of the reactant and products are
(Hy8] = 1.0 mole/2 liters =0.50M, [Hzl = 0.20 mole/2 liters =0,10M,

and {82] = 0,80 mole/2 liters = 0.40M, Hence, the value of the

equilibrium constant is

2
1" 5] 0.10)%0.00) _ 0.016
[azslz (0.50 )2

for this reaction.

K=

e PROBLEM 308

You have the reaction 1\2 + 32 # 2AB with AB inictially at 5 liters,

27°c, and 25 atm, K = 50, Find (a) the initial concentration of AB ,
(b) the Az and Bz concentrations at equilibrium and (c) the partial

pressures of Az and 32 and AB at equilibrium,

Solution: Use the equatfon of state, which indicates PV = NRT, where
P = pressure, V = volume, N = moles, R= universal gas constant

(.0821 liter-atm/mole~K), and T = temperature in degrees kelvin
(Celsius plus 273°). You can use this equation to find N, the moles
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of AE initially present.
BV 25) (5
(a) PV=HRT or N=qm= (.0821) (300 - 5.08 moles .
Thus, the initial concentration = moles/liters = 5.08/5 = 1.02.

2
AB
(b} K= 50 (given). By definition, K = 12108 .
2°°72
let x = moles/liter of AB that are dissociated. If its imitial con-
centration is 1.02M, then the concentration is (1.02-x)M at equilibrium.

From the reaction, 1 mole each of “2 and BZ is produced by every 2

At equilibrium,

moles of AB which react. Thus, if x moles/liter of AB dissoclate,
kx moles/liter of both '“2 and B, are produced. Recalling,

2
2 2
K= 'R_Eha_T = 50, you now substitute to obtain ML.;J__ = 50.
27772 (.5%)

Solving for x, x = ,225 mole/liter. Therefore, at equilibrium,
(a,) = [B,] = x/2 = .1125 mole/liter and [AB] = 1.02 - .225 = .795

mole/liter.

(e) The partial pressures of each will be P = % RT from the equa-

tion of state, where % is the concentration at equilibrium. Thus,
P‘z = ,1125(.0821)(300) = 2.77 atm, Paz = I’B2 , Since these

concentrations are the same at equilibrium,

P.\B = ,795(.0821)(300) = 19.5 atm.

EQUILIBRIUM CALCULATIONS

¢ PROBLEM 309

At 986°C, you have the following equilibrium:
€O, (8) + Hy(g) 2 CO(g) + H,0(g) .
Initially, 49.3 mole percent lZ:'Z)2 is mixed with 50.7 mole per
cent 112 . At equilibrium, you find 21.4 mole percent l::D2 , 22.8
mole percent H2 , and 27.9 mole percent of CO and H20 . Fipnd K.
If you start with a mole percent ratio of 60:40, COz to El2 , find

the equilibrium concentrations of both reactants and products.
I

Solution: An equilibrium constant ch measuras the ratio of the

concentrations of products to reactants, each raised to the power
of their respective coefficients in the chemical equation. Thus,
Keq for this reaction =

{co}(n,0]
{co, ITH,] ~

If you assume each substance occupies the same volume in liters, the



b ration =

concentration can be expressed in moles
moles/liter , i.e,, liters cancel out of the equilibrium constant
expression. Thus, to find K , you need to find the number of moles
of each of the products and reactants and then to substitute into
the equilibrium expression.You are told the final product mole per-
cents. The reactants, then, at equilibrium, have mole percents that
equal their {nitial amounts minus the that decomp d to pro-
duce the products.
Thus, at equilibrium, [Cozl = 49,3 -~ 21,4 = 27.9, which was

given. Similarily [H,] = 50.7 - 22.8 = 27.9, which was given.
Thus, by substitution inte

(co] (1,01 ,
K= T@%@_ , you obtain x-%ﬁ%-l.sn,

which is the equilibrium constant for this reaction.
The second part follows. You begin with a 60:40 ratio of
Cozﬂlz » which means that initially you have .600 moles COZ and
400 moles H! +. To find the equilibrium concentrations, let x =
moles of CO formed. Thus, x = moles 820 formed since coefficients

tell us they are formed in equimolar amounts. The fact that moles
of a product form, means that x moles of a reactant must have de-
composed. Thus, at equilibrium, you have 0.600-x moles of l:‘.'t‘.'2 and

0.400-x moles of 112 . Recalling,
ICDJ(FO]
K= '
€0, (H, 2
you can now substitute these values to give K = 0.6-00.5o%) *
From previous part, K = 1,60, therefore,
2

-—
1.60 * e 0.a0
Solving, x = 0.267 . Thus, [CO] = [H,0] = x = 0.267M, [ccz] -
0.6-x = 0.3334 and [le = 0.4~x = 0.133M .

® PROBLEM 310

A chemist mixes nitric oxide and bromine to form nitrosyl
bromide at 298°K, according to the equation 2110( o + hz(s) 2

znmr(s) . Assuming K = 100, what is the quantity of nitrosyl

bromide formed, {f the reactants are at an initial pressure of
1 atm? R = 0,0821 liter-atm./mole’X .

Bolution: You are given the equilibrium constant for this reaction
and asked to calculate the quantity of nitrosyl bromide produced.
The first step is to write out the equilibrium expression and equate
it with the given value. For the general reaction,

2
xA + yB=2C, Kis defined Lol
(8] [A)*



where the brackets represent concentrations. For this reaction,

2
k= JANOBEL 00,

(¥0}? [Br, )

To find out how much NOBr {s produced, you would have to know
how many moles of NO and Brz were reacted. Once this is knowm,

you can find the number of grams produced. You know that the equi-
librium expression is based on concentratfon of reactants and prod-
ucts. Concentration is expressed in moles per liter. This means
that if the volume of the NOBr and its concentration is known,
you can find moles, since concentration X volume (liters) = moles.
Let us represent the concentration as

N _ moles

vV _Volume
Thus, the equilibrium expression becomes

2

Gyope /)
K= p]
g/ 0y, 1V

Let x = moles of NOBr formed. Then, x moles of NO and x/2

moles of Brz are consumed, since the coefficients of the reaction

show a 21241 ratio among HOB::NO:B;-:.
becomes 2
N v 2
100 = NOBr EV

"io Ny, (2-x)% (1-.5%)
2

The equilibrium expression

If x moles of NOBr form, and you started with 2 moles of KO,
then, at equilibrium, you have left 2-x moles of NO . You started
with only 1 mole of Brz and ix moles of it form NOBr; thus you

have 1-.5x moles left. Therefore, you need to determine only the
volume to find the quantity NOBr formed. V can be found from the
equation of state, PV = NRT , where P = pressure, V = volume,

N = moles, R = universal gas constant, and T = temperature in
kelvin (celsius plus 27®). You are told that the reactants are
under a pressure of 1 atm. at 298°K . N = 3, since the coefficients
inform you that a relative sum of 3 moles of reagents exist. You

know R. Thus
’V-F-RI;I- 3 0?1 298 = 73.4 liters .

Now that V 4s known, the equilibrium expression becomes
2
2B .00 .
(2-x)"(1-0.5x)
Solving for x, you obtain x = .923 moles = moles of NOBr formed.
Molecular weight = 110. Grams produced = ,923 x 110 = 101.53g.

® PROBLEM 311

Carbon dioxide is reduced by hydrogen according to the equation
L'Dz(s) + Ilzfs) P COo(g) + !lzﬂ(s) .
One mole of €O, 1is reacted with one mole of Il2 at 825K and it



is found that, at equilibrium, 0.27 atm of CO is present. Determine
the equilibrium constant, K, at 825K .

Soluytion: This problem makes use 6f the fact that since there are
equal numbers of moles of gaseous products and reactants, the partial
pressure of each component is equal to the number of moles present
at equilibrium,

For each mole of l.':l‘.:l2 and each mole of Hz reacted, one mole
of CO and one mole of nzo are produced. Thus, if at equilibrium
there is 0.27 atm = 0,27 mole of CO, then there is 0.27 mole of

nzo s 1 - 0.27 = 0.73 mole of 002 ,and 1 = 0,27 = 0,73 mole of
llz . If we let v denote the volume (in liters) in which the re-
action takes place, then:
[co] = [Hzo} = 0.27 molelv , [cozl = (8,] = 0.73 mole/v .

Substituting these values into.the expression for the equilibrium
constant gives

(COJIH0] (6.27/v)¢0.27/v)

2
- - £0.270)
[c0,]TH,] ™ (0.73/%)(0.73/v) (0.73)2

= 0,137 .

e PROBLEM 312
E——

Two moles of gaseous HHS are introduced into a 1.0-liter vessel

and allowed to undergo partial decomposition at high temperature ac-
cording to the reactiocn

WH,(g) @ Ny(g) + 3H,(g) .
At equilibrium, 1.0 mole of NHJ(g) remains. What is the value of
the equilibrium constant?

Solution: This problem involves substitution inte the expression
for the equilibrium constant for this reaction,

3
(%, (8]
-
2
(k]
Since 1.0 mole of NHJ remains, 2,0 - 1,0 = 1,0 mole of !II!3
was consumed. Also, since one mole of “2 and three moles of i&
are formed per 2 moles NHJ consumed, at equilibrium, there are
3/2 moles of H, and 1/2 wole of N, . The equilibrium concentra-
tions are therefore [NH,] = 1.0 mole/1.0 liter = 1.0m,
[IlzJ =(1/2 molaMl.0 liter) = 0.5M, and [Hzl = (3/2 moledM .0 liter)=

1.5K.
Substituting these into the expression for K gives



® PROBLEM 313

Four moles of PCIS are placed in a 2-liter flask. When the
following equilibrium is established

l’-t:l.5 Fl P013 + Clz ¥
the flask is found to contain 0.8 mole of C‘l2 . What iz the equili-
brium constant?
Solytion: The equilibrium constant (Keq) for this reaction is:

[Pclsl[Cl ]
Keq = [PclsT

where { ] indicate concentrations. One is given that, at equilibrium,
there are 0.8 mole of C].2 present, From the equation for the re-

action, it follows that there is 0.8 mole of Pi.':].3 present also. This
means that 0.8 moles of l".':].5 has teacted. Originally & moles of
1’1::1sl were present, thus, at equilibrium, 4.0 - 0.8 moles or 3.2

moles are present. These components are present in a two-liter flask.
Therefore, the concentrations will be expressed in moles/2 liters.
One can now solve for the equilibrium constant.

. - (pc1,)(ct, ] [Pc1,) = 0.8 moles/21iters
1 feci,] [c1,] = 0.8 moles/21iters
[Pc15] = 3.2 moles/2liters

Keq - (0:8/2)(0.8/2) _ (0.4%)(0.4n)
1 (3.2/2) (1.6m)

BT

1.6M

* PROBLEM 314
—

For the formation of hydrogen iodide,
H,(g) + L,(g) @ 2RI(g) ,

the value of the equilibrium constant at 700K is 54.7. If one mole
of “2 and one mole of 12 are the only materials initially present,

what will be the equilibrium concentrations of Elz, 12' and HI .

Solutfon: This problem Ls an application of the expression for the
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equilibrium constant 2
K= [uri
I »
hith,

except that the concentrations are unknown., However, as we shall see,
we do not need to know the concentrations.
Let x be the number of moles of Hz that disappeared at equili-

brium. Since one mole of 'l:2 is consumed and two moles of HI are
formed per mole of l'l2 consumed, then, at equilibrium, x moles of
Iz will have reacted, 2x moles of HI will have formed, and 1l-x
moles of 82 and 1l-x moles of 12 will remain, If we let the

volume of the vessel in which the reaction takes place be v, then
[“.2] = (1-x)/v , [12] = (1-x)/v , and [HI] = 2x/v . The expression

for the equilibrium constant i{s then

2 2 2 2
HL 2xfv o Lx ¥
K= 547 [nzllrzi oAM= o7 2
- &xz
1-2c4x

or

54.7 = 2(54.7)x + 54.7x° = 4x°

50.7x% - 109.4x + 54.7 = 0 .
Using the quadratic formula,

109.4 + J-109.6)7 - 4(50.7) (56.7)

X =
2(50.7)
or
x=0.79 , x = 1,37 .
Since x, the number of moles of H2 or Iz that reacted, cannot

be greater than one, the answer x = 1.37 must be a nonphysical
entity, and we retain only the answer x = 0.79. Hence, at equilibrium,

[Hzl =1-x=1=0.79 = 0.21 mole
(1) =1-x=1-0.79 = 0.21 mole
[HI] = 2x = 2(0.79) = 1.58 moles.

* PROBLEM 315
For the reaction

C0,(g) + H,(g) 2 CO(g) + H,0 (g),
the value of the equilibrium constant at B25°K 1is 0.137. If 5.0

moles of CD: s 3.0 moles of "2' 1.0 mole of CO , and 1.0 mole of
HZO are Initially present, what is the composition of the equilibrium
mixture?

Solution: This problem is an application of the expression for the
equilibrium constant.



From the stoichlometry of the reaction, one mole of CO and one
mole of !lzl:l are produced for one mole of 002 and one mole of nzo

that are reacted, Hence, if x moles of CO are produced at equili-
brium, then x moles of qu are produced, x moles of CDZ are
consumed, and x moles of 112 are consumed, Therefore, at equili-
brium, there are 1l+x moles of CO, l+x moles of I'Lto, 5-x moles
of CO, and 5-x moles of 1'12 . If we let v denote the volume of
the reaction vessel, the equilibrium concentrations are

[co] = [Hy0] = (1+x)/v, and [CO,] = [H,] = (5-x)/v .

Substituting these values into the expression for the equilibrium
constant gives

[co](n,0] (14 Jz 2 2
K= 0.137 = T_l'.?“"co ™= TG0/ c}::n: e B
ALY 5-x)v?  25-10x4x

or 2 2
0.137(25) - 0.137(10)x + 0.137x" = 1+2x+x

0.863%° + 3.370x - 2.425 = 0 .

Using the quadratic equation
« = 23:370 % J3.370)% - 4(0.863) (-2.425)

2(0.863)

or
x =062, x=-4,52 .

The second of these is nonphysical and is therefore discarded.
The equilibrium concentrations are then

{c0] = 14x = 140.62 = 1.62 moles
(H,0] = 1+x = 1+0.62 = 1.62 moles
{€0,] = 5~x = 5-0.62 = 4.38 moles
{uzl = 5-x = 5-0,62 = 4.38 moles.

* PROBLEM 316

One mole of !12 is te be reacted with one mole of !2 . Assum-

i{ng the equilibrium constant is 45.9, what will be the final concen-
trations of the chemical components in a 1 liter box at 490°C 17

Solution: The first thing to do with this type of problem is to

write a balanced equation for the reaction. A reaction between ['l2
and Iz is one which produces HI , As such, you have !iz(s) + Iz(s)

= 2HI(g) . You are given the equilibrium constant of this reaction.
To use this information, you must know the meaning of such a constant.
Given the general reaction: xA + yB ~ 2C , the equilibrium constant,

K, is defined as
et
(81 (a)*

where the brackets serve to indicate concentractions. For this problem,
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HIL 2
K= .
“‘z]l‘z]
You are asked to find the concentrations. Let x = the no. of moles
of H2 that react. It follows, then, that x 1is also equal to the
number of moles of I2 that react and 2x 1is equal to the number
of moles of HI that form. Substituting you obtain

2
Tigltgy = 9 -
L,

You started with one mole of each !I2 and ‘I.2 « Therefore, at

equilibrium you must have l-x moles of each species. Since the
volume of the box is one liter, this means that the concentration of
each substance is equal to the number of moles of each substance.
You can now substitute these values in the equilibrium equatfion.

2
(20" L4599 .
(1-x) (1=-x)
Solving for x wuwsing the quadratic equation, you obtain x = .772.
Therefore, at equilibrium you have
[HyJ =1 - x = .228 mol/liter
[1,] =1 - x = .228 wol/liter

[BI] = 2x = 1.554 mol/liter .

& PROBLEM 317
E—

For the reaction
2HL(g) @ H,(g) + L, (g) .,

the value of the equilibrium constant at 700K is 0.0183. If 3.0
moles of HI are placed in a 5-liter vessel and allowed to decompose
according to the above equation, what percentage of the original HI
would remain undissociated at equilibrium?

e I —

Solution: This problem is am application of the equilibrium expres-
sion

(8,] (L,]

. L 1

2

[HI]

Since two moles of HI are involved in the production of one
mole of H, and one mole of L if x moles of thurl therefore

x moles of Iz) are present at equilibrium, then 2x moles of HI

have been consumed and 3-2x moles of HI remain. Therefore, at
equilibrium, [E!2] = [Iz] = x moles/ 5 liters and [HI} =

(3-2x) moles/5 liters.
Substituting these into the expression for K gives

2

(1,] [L,] 2
x-o.ma:-ﬂ—i—z--i-LlLﬁﬂ—“" — i
(HI] [(3-2x)/5] (3-2x) 3



!-z Kz

(3-20%  9-12x + 4x?

9(0.0183) - 12(0.0183)x + 4(0.0183)x2 = x2
0.9268x> + 0.2196x ~ 0.1647 = 0 .
Using the quadratic formula,

-0.2196 + ../(D.Zl?b)z-ﬁ(O.QZEG) (-0.1647)

2(0.9268
or

x = -0.56, x = 0.32 .

Since negative moles are a monphysical entity, the first answer s
discarded and the second retained.
Thus, at equilibrium,

[By] = x = 0.32 mole

(1] = x = 0.32 mle

[HI] = 3-2x = 3-2(0.32) = 2.36 moles.
§ = = .213x100% = 21.3%

e PROBLEM 318

For the resction I,(g) # 2I(), K = 3.76 x 107> at 1000°K .

Suppose you inject 1 mole of Iz into a 2.00 liter-box at 1000°I. .
What will be the final equilibrium concentrations of Iz and of I?

Solution: Final equilibrium concentrations can be determined from the
equilibrium constant expression. For this reaction, X, the equilibrium
constant, equals 2
tor
L
You are given this value as 3.76 X 107
fore, you obtain .

2
3.76 x 10'5-{-3] .
I

You inject 1 mole of 12 in a 2 liter box, which means the initial
concentration is 1 mole/2 liter = O.SM. Let x = the smount of lz

that decomposes. Then, at equilibrium [12] = ,5-x, {.e., the
initial amount minus the decomposed amount, Whatever decomposes
yields I. For every mole of that decomposes, two moles of I
are generated. This can be seen from the coefficients in the checmi-
cal equation. Thus, at equilibrium, [I] = 2x. Substituting these
values in the equilibrium constant expression, you obtain

2
Q5. 576 % 1070,
(.5-x) -5
Solving for x you obtain x = 2.17 X 10
equation. Thus, the concentrations become

5 at 1000°PK, Equating, there-

s using the quadratic



I=2x=4.3%x10° N
and

Iz-.5—x-.ﬁ9814.

« PROBLEM 319
P ——

Given the equilibria H:S + H20 = H3O* + HS™ and HS™ + H;0 =
H 0% + 877, find the final concentration of 5%, if the
final concentrations of H,0* and H:S are 0.3 M and 0.1 M,
respectively.

ky = 6.3 x 10" for HaS + H,0

ky; = 1 x 10°'" for HS™ + H20

H30* + HS~ and
Hyot + §8°2,

-
-
-
-

Solution: This problem can be solved by writing the
equillibrium constant expressions for the eguilibria.
These expressions give the ratio of the concentrations
of products to reactants, each raised to the power of
its coefficient in the equilibrium eguation.

Therefore, for H:S + H;0 b H;0* + HS , we can write
kK, = 6. x 107 = [H:071[HS™]
[H28]
For HS™ + Hz0 + H,;0% + s~7,
Kz =1 x 107 = [B:0*I(577]
(us™]

Note: water concentration is not included in the equi-
librium expression since its concentration is assumed to
be constant.

One is not given any information concerning [HS™].
[H5~] is common to both k; and ki;, so that if one solves
one eguation for [HS™] and substitutes it into the other
equation, [H5")] is eliminated. Proceed as follows:

If one solves for [HS™] in k,, one obtains
(s~ = XalHaS] _ 6.3 x 107° [H;8]
[Hs0%] [Hy0*]
Substituting this into k;, one obtains
Ky = 1 x 10-1% = [H20*)(570 _ _[Hs0*)(s"?)

(8s™) 6.3 x 107*[R,5]
[H,0)

Rewriting in terms of [s-%],



[s-2] = L % 107'*) (6.3 x 10~%)[H;8]
[Hy0+]?

One is given that [H:S] and [H;0%] equal 0.1 M and
0.3 M, respectively.

Therefore, one can substitute these values into this
equation to solve for [5-%].

[s-2] = {1 x 10"1%)(6.3 = 107%) (0.1)
{0.3)?

=7 x 107% M.

o PROBLEM 320

At 1000°K, K = 2,37 x 1070 for the reaction, N,(g) + 3, () @
21“13(3) . If you Inject one mole of each ¥, and H, in a one-liter

box at 1000°K, what per cent of the li2 will be converted to NH
equilibrium?

Sll:

Solution: To answer this question, determine the concentration of

at equilibrium. Once this is known, subtract it from the initial con-
centration. The difference yields the amount that reacted to produce
NH, . By multiplying the quotient of the difference divided by the

or;siml amount of H2 by 100, you obtain the per cent.

To find [H,] at equilibrium, employ the quilibrium constant
expression. It States that K, the equilibrium constant, is equal to
the concentration ratio of the products to reactants, each raised to
the power of its coefficient in the chemical reaction. For this re-
action, then, 2

5 (NAg]

K=2,37X10 " = 3
(1, J7(N, ]

To find [H,], proceed as follows. Let x = amount of N, that dis-
sociates. i’hg initial concentrations of all species are ° 1M, since
molarity = moles/liter, and 1 mole of each is placed in a ome-liter
box. If the N,'s initial concentration is one and x moles/liter dis-
sociates, then, at equilibrium, there is (1 - x) moles/liter left of N,.
In other words, at equilibrium, [N,] = 1 - x. Now, from the chemical
equation, it is seen that for every mole of W, that reacts, 3 moles
of H} are necessary. Thus, when x moles/lifer of N, dissociate,
3x moles/liter of are required. The initial concefitration is 1,
so that, at equilibrium

[H,] =@ - 30 moles/liter.

Notice, also, that for every mole/liter of nitrogen that dissociates,
2(mole/1iter) of ammonia is obtained. Substituting these values into
the equilibrium constant expu?nim]l one obtains

NH 2

2.97x 107 e ——— . 20 X

iy, 18, ) (1-x) (1-3x)
Solving for x, one obtains x = .0217 moles/liter of N, that dis-
sociate. Thus, [H,] = 1 - 3x = ,935 moles/liter at lqufjibrl_. The
initial concentration was 1 mole/liter. The difference is the amount
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that dissociated, i.e., the tz . The difference = 1 - ,935 = ,065.
Thus, the percent that dissocifited equals

2065M , 100 = 6.5% .
1M

e PROBLEM 321

For PCIS 3 rc13 + Glz. K= 33,3 at 760°K . Suppose 1,00g of PCl

is injected into a 500-ml evacuated flask at 760°K and it is allowed
to come into equilibrium, What percent of the PCI.S will decompose?
M.W. of PCls = 208.235.

5

Solution: To find the percent of decomposition of FPCl_, you need te
know its initial concentration and final concentration (i.e., equili-
brium concentration).
Initially, there is 1,00g of PCl, in the 500ml flask. Concen-
tration = moles/liter. There are 1000u? in 1 liter, so that 500wl
is .5 liters. The molecular weight of 9015 = 208.235 grams/mole. A
mole is defined as
rams (mass
molecular wt.
Thus, number of moles of

PR ¥ S
PCls = 558.235g/mole

Therefore, the initial concentration of
,0D48 moles
Pcls = S 1iter - .0096M.

To find its concentration at equilibrium, use the equilibrium
constant expression, which states that K, the equilibrium constant,
is equal to the ratio of the concentrations of products to reactants,
each raised to the power of its coefficient in the equation. Here,
you have

.0048 moles.

[c1,)(pc1,}
K= IPClsi g
But, you are told K = 33,3. You can equate to obtair

fe1,](pc1,)
33.3 = ""TFET;i" .

Let x = concentration of [Cl,] at equilibrium, If this is cthe case,
then x = [PCl,] also, since from the chemical equation it is shown
that they are formed 1n equimolar amounts. If x moles/liter of each
€l, and PCl, form, and the only source is FPCl, then the [Pf:ls]
at equi'.libr:l'.ua is the initial concentration minus

moles

Titer L0096 - x .

Substituting these values into the equilibrium constant expressionm,
you obtain

K)LE
33.3 = 0096 - x °
Solving for x, using the quadratic equation, you obtain

-3
x = 9.597 X 107" = [PCly) = [C1,]

at equiltbrium. (PCl ) = .0096 - .009597 = 3 X 10°® . This means per-
cent dissociation =
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tial - final ntration
100 x initial _concentration

100  20BE=I X0 . 99,9 % dtssoctated.

e PROBLEM 322

At 273°K and 1 atm, 1 liter of N;0, decomposes to NO:
according to the eguation

N,0, + 2NO,.
To what extent has decomposition proceeded when the

original volume is 25 percent less than the existing
volume?

: Volume is proportional to the number of moles
present when Pressure (P) and Temperature (T) are held
constant. This can be seen from the egquation of state,

nRT

PV = nRT orV:T,

where R = universal gas constant, n = moles, and V =
volume. When P and T are constant, RT/P is a constant,
and V varies directly with n. Thus, in this problem you
can discuss volumes in terms of fractions decomposed.

Let a be the volume fraction of the original N;O,
that decomposes. Since moles are proportional to volumes
and 2 moles of NO, are produced for every mole of N0,
this fraction, a, results in the production of 2a of NO:
and 1 - a of N;Oy. The total final volume fraction is
1l -a+ 2a= (1+ a); that is, the final volume = (1 +
a) times the original volume. The original volume is
1 liter of NZOQ. The existing volume is

(1 + a)(1 liter) = (1 + a) liter.

But 1 = .75 (1 + a). Solving, a = ,333. Thus, you have
33% decompositicen.

¢ PROBLEM 323

At 395 K, chlorine and carbon monoxide react to form
phosgene, COCl:, according to the equation

€O (g) +Cl: (g) + cocl: (qg).

The egquilibrium partial pressures are Ppy, = 0.128 atm,
Peo = 0.116 atm, and Peocl, = 0.334 atm. Determine the
equilibrium constant Kp for the dissociation of phosgene
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and the degree of dissociation at 395 K under a pressure
of 1 atm.

Solution: After cobtaining an expression for K_ for the

dissociation of phosgene, the degree of dissociation under
1 atm of total pressure will be obtained by combining Kp

with Dalton's law of partial pressures.
The dissociation of phosgene may be written as
cocl: (@) ¥ €O (q) + Cla (g).

By definition, K_ is the product of the partial pressures

of the products divided by the product of the partial
pressure of the reactants. Hence,

_ Pco Pe1, _ (0.116 atm) (0.128 atm)
P pc{x:lz . atm

= 0.0444 atm.

xp for the dissociation of phosgene is thus 0.0444 atm,

Let o denote the fraction of the original number of
moles of phosgene that decomposed. Then, 1 - a is the
fraction of the original number of moles of phosgene re-
maining. From the stoichiometry of the dissociation re-
action, one mole of CO and one mole of Cl; are formed for
every mole of phosgene that decomposes. Thus, o moles of
phosgene decomposes to a moles of CO and a moles of Cl;.

From Dalton's law of partial pressures,

Peocl, = *coc1, Pr

=X

Peo = ¥co Py 208 Pqy, = X5y, Pp

where xCOCI; is the mole fraction of phosgene, Xeo is the
mole fraction of CO, xClz is the mole fraction of Cl;, and
Pp is the total pressure. Mole fraction may be defined as

the number of moles of that particular substance divided by
the total number of moles present. Since the total number
of moles present after & moles of phosgene decomposes is

(1 - o) (from remaining phosgene)+ a(from CO)+ a(from Cl:)
=1+«

= =1 -a
we have  Peocy, * Xeoc1, Pr = T @ Pr

a
Peo = ¥co Pr T+ 3 Pr



= = “
and Pe1, = ¥%c1, Pr = T+a Pr-

Substituting these into the expression for Kp' we obtain

ﬂl
T+ a1l -al PT

P pCDCl: I————

- L
r

P,
(1 - o* T

- Pco Pe1, | s l[l_ "Tl

Now, the total pressure is Pp = 1 atm and Kp has
been determined as Kp = 0.0444 atm. Hence,

2

P 1 - a? pT’

a?

0.0444 atm = x 1 atm,

1 - a?
0.0444 - 0.0444 a® = o?,

or, a= (%f%%%%]% = 0.206.

The degree of dissociation of phosgene is equal to
the fraction, a, of original moles that have dissociated.
Hence, the degree of dissociation of phosgene at 395 K
under a pressure of 1 atm is 0.206.

& PROBLEM 324

If 1.588 g of nitrogen tetroxide gives a total pressure of
1 atm when partially dissociated in a 500-cm® glass vessel
at 25°, what is the degree of dissociation, a? What is the
value of xp? The equation for this reaction is N;O.+ 2NO:.

Solution: The determination of the density of a partially
dissociated gas provides one method for measuring the extent
to which the gas dissociates. When a gas dissociates, more
molecules are produced, and at constant temperature and
pressure the volume increases. The density at constant
pressure then decreases, and the difference between the
density of the undissociated gas and that of the partially
dissociated gas is directly related to the degree of dis-
sociation.

If o represents the fraction of gas dissociated, then
1 - a represents the fraction of gas undissociated. Assum-
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ing one starts with 1 mole of gas the number of moles of
gaseous products in the balanced chemical equation is 1 +

Iui {where E“i is the summation of all the coefficients;

positive coefficients for the products and negative co-
efficients for the reactants). Therefore, the number of
moles of gas present at equilibrium is

(1-a) +(1+Jvla =1+afv

The density of an ideal gas at constant pressure and
temperature is inversely proportional to the number of moles
for a given weight and the ratio of the density p, of the
undissociated gas to the density p; of the partially dis-
socciated gas is given by the expression

gr o

P2 l+a E“i

a = 2L = P2
pa Jvi

I1f there is no dissociation,then o = 0 and p, = p3,
if dissociation is complete, then a = 1, p2 E“i = p; = P2
and p; = (1 + Evi}pz.

Molecular weights are proportional at constant tem-

perature and pressure to the gas densities, Therefore,
molecular weights can be substituted for the densities:

o= Mo M
M2 Eui

where M, is the molecular weight of the undissociated gas,
and M2 is the average molecular weight of the gases when
the gas is partially dissociated,.

The dissociation of nitrogen tetroxide proceeds by
the following equation:

2

Pxo
N,0, = 2NO, and Kp = p;;:

The degree of dissociation is a; (1 = a) is pro~
portional to the number of moles of undissociated N;0.;
20 is proportional to the number of moles of NO,:; and
(L - a) + 2a or 1 + a is proporticnal to the total
number of moles.

If the total pressure of N;0y plus NO; is P, the
partial pressures are:

=1l-a = 28
Pyron “TFaf 3 Pg, "TFa P



thxp]’
en, K = T +a . 4alp

P 1-a, 1 -a?
I +a

My = 92,02 g/mole.

Th

Using the Combined gas Law,
PV = n RT
and setting n, the number of moles of substance, equal to

the mass of substance, m, divided by its molecular weight,
M2, one obtains

m
PV-ﬁn‘I‘

Rearranging and solving for M.,

RT m
M=y

Mp= RI m _ (0,082 liter atm°k”’ mole ') (298°K) (1.588 g)
=F U {1 atm) (0.500 1iter)

= 77.68 g/mole

=M - M
M2 Evi

a

where Evi for the reaction equals [(coaffici.ant of NO:) =

(coefficient of N20.) = (2 - 1) = 1 and M, = 92,02 and
M2 = 77.68.

o = 92:02 = 77.68 _ ¢ 1o4e

40° P _ 4(0.1846)°(1 atm) _ 4 14y
- r=(oxsme T - e

THE SHIFTING OF EQUILIBRIUM-LE CHATELIER'S
PRINCIPLE

& PROBLEM 325

A solute of formula AB is slightly dissociated into a%t
and B”. In this system, there is a dynamic equilibrium
such that A* + B~ # AB. Explain what happens if more
acid is introduced into this system.

——
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Solution: An acid is a species which, when added to a
solvent (such as H.0), dissociates into protons (H+) and
anions. In this particular case, the proton is represented
as A*. When more acid is added to this general solvent
system, more A* is introduced. The increased concentration
of A* places a stress on the equilibrium and the result

is a shift in this equilibrium. According to Le Chitelier's
principle, an equilibrium system will readjust to reduce

a stress if one is applied. Thus, the eguilibrium A* +

B' 4 aB will readjust to relieve the stress of the in-

[ tration. The stress is relieved by the
reactian of At with B~ to produce more AB. The concentration
of B™ will decrease as compared to its concentration prior
to the addition of the acid. Also, the concentration of
the product AB will increase with the addition of the acid.

¢ PROBLEM 32

At 986°C, K = 1.60 for the reaction, H,(g) + CO,(g) 3 H,0(g) + CO(g).

If you inject one mole each of s 602, 0, and CO0 simultaneously in a
20-1liter box at time t = 0 and Ellow’t to equilibrate at 986°C, what
will be the final concentrations of all the species? What would happen to
these concentrations if additional Hz was injected and a new equilibrium
was established?

: Final concentrations of the species can be found by using the
equilibrium constant expression. This expression equates K, the equi~
librium constant, to the concentration ratio of products to reactants,
each raised to the power of its coefficient in the chemical equatiom.
Thus, for this reaction, you can say

(,01{co]
mp’ = 1.60 .

Initially, there was 1 mole of each component in the 20 liter contaimer.
Since, concentration = moles/liter, all had an initial concentration of

1 mole _

20 liter
At equilibrium, let x = the number of moles/liter of l{z that have re-
acted. Thus, its concentration, at equilibrium, becomes™ .05 - x. If x
moles/1liter of BZ react, the same number of moles/liter of (:0z must

react also, since they rel:t in n.quhohr amounts; this is seen from the
chemical reaction. Thus, t:l:l2 .05 - x, at equtlihriun. These

x moles/liter have been conmverted to products. Thus, [H,0] = [CO] =
.05 + x, at equilibrium. The two products have the same Concentration,
since, again, the reaction shows they are formed in equimolar amounts.
As such, you can substitute these values to obtain

[1] 4]
(.us-x)"h(.o's-& = 1.60

.05 + x
o5 —x = /160 .

or



Solving for =x, you obtain =x = .00585. Thus, the raticns b

{&] = [CO,] = .0442 and [H,0]) = [CO] = ,0558. If more H, is injected,
t lqu.f.li.gtll- is subjected to a stress, one component's concentration
bas been increased, and according to Le Chatelier's principle, the system
will act to relieve the stress by shifting the equilibrium. To do this,
more reacts with CO,, thus, decreasing their concentrations, to
produce more 320 and CU, thereby, increasing their concentrations.

o PROBLEM 327

You are given a box in which PCls(g), Pc13(g), and Clz(g) are

in equilibrium with each other at 546°K . Assuming that the decomposi-

tion of Pl:l.s to l’cl3 and 612 is endothermic, what effect would

there be on the concentration of Pcls in the box if each of the follow-
ing changes were made? (a) Add Cl, to the box, (b) Reduce the volume

2
of the box, and (c) Raise the temperature of the system.

: You are told that the following equilibrium exists in the box
?Cls ] PCI3 + Clz (all gases) and asked to see what happens to [PCljl

when certain changes sre made. This necessitates the use of Le Chatelier's
principle, which states that if a stress is applied to a system at equi-
1ibrium, then the system read justs to reduce the stress., With this in
mind, proceed as follows:

{(a) Here, you are adding (212 to the box. This results in a stress,

since one of thecomponents in the equilibrium has its concentration increased.
According to Le Chatelier's principle, the system will act to relieve this
increased concentration of !‘.!l1 = the stress. It can do so, if the t:lz
combines with l’t’:l3 5 In this fashion, the stress

is reduced, but the concentration of Pc15 is increased.

(b) When the volume of the box is red d, the ration of the species
is increased, {.e., the molecules are crowded closer together. Thus, a
stress is applied. The stress can only be relieved (Le Chatelier's prin-
ciple) if the molecules could be reduced in number, MNotice, in our equi-
1librium expression you have 2 molecules, 1 each of Pcls and (:12. pro-

ducing 1 molecule of Pi::‘.l.5 . In other words, the number of molecules is
reduced if the equilibrium shifts to the left, so that more FCl_ 1is pro-
duced. This is exactly what happens. As such, the [I‘CISI incleases.

(¢) You are told that the decomposition of PCl, is endothermic (absorb-
ing heat). In other words, it must absorb heat Irom the surroundings to

proceed. If you increase the temperature, more heat is available, and the
decomposition p ds more readily, which means [PCISI decreases. This

to produce more PCl

fact can also be seen from the equilibrium constant of the reaction, K.
This constant measures the ratio of products to reactants, each ralsed to
the power of its coefficients in the chemical reaction. WNow, when & re-
sction i{s endothermic, K {s increased. For K to increase, the re-
actant's concentration must decrease. Again, therefore, you see that
[PCI.S] decreases .



® PROBLEM 328

A 1.00-liter reaction vessel containing the equilibrium mixture

€O + Cl, » cocl,

was found to contain 0,400 mole of Coclz, 0,100 mole of CO, and 0.500
mole of lfil.2 . If 0.300 mole of CO is added at constant temperature,

what will be the new concentrations of each component at equilibrium?

Solution: If a stress is placed on a system in equilibrium, whereby the
equilibrium is altered, that change will take place which tends to re-
lieve or neutralize the effect of the added stress. Thus, in this re-
action when more CO is added after equilibrium has been established
more COCl, will be formed to re-establish the equilibrium. One is
given the “concentrations of the components at equilibrium, thus the
equilibrium constant (Keq) can be calculated. The equilibrium con-
stant for this reaction can be stated:

[coch, ]

Keq = [CU_][CI 1t the ratio of products to
2

reactants, where [ ] indicate concentration. One can solve for the
Keq by using the concentrations given for the first equilibrium,

[coc1zl {cocl,] = 0.400 mole/liter
Keq = feo)Tet, ] {co] = 0.100 mole/l1iter

[ci,] = 0.500 mole/liter

(0.400) . (0.400)
(0.100) (0.500) (0.05)

One knows, from the definition of Keq, that when more CO is added to
the mixture that the concentrations of the components rearrange s0 that
the equation for Keq is equal to 8.

Using Le Chatelier's principle, stated in the first sentence of
this explanation, one knows that when more CO is added to this mixture
more COCl, is formed. Let new comcentrations of COCl, = .400 + o .

From the equation, one knows that for each mole of COCIZ formed one mole
of c)z is used, thus the new concentration of Clz = [0.500 - x]. One
mole of CO is also used for each mole of i:tl:l:l2 formed, thus the new

concentration of CO will be equal to x subtracted from the sum of
the number of moles originally present and the number added. The new
concentration of CO = [0.100 + 0.300 - x]. Because one knows that
Keq = 8, one can now solve for x.

Keq = = 8.0 .

{coc1, ) [coc1, ] = (0.400 + x)moles
¥ea = Teoller,] ” 8 where (5] . (0.100 + 0.300 - x) moles
{c12} = (0.500 - %) moles

Solving, (0.400 + x)
® (0.100 + 0.300 - x)(0.500 - x)
{0.400 + x) -8

(0.2 = 0.9x + x2)
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(0.400 + x) = B(0.2 - 0.9 + x2)
(0.400 + x) = (1.6 - 7.2x + 8x%)

0=1.2 - 8.2x+ 8 .
One uses the quadratic equation to solve for x:
. bt .jgz - 4ac
2a
0=¢+ bx + ax

=82 Ji-8.2)7 - a(ex1.2)

2x 8

8.2 ¥ 5.37
x = ——tewm ol

16

x

, where

_8.2+5.37

x 16 0.85
or
8.2 - 5.37 .
X = 3 = 177 .

One cannot use x = ,85 in this problem because when it is used, the
concentrations of CO and (:12 will be negative values. Thus

x = ,177. The new concentrations can now be found.
[COC].z] = (0.400 + x) = .577 moles
[cO] = (0.400 -« x) = ,223 moles
[c1,] = (0.500 - x) = .323 moles

* PROBLEM 329

At a certain temperature, an equilibrium mixture of

+
NOZ + SI)2 # NO + 503

is analyzed and found to contain the following molar concentrations:
[uozl = 0,100, [502] = 0.300, [NO] = 2,00, 1503} = 0.600 .

If 0.500 moles of S0, are introduced at constant temperature, what will
be the new cannentrnti%ns of reactants and products when equilibrium is
re-established?

Solution: Le Chatelier's principle states: If a stress is placed on a
system in equilibrium, whereby the equilibrium is altered, that change
will take place which tends to relieve or neutralize the effect of the
added stress. Thus, in this reaction, if more S0, is added more NO

and 803 will be formed. If stress is placed on the left side of the

equation, the reaction will be forced to the right (and vice versa). One
can determine the equilibrium constant (Keq) for this reaction by using
the concentrations of the original mixture. The equilibrium constant is
defined:

[NO][503]

[}IO2 502

where [ ] indicate concentrations, Solving for Keq with

Keq
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(N0] = 2,00 [nozj = 0.100
[503] = 0.600 [502] - 0.300 *
one obtains 0.6

Kea = {0°100) (6. 300)
One can solve for the new concentrations by using the Keq. From
Le Chatelier's principle, one knows that when S0, is added to this
mixture, the amounts of NO and 803 will 1uuiu. Let x = the number

of moles by which NO and 503 will increase. For each mole of 503 and

NO formed, one mole of 502 and one mole of HO: will react, thus the

new concentrations of these components will be equal to the original con-
centrations less x moles. The new concentrations can be stated.

[90] = 2,00 + x

{50,] = 0.600 + x

[HOZJ = 0.100 - x

[5021 = 0,300 + the amount added - x

= 0.300 + 0.500 - x = 0.800 - x .

Using the formula for the equilibrium constant, one can solve for x.

[801{503] 0.0
Keq = = 40.0 .
W0, 1[50,
00 + ] + X
40.0 = 5100 - x) (0,890 - x)
40.0 = 1,20 + 2.6x + x \
.080 - 0,90x + x

(0.80 - 0.90x + x2)40 = 1,20 + 2.6x + x

3.20 - 36.0x + 40x° = 1,20 + 2.6x + x°

2.0 - 38.6x + 38x> = 0 .

One can use the quadratic formula to solve for x.

= 40.0 .

Substituting,

2

lxz+bx+c-0

=b :AZ - bac

x =
2a
38x2 - 38.6x + 2.0 = 0
38.6 + J(38.6)% - 4 x 2.0 x 38
X =

2x 38

38.6 + 34.44
x= 76

_ 38,6+ 3444
x 76 = 0,96

or oo 38:6 - 34,44
76

One cannot use x = 0.96 because [uoz] and [502] will be negative.

= 0.055
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Concentrations cannot have negative values, which means
can now find the new concentrations

[NO] = 2,00 + x = 2.055 moles

[503] = 0,600 + x = 0,65 moles
[HOZJ = 0.100 - x = 0,045 moles
.[502] = 0,800 - x = 0,745 moles

x = ,055.

One



CHAPTER 10

ACID-BASE EQUILIBRIA

Basic Attacks and Strategies for Solving Problems
in this Chapter. See pages 305 to 366 for step-by-
step solutions to problems.

A simple definition of an acid in an aqueous solution is any compound
which produces hydrated hydrogen ions, H,0* (also called hydronium ions).
Bases are compounds which produce hydroxyl, OH-, ions. There are more
sophisticated definitions such as Lewis acids and bases (compounds which
can “accept” or “donate,” respectively, a share in an electron pair) and
Bronsted acids and bases (compounds which act as proton donors and proton
acceptors, respectively), but the simple definition works well for most
aqueous phase acid-base reactions. While the hydrated hydrogen ion, H,0*,
is always the species that actually exists in aqueous solution, the writing of
most reactions is simplified by showing it as the hydrogen ion, H*. Such a
simplification is helpful in writing acid-base reactions because the hydrating
H,0 molecules are left out.

Water ionizes to form hydrogen (or hydronium) and hydroxyl ions
according 1o the equation
H,0 < H" + OH" 10-1

(Note that if the same reaction is written with a hydronium ion, the equation
becomes 2H,0 < H,0* + OH")

Reaction 10-1, the autoionization of water, has an equilibrium constant of
10-', Since the activity of pure water is one by definition, the product of the
H* and OH- concentrations in an aqueous solution is always 107,

(H)(OH") = 10 = Kw 10-2
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Similar reactions in non-aqueous solvents (e.g., 2NH, <» NH_* + NH,")
are called autoprotolysis. They are simply reversible ionization reactions
resulting from the shift of a proton. Usually they reach equilibrium quickly.

Awidely used measure of acidity, pH, is defined as the negative logarithm
of the H* ion concentration.

PH = _log]o{H‘) 10-3

Hence, the H* ion concentration is equal to 107", When both the H* and OH-
ion concentrations are equal, Equation 10-2 dictates that they both equal
1077. The neutral pH, therefore, is 7; acidic solutions have a pH less than 7,
basic solutions greater than 7. A similar quantity, pOH, is defined for the OH-
ion concentration, but it is much less common than pH. The sum of pH and
pOH will always equal 14 in order to satisfy Equation 10-2.

The ionization constant, dissociation constant, and hydrolysis constant,
which are illustrated in Problems 347-363, are all equilibrium constants. The
problems can all be solved using the basic principles for solving for equilib-
rium compositions discussed in Chapter 9. Do not conclude from the different
names assigned these equilibria that there are different principles involved. In
each case the problem can be solved by the following steps:

1) Write the reaction.

2) Write the equation relating the equilibrium constant to composi-
tions.

3) Write each composition in terms of a single variable from the
stoichiometry.

4) Solve the equation for the single variable and calculate the
equilibrium compositions.

Acid-base neutralization occurs in aqueous solution when the H* ions of
the acid react with the OH- ions of the base to form water. This reaction occurs
so fast that it is usually considered instantaneous, and the H* and OH-
concentrations always obey the equilibrium relation of Equation 10-2. The
other product of the neutralization of an acid and base — from the cation from
the base and the anion from the acid — is called a salt. Normal table salt (NaCl)
is the salt formed from the neutralization of hydrochloric acid (HCl) and
sodium hydroxide (NaOH). It is, however, only one of numerous salts that
form from the neutralization of acids and bases. The key to working the
neutralization problems lies in remembering that one mole of H* ions reacts
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with one mole of OH- ions to form a neutral solution. The other ions will form
a salt.

Diprotic or triprotic acids possess two or three hydrogens, respectively,
that can ionize to form H* ions. In all such cases, the first H* ion is more readily
formed than the second or third. A very common example is sulfuric acid
which can form H* ions by both of the following reactions.

H,SO, «» H* + HSO 10-4

HSO,” < H' + 80,7 10-5

The equilibrium constant for the first H* ion, Equation 10-4, is very large
and all the H,SO, reacts. However, the equilibrium constant for the second is
.012, so little H* is formed from this reaction. Let us calculate, for example,
the SO, ion concentrationina 1M aqueous solution of sulfuric acid. Follow
the procedure outlined above.

1) Write the equation containing SO,>.

HSO,” « H' +80,? 10-6

2) Write the equation relating the equilibrium constant to compositions.
0.012 = (H*)(SO,?)/(HSO,) 10-7

3) Write the composition in terms of a single variable from the
stoichiometry.

We can assume, since the equilibrium constant is small, that very little HSO -
is consumed and that, since Equation 10-4 goes essentially to completion,
HSO,” and H' concentrations are equal and equal to 1M.

012 = (1) (SO, 2)/(1) 10-8

4) Solve the equation for the single variable and calculate the equilibrium
compositions.

(50,7 = .012M 10-9

The assumption that very little HSO," ion is consumed is reasonable. In this
case, .012 moles or 1.2% of the HSO, is consumed.

305-C



Aqueous buffered solutions, or aqueous solutions that maintain a very
nearly constant pH or constant H* ion concentration, are formed in two com-
mon ways.

1) By dissolving, in water, a weak acid and a soluble ionic salt

containing the same anion as the weak acid

2) By dissolving, in water, a weak base and a soluble ionic salt

containing the same cation as the weak acid

When the anion of a weak acid is maintained at a constant, relatively large
concentration by dissolving a salt, it will control, through equilibrium, the H*
ion concentration and, hence, the pH. For example, acetic acid is a weak acid
with a ionization equilibrium constant of 1.76 x 10-*. We can write the reac-
tion for the ionization of acetic acid, using the abbreviation Ac, forthe acetate
ion.

HAc < H* + Ac 10-10
1.76 x 10~* = (H*) (Ac’)/(HAc) 10-11
H* = 1.76 x 10~° (HAC)/(Ac) 10-12

The concentration of HAc, unionized acetic acid, is constant because very
little ionizes or reacts by Equation 10-10. If the concentration of acetate ion,
Ac, is maintained at a large constant value (large by comparison to that
produced by Equation 10-10) by adding a soluble ionic salt of acetic acid, such
as sodium acetate, to the solution, then the ratio of HAc and Ac- will be
constant. The addition of small amounts of acids or bases to this solution will
not result in significant changes in the Ac™ or HAc concentrations and, from
Equation 10-12, the H* ion concentration or the pH will not change; the
solution is said to be buffered against change in the pH.

Indicators are usually large organic molecules that change color by
reaction with H* or OH- ions. When the concentration of H*, for example,
reaches an appropriate level, the equilibrium with the indicator molecule will
shift to form a species of a different color. Many acid-base indicators exist;
it is possible to select one that will change color at almost any desired pH. The
reactions of H* with indicators reach equilibrium quickly and can be treated
like any other equilibrium reaction.

Complex ions are simply ions that form by addition of a molecule (called
a complexing agent) to existing ions. They can be treated like any other ion

305-D



and all of the principles of calculating ionic equilibrium apply. Ammonia,
NH,, is a complexing agent with many metallic ions. A typical example is the
one given in Problem 379.

Cu*? + 4NH, + [Cu(NH,)]* 10-13
Such ions are typically highly colored.

Electrolytes are compounds which form charged ions when dissolved.
Most salts are electrolytes, as are most common inorganic acids and bases.
Strong electrolytes ionize completely when dissolved; weak electrolytes, on
the other hand, have small ionization equilibrium constants. Acetic acid,
discussed previously, is a weak electrolyte with an ionization equilibrium
constant of 1.76 x 10, Treatment of the problems involving electrolytes can
be solved by following the same principles discussed for other equilibrium
reactions.
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Step-by-Step Solutions to
Problems in this Chapter,
“Acid-Base Equilibria”

ACIDS AND BASES

& PROBLEM 330

Can I* (the iodine cation) be called a Lewis base? Explain
your answer.

Solution: A Lewis base may be defined as an electron
paIr donor. Writing out its electronic structure is the
best way to answer this guestion, because it will show
the existence of any available electron pairs.

The electronic structure of It may be written as
[: I :]*. There are three available electron pairs. This
might lead one to suspect that it is indeed a Lewis base.
But note, I* does not have a complete aoctet of electrons,
it does not obey the octet rule. According to this rule,
atoms react to obtain an octet (8) of electrons., This con-
fers stability.

Therefore, I* would certainly rather gain two more
electrons than lose six. In reality, then, I* is an
electron pair acceptor. Such substances are called Lewis
acids.

® PROBLEM 331

Write the equations for the stepwise dissociation of
pyrophosphoric acid, H.P:0;. Identify all conjugate acid-
base pairs.

Solution: Pyrophosphoric acid is an example of a poly-
protic acid. Polyprotic acids furnish more than one proton
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per molecule. From its molecular formula, H4P.07, one can
see there exist four hydrogen atoms. This might lead one
to suspect that it is tetraprotic, i.e. having 4 protons
that can be donated per molecule. This is in fact the
case, which means there exist four dissociation reactions.
In general, the equation for a dissociation reaction is,

HA + H;0 + H;0% + A™.

Polyprotic acids follow this pattern. Thus, one can
write the following equations for the step-wise dissociation
of HyP07.

(1) HLP;0; + H,0 =+ Hy0% + HyP,0,"
(2) H3P20:~ + Hz0 = H 0% + HyP20,72
(3) H;P,0,"% + H,0 ~ H;0t + NP;0,7°
(4) HPy0,”' + H,0 ~ Hy0* + p0,”"

To identify all conjugate acid-base pairs, note the
definition of the term. The base that results when an acid
donates its proton is called the conjugate base. The acid
that results when a base accepts a proton is called the
conjugate acid. From these definitions, one sees that in
all cases Hi 0% is the conjugate acid of H;0 (the base in
these reactions) and H;P;0;~, H2P20,"?, HP;0,~° and
P;0;"" are the conjugate bases of H.P;0;, H,P;0,™,
H:P20,~% and HP;0,?, respectively.

* PROBLEM 332

The dissociation segquence of the polyprotic acid H,PO.
shows three Bronsted-Lowry acids. Rank them in order of
decreasing strengths.

Solution: Polyprotic acids are ones which furnish more
than one proton per molecule. From its molecular formula,
H3yPOy, it is observed that there are 3 available hydrogen
atoms available for release. In general, the equation for
a dissociation reaction is

HA + HO0 ~+ H,0t + A™,
where HA is the acid and water is acting as a weak base.

With this in mind, one can write the 3 dissociation
reactions as

(1) H)PO, + H,0 + H,0%Y + HyPO,”
(2) H;PO.™ + H,0 = H,0% + HPO,™?
(3) HPO,”? + H;0 -+ H,0* + PO,”?

From this, one can see that the three acids are



H3PO., H;P0,~, and HPO,~?. The acids decrease in strength
in the order of H,PO., H;PO.,”, HPO,”?

Ranking can be explained by noting thnt equivalent
H-O bonds are being broken to give off H*. The second and
third protons that dissociate leave a progressively more
negative ion. This means it is more difficult for the ion
to dissociate in order to produce additional H* ions. This
stems from the fact that the increased negativity results
in increased attraction for the proton (H+). In summary,
as the negative charge of the acid increases, the weaker
the acid becomes.

& PROBLEM 333

If you place HClO,, HNOy or HCl in water, you find that
they are strong acids. "However, they show distinct
differences in acidities when dissolved in acetic

acid. Such an occurrence is referred to as the leveling
effect of the solvent, water: a) Explain the basis for
this leveling effect by comparing acid reactions in the
water solvent system to the acetic acid solvent system.
b) Discuss the leveling effect in terms of basicities
instead of acidities.

h—— —

Solution: (a) To explain the leveling effect, you must
conslder the relative acidic or basic properties of the
species involved. In water, the general reaction for the
acid is HA+H,07—H30*+A”. 1In acetic acid, however, the
reaction is %assum;nq HA is a stronger acid than acetic
acid (CH3COCH), nnd the three acids given are) HA +
cn;coon.—_—'ca:,coon + A” Let us consider the strengths
of the acids in these two solvent systems. Water is
less acidic, thus more basic and more strongly proton-
attracting, than acetic acid. This means that when strong
acids are dissolved the eguilibrium will be shifted far
to the right in water, but not as far in acetic acid.
Thus, more products will be produced in the water
solution than in the acetic acid. The acidities of the
2 given acids depend upon how much H* ion they praduce*
If the equilibrium is not shifted to the right, less H
ion is being produced. Thus, the acidicities of the three

iven acids will be less in acetic acid, since the equi-

briun is shifted less toc the right, and thus, not much
ion is generated.

(b) The leveling effect can also be thought of in
terms of basicity For the two types of bases. you have
B+H20==338 +0H™ in water and B+CH COOH::dBH +CHLC00™ in
acetic acid. Now OH™ is a stranger base than CB3300' and,
therefore, the equilibrium is further to the left in
water than in acetic acid. Thus, when a base is added
to water it will ionize less than in acetic acid.



THE AUTOIONIZATION OF WATER

¢ PROBLEM 334

A 0.10 M solution of HCl is prepared. What species of ions
are present at equilibrium, and what will be their equi-
librium concentrations?

Solution: Two processes are occurring simultanecusly:
e reaction of HCl with H;0 (dissociation of HCl) and
the autoionization of H»0.
HCl reacts with H;0 according to the equation
HC1 + Hz0 + H,0* + Cl-.
For every mole of HCl that dissociates, one mole of
Cl~ and one mole of Hy0%* are produced. The initial con-
centration of HCl is 0.10 M. Thus, if we assume that
HCl dissociates completely,
[H30*] = 0.10 M and [c1=] = 0.10 M.
Water autoionizes according to the eguation
H20 + H;0 < H 0t + OH™.

The water constant for this process is

K, = 10~'* moles?/liter? = [H,0t][OH"].

10-'* moles®/liter?
[Hy0%]

Hence, [OH™] =

since [H,0%) was determined to be 0.10 M = 107! M =
10”! moles/liter,

107'* moles?/liter?
[H,0%]

fon™] =

- 107'" moles®/liter? _ ),-13 pojeg/liter = 10717 M.
10! moles/liter

Hence, at equlibrium, H;0%, OH™, and Cl1~ are present
in the concentrations

[Hy0*] = 0.10 M, [OH"] = 107'* M, [C1™) = 0.10 M.



* PROBLEM 335

A 0.10 M solution of NaOH is prepared. What species of
ions are present at equlibrium, and what will be their
equilibrium concentrations?

Solution: Two processes are occurring simultaneously, the
dissociation of NaOH, and the autoionization of H;0.

NaOH dissociates according to the equation
NaOH + Na* + OH™.
For every mole of NaOH that dissociates, one mole of Nat
and one mole of OH™ are produced. The initial concentration
of NaOH is 0.10 M. Thus, if we assume that NaOH dis-
sociates completely[Nat] = 0.10 M and [OH-] = 0.10 M.
Water autoionizes according to the equation
H20 + Hp0 + H,0* + OH™.

The water constant for this process is

K, = 10-'* moles®/liter? = [H,0*][0K"].

10-'* moles®/liter?
[on~]

Hence, [H,0%] =

Since [OH-] was determined to be 0.10 M = 10~' M =
10-' moles/liter, by substitution, we obtain

10-'* moles’/liter? _ 107'* moles?/liter’
Lou-] 10! moles/liter

[Hy0*] =

= 10"'? moles/liter = 10-!' M.

Hence, at equilibrium, H,0*, OH™, and Nat are present in
the concentrations

[Hy0t] = 107'? M, [OH"] = 0.10 M, [Nat] = 0.10 M.

AUTOPROTOLYSIS
¢ PROBLEM 336

Find the equation for the autoprotolysis of water. Indicate
which species is the acid, the base, the conjugate acid,
and the conjugate base.




Solution: One can begin by defining autoprotolysis. It
may De defined as the donation of a proton from a molecule
of one specie to another molecule of the same specie to
produce positive and negative ions. Thus, for water, the
equation is Hz0 + H20 + Hy0% + OH™. An acid is defined
as a specie that donates protons. A base is a substance
that accepts protons. From the equation, one sees that
either water (H;0) molecule can be the base or acid. A
conjugate base is a specie obtained by abstracting a proton
(H*). If one abstracts a proton from water, one obtains
OH™. Thus, OH™ is the conjugate base. The conjugate acid
is defined as the base plus a proton. It was stated that
either H:0 molecule could be the base. If one adds a
proton to one of them, one obtains H;O*. Thus, H,0* is
the conjugate acid.

& PROBLEM 337

Indicate the equilibrium equation and constant expression for the
asutoprotolysis of liquid ammonia. If Kyy = 1022, how many molecules

of smmonia are ionized in 1 mole of ammonia? Assume a density of
0.771g/ml for ammonia.

: Autoprotolysis is that phenomenon whereby an ammonia
molecule can donate a proton to another Inz molecule to form posi-

tive and negative charged species. The equation of the autoprotolysis
can be vritten NH, + NH, 3 lﬂ';+l|§ or
) 2, @ I‘H: + N, .
To find the constant expression, consider the equilibrium con-
stant expression for the reaction:

+ -
ALY
(wa, 12
Hote, though, that the concentration of Illl3 in pure ammonia is

always constant. By analogy with the autoprotolysis of ul:es (where
the K expression is written (OH J(H,0%), - without [H,0]° in the

denominator), the constant expression for the autoprotolysis of Illl3
is
-+ -
(1) 5“'3 = [NH,][nn,] .

To find the number of molecules of ammonia ionized in 1 mole
of ammonia, use the equation

() [ ]
K= ]2
Let x be the number of moles of ammonia fonized. Then the Illl3

remaining nonfonized 1s 1-x moles. Since each 2 ammonia molecules
must fonize to produce one lll; and one NI , the number of L
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number of NH, -i‘ . Let V be the volume of one mole of ammonia,
The concentration of llll: and Hll.: can be rewritten as !ea , and

the concentration of nonionized NH, is L‘:’A « The equation for K

3
can be rewritten as

X, 2
Ke (.él)(‘!.é_) - sz_ia . vt - x°
d? a-0? ¥ sa-d)

%, the number of moles of fonized ammonia, can be calculated
if K is known. To solve for K , consider a more general case of
the equation

(i14)

(NH ) [N )

(12
The numerator [IIH:I{HH;] is the constant expression for the auto-
protolysis of lm3 and must always equal K’"’; . xlﬂI3 is given as

10722

K=

To find [!{Hslz, use the fact that the density of ammonia is
0,771g/ml. The mole weight of ammonia is 17.03g. Thus, 0.771g
0.771 .
is 17.03g/mole = 0.0453 moles of ammonia; and the density of am-
monia is 0.0453 moles/ml. = 45.3 moles/liter. Thus, [NH,] = 45.3M,
Substitute these results in + -
(N, J(NH, ]
K= 3
[NR,]
(1v) (. w*
2
45.3

= 4.9 % 10726,

Substitute this value of K into (iii)

2
v) 4,9 x 10726 -5—-—-2—
4(1-x")

To simplify the problem, note that the dissociation of ammomia
is very small and thus x << 1. Thus, approximate 1-x2 as 1.
Then, (v) becomes

2
vi) X au9x10%,

Solve to obtain x = 4.42 x 10-13 . This is thé number of moles

of llll3 that ionized. To find the number of molecules, remember

that 1 mole = 6.02 x 10°> molecules. Thus,
-13 023
Ho. of molecules lonized = (4.,42X10 l“)(ﬁ.ﬁtxl molecules/mole)
= 2.66 * 10'" molecules.

2.66 X !Ou molecules of ammonia are ionized,
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pH

® PROBLEM 338

A) Determine the pH of a solution with a hydrogen ion
concentration of 3.5 x 10-4,

B} If a solution has a pH of 4.25, what is the hydrogen
ion concentration?

Solution: To determine the acidity or basicity of an
aqueous sclution, the hydrogen ion concentration must be
measured. The pH of a solution expresses this concen-
tration, pH is defined as the negative logarithm of the
hydrogen ion concentration. In other words, =(-

log [H*“, where the brackets around H* signify con-
centration. As such, to solve the problem, you must
substitute into the 2quat£on. For part "A", you have

PH = -log [3.5 x 1074]

now -log [3.5 x 1074] = -log 3.5 - log 10-4

- .54 - (-4)

= = .54 + 4

3.46

It follows, then, that the pH = 3.46 for a hydrogen ion
concentration of 3.5 x 1074, Part "B" is similar, but here
you are given the pH and asked to find the ion concen-
tration. Therefore, you have 4.25 = -log [H*) or -4.25 =
log [H*]. Now. logarithm numbers give only positive
mantissas. As such, -4.25 must be in the form of -5 + .75.
If you take the antilogarithm of each, .75 is 5.6 and

-5 is 10™3, you obtain a hydrogen ion concentration of
5.6x10"° mole/liter

® PROBLEM 339

Determine the pH of each of the following solutions:
(a) 0.20 M HC1, (b) 0.10 M NaOH.

Solution: A pH scale has been devised to express the
H307 concentration in solution. By definition,

PH = - log [H,0*) or [Hyo*] = 107 PH

It has been shown that water dissociates to H;0%* and OH~
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ions to a small degree.
H;0 + H,0 + H,;0% + OH™.

The egulibrium constant is defined as Kw for this reaction

and is expressed as [Hy0t][OH™]. The H.0 does not appear,
since it is presumed to be a constant. From the dis-

sociation eguation, it can be seen that the concentration
of Hi0% equals OH™. By experimentation, K, has been shown

to equal 1.0 x 10~'". This means that in water, therefore,
H;0* and OH~ each have a concentration of 1.0 x 1077 M.
With this information in mind, one can now solve the problem.

(a) The concentration of HCl is 0.20 M. Since HCL is
a strong electrolyte, dissociation is complete. Therefore,
the concentration of H,0% is also 0.20 M = 2.0 x 10~! M.
By definition, then

pH = - log (2.0 x 107!') =1 - 0.3 = 0.7.
{b) The [OH™] equals the concentration of NaOH, since

it is also a strong electrolyte. One wants the pH, there-
fore, employ the expression for Kw'

K « -1k
(y0t] = —¥ = L2380 = 1.0 x 1077 M.
[on~] i

Therefore, pH = - log (1.0 x 107'?) = 13.

® PROBLEM 340

? cestain solution has pH 3.89% at 0°C. Find pOH and
OH™ .

Solution: pH is a measure of the [H*] and pOH is a
measure of [OH™]. Their product gives Kw. the ionization

constant of water:

[(ut][oH~] = K-
pH and pOH are related by the equation,
POH + pH = PK_.
At 0°C, pKw = 14.94. Therefore:
POH = pK_ -~ pH = 14.94 - 3.89 = 11.05.

To find [OH™] use the equation,
pOH = - log [OH™]



11.65 = - log [OH™]
[OH=] = 10~7%-%% = 10=12+.%% = (10-1%)(10-7?),

Find the antilog of 10'*®, It is 8.9 which gives
[OH"] = 8.9 x 107'2,

® PROBLEM 341

Assuming complete ionization, calculate (a) the pH of
0.0001 N HCl, (b} the pOH of 0.0001 N KOH.

Solution: {a) pH is defined as the negative log of the
Eyﬁroqen ion concentration.

pH = - log [B*]

The normality of an acid is defined as the number of
equivalents of H* per liter of solution. The ionization of
HCl1 can be written

HCl 5 HY & c1”
This means that there is one H* for every HCl, and that
the concentration of H* equals the concentration of
completely icnized HCl.
[u*] = [HC1]
We are told that [HCl] = 0.0001 N = 1 x 10~ N. Therefore,
[H*] = 1 x 10~* N. We can now solve for pH. Note: In this

problem, normality = molarity (concentration), since equi-
valent weight=M.W.

pH = - log [H*]
pH = - log (1 x 107%) = 4.

The pH of this solution is 4.

(b} The pOH is defined as the negative log of the
OH™ ion concentration.

pOH = - log [OH™].
The ionization of KOH can be stated
KoH * k* + ow~

Therefore, one OH™ is formed for every KOH, and when KOH
is completely ionized, their concentrations are equal.

[koH] = [OH™]
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We are told that [KOH] = 0.0001 N, thus [OH™] =
0.0001 N (again, normality = molarity.)

Solving for pOH:
pOH = - log [OH ]
= - log (0.0001) = - log (1 x 107%) = 4,

The pOH of this solution is 4.

¢ PROBLEM 342

Find the pH of a solution in which [H*] = 6.38 x 10-%
mole/liter.

Solution: pH indicates the acidity or basicity of a
solution. It runs on a scale of 1 to 14. 1 is most acidic,
7 is neutral, and 14 is most basic. pH is a measure of
[H*]. The higher the [H'], the lower the pH, and the
stronger the acid. To calculate pH use the eguation:

pH = - log [H*] = - log [6.38 x 107°%]
=~ [(- 6) + (log 6.38)] = 6 + (- .805)
pH = 5.195.
s PROBLEM 343
What is the pH of a neutral solution at 50°C?
pK, = 13.26 at 50°C.

Solution: A neutral solution is defined as [H*] = [OH"];
an acid solution has [H+] > [OH™], and a basic solution
has [Ht]< [OH"]. For a solution at 259, pK, = 14.

qu indicates the amount of dissociation of water.
To find the neutral pH, one lets pH = pOH = x. Since

pH + pPOH = 2x = 14 = pxw.
x=7.

However, the solution in question is at 50°. At 50°
PK, = 13.26. Therefore, to find the neutral pH,

PH + POH = 2x = K = 13.26

x = 6.63 = neutral pH.
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® PROBLEM 344

Before the advent of pH meters, a urologist collected

1.3 liters of urine from a hospitalized patient over the
course of a day. In order to calculate what the pH was

a laboratory technician determined the number of egui-
valents of acid present in the sample. A given sample of
urine contains 1.3 * 10~* eguivalents of dissociated acid.
What is the pH of this sample?

Solution: To solve this problem, we have to note that
equivalent of H* is the same as 1 mole of H¥. We then
determine [B*] and from this the pH.

1.3 % 10°° equivalent of H* is the same as 1.3 x
10~* mole of H*. The concentration of H* in the sample is
then

[H*] = moles of H*/volume

= 1.3 = 107% mole/1.3 liter = 10~° M.

The pH is defined as pH = - log [H*], hence
pH = - log [H*] = - log (107%) = - (- 6) = 6,

which is the pH of normal urine.

® PROBLEM 345

A chemist wants to make up a 50 ml solution of pH 1.25
HCl. The HC1l is labeled 11.6 M. How should she go
about the preparation?

Solution: To answer this gquestion, find how many moles of
HCI exist in 50 ml of pH = 1.25. Once this is determined,
one can calculate the volume of concentrated HCl needed.
The total volume of water to be added will be the differ-
ence between the total volume of the solution and this
amount of concentrated HCl. Thus, proceed as follows:

One can find the number of moles of HCl present from
the pH. pH = - log [H*]. As given, pH = 1.25.

Thus, 1.25 = - 102 fH*]. Solving, [H*] = 5.65 x 10~ M,
The concentration of H' must be equal to the concentration
of C1- and HCl, since
HC1 + HY + €1”. Thus, [HC1] = 5.65 x 10~2 M.
The solution is to have a volume of 50 ml or 0.05

liters. (Note: 1000 ml = 1 liter.) M = molarity =
moles/liters.
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Thus, the number of moles is equal to the volume in
liters x molarity or

(5.65 x 10=% M) (0.05 &) = 2.82 = 10~? moles HCl.

It is given that the molarity of the solution is
11.6 M. One needs 2.82 x 10~ moles. Recalling that
molarity = moles/liter, one finds that

2.82 x 10-° moles

T W = 2.44 x 107* 2 = 0.24 ml

of concentrated HCl that is regquired. If the total volume
of the solution is to be 50 ml, then, add (50 - .24 =)
49.76 ml of H;0 to 0.24 ml of the concentrated HCl.

* PROBLEM 346

Both HC1l and NaOH are strong electrolytes. What is the
pH of the solution formed by adding 40 ml of 0.10 M
NaOH to 10 ml of 0.45 M HCl?

Solution: We will solve this problem by considering the
number of moles of H3O* and of OH~ formed by the complete
dissociation of HC1l and NaOH, respectively.

If we assume that HCl and NaOH dissociate completely,
then the concentration of H,0* in the HCl solution is
equal to the initial concentration of HCl, or [H,0+] =
0.45 M, and the concentration of OH™ in the NaOH solution
is egual to the initial concentration of NaOH, or [OH"] =
0.10 M. Since moles = concentration »* volume, the number
of moles of H;O0* in 10 ml of the acid solution is

moles H;0% = [H30+] x volume = 0.45 M x 10 ml
= 0.45 M % 0.01 liter
= ,0045 mole = 4.5 x 10™% mole.

Similarly, the number of moles of OH™ in 40 ml of
the basic solution is

moles OH™ = [OH™] x volume = 0.10 M x 40 ml
= 0.10 M x 0.04 liter
= 0.004 mole = 4 x 10™* mole

H30% and OH™ neutralize each other according to the
reaction

Hy0t + OH™ =+ 2H,0.

Ignoring the dissociation of water, we can assume that
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this reaction is complete. Hence, the 4 x 10~* moles of OH™
will be neutralized by 4 x 10~? moles of H,0%, leaving

4.5 x 107* - 4.0 x 10~* = 0.5 x 10=* = 5 x 10~* mole of
H,0* remaining. Thus, when the two solutions are mixed,

no OH™ remains and 5 x 10~* mole of H,0% remains. Since

the final volume of the solution is 40 ml + 10 ml =

50 ml = 0.05 liter = 5 x 10~% liter, the concentration of

H 0t is

[H;0*] = 5 x 10~* mole/S » 10™% liter = 10~ mole/liter.
The pH is defined as pH = - log [H:0*], hence
pH = - log [H,0*] = - log (107%) = - (- 2) = 2.

THE IONIZATION CONSTANT

® PROBLEM 347

N
The ionization constant for acetic acid is 1.8 x 10'5 .
a) Calculate the concentration of I!+ ions in a 0.10 molar solution of
acetic acid. +
b) Caleulate the concentration of H fons in a 0.10 molar solution of

acetic acid in which the concentration of acetate ions has been in-
creased to 1.0 molar by addition of sodium acetate.

E———

: The ionization constant (Ka) is defined as the concentrationm
of ions times the concentration of the conjugate base ions of a given
acid divided by the concentration of unionized acid. For an acid, HA,

4. =
Ka = H ][a

HA] !

where Ka is the ionization constant, [lt+] is the concentration of i
ions, [A”] 1is the concentration of the conjugate base ions and [HA ]

is the concentration of unionized acid, The Ka for acetic acid is stated

as +
H J[acetate { -5
ka acetic acid 1.8 x10 7.

The chemical formula for acetic acid is H:ZE[;D . When it is lonized, one
i s formed and one 621'130- (acetate) is formed, thus the concentration
of H equals the concentration of C 0.

(8] = (c,H07] .
The concentration of unionized acid is decreased when ionization occurs.
The new concentration is equal to the concentration of H' subtracted
from the concentration of unionized acid.

(4, 1,0] = 0.10 - [H'] .
Stoce [H'] is small relative to 0.10, one may assume that 0,10 -
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[H*] is approximately equal to 0.10.

0.10 - [H') = 0.10 ., X
Using this assumption, and the fact that [H ] = [CZHJO ], Ka can be
rewritten as L I

x.-ﬁ%]-%]—- 1.8 x 1077,

Solving for the concentration of H' :

(32 = (1.0 x 1075 (1.8 x 107%) = 1.8 x 1078

() = ,/;.a x10°% =1.3x 107,

The concentration of H' s thus 1.3 x 107°M,

b) When the acetate concentration is increased, the concentration of ﬂ*
is lowered to maintain the same Ka . The Ka for acetic acid {s stated

as [K+l [cz 0" \ 10-5
Ka = = 1,8
imzuao]

As previously shown for acetic acid equilibria in a solution of 0.10
molar acid, the concentration of acid after ifonization is
[KC,H,0] = 0.10 - () .
Because [H+] is very small compared te 0.10, 0.10 - [l!+] = 0,10 and
[mz“-_-\"] = 0.10 .
In this problem, we are told that the concentration of acetate is held
constant at 1.0 molar by addition of sodium acetate. Because one now
knws*the concentrations of the acetate and the acid, the concentration
of H can be found. .
(H7](c,H,0 ]

-5
_[_%—_ .1.ax10
HC2H30
i
HI0.0l _yax 105

) = 1.8x 1078,

o PROBLEM 348

Find the hydronium ion concentration of .1M HOAC (acetic
acid) solution. Assume ka =1.75 x 10=5 for acetic acid.

e ——

You want to represent the eguilibrium constant
expression for the reaction, which necessitates a
balanced equation. After writing the expression, you
want to express the concentrations in terms of the same
variables and solve for it. Begin by writing the
balanced equation for the reaction of acetic acid in
water. The acid will donate a proton (H*) to the only
available base, azo. Thus, HOAC + H,0 -+ H30‘* + OAC™.
[H30+]. the hydronium concentration, is the quantity you
are looking for. The equilibrium constant expression
measures the ratio of the concentrations of the products
to the reactants, each raised to the power of their
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respective coefficients in the chemical equation. Thus,
the constant, Ka, = [OAC-] m;o*']. Note: HyO is omitted,

[HOAC]

since it is considered a constant. _Ka = 1.75 x 105,
Equating, [OAC™][H30%] = 1.75 x 10~5. Let x = concen-

[HOAC]

tration of H30'. According to the reaction, [H30*) =
[OAC™], thus; x = concentration of [OAC™], also. If the
initial concentration of HOAC is .1 and X moles of

ter
(H,0*] are formed, then you have (.1-x)moles/liter of

H left. Substituting these variables into the
equilibrium constant expression, you have

2
x° -5
T-= 1.75 x 10 .

solving, x = [H30'] = 0.0013M
o PROBLEM 340

The ionization constant for HH‘OH is 1.8 x 1073,

(a) Calculate the concentration of OH  ions in a 1.0
molar solution of NH,OH.

Solution: The ionization constant (Ky) is defined as
concentration of OH™ ions times concentration of
the conjugate acid ions of a given base divided by the
concentration of unionized base. For a base, BA,
K, = B71[A%)
[BA)
where K, is the ionization constant, [B”] is the
concentration of ionized base ions, [A*] is the
concentration of the conjugate acid, and [BA] is the
concentration of unionized base. The K, for NH4OH is

stated as .

Ky = INH,P)[OHT) _ .8 x 1075

NH40H

When NH4OH is ionized, one Na‘*' ion is formed and one
OH™ ion is formed,

NH OHgTNH, " + on”
Thus, the concentrations of each ion are equal.

NHg*] = [oH")
The concentration of unionized base is decreased when
ionization occurs. The new concentration is equal to the
concentration of OH™ subtracted from the concentration of
NH ,OH.

[NH,OH) = 1.0 - [OH"]
Since [OH”] is small relative to 1.0, one may assume that
1.0 - [0H”] is approximately egual to 1.0
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[NH4OH] = 1.0 - [OH™] & 1.0

Using this assumption, and the fact that [0HT] = [NH‘+],
Kb can be rewritten as

Kb-M- 1.8 x 10”5
1.0
Solving for [OH™]:

OH™] [OH™

= 1.8 x 10~3

fo=12 = 1.8 x 10~5

foi71 = /1.8 x 10-5 = 4.2 x 103
® PROBLEM 350

e

Find the degree of ionization of 0.05 M NH, in a solution
of pH 11.0. K, = 1.76 x 10-%.

Solution: The degree of ionization is the fraction of
the total acid or base present (a) that ionizes. Namely,

X
B‘Ef

where x is the number of moles of acid or base that dis-
sociate and ¢ is the original number of moles present.
To solve this problem, let it first be stated that
NH; is a base and that [OH™] can be calculated from the
pH value.
The reaction equation is

NH; + H,0 < NH,* + OH™,

After obtaining [0H™], [NH«*] will be the only
unknown in the equilibrium constant equation, which is

« [NEy*JloH"] _ 1.76 x 10-5.
o [HH; ]

To find [OH™], note that pOH = - log [OH™] and that
PH + pOH = 14. Substituting the given value of pH,

POH = 14 - pH = 14 - 11 = 3.
Thus, LOH™] = - log 3 = 1 x 10~7,

Next, remember that for each x moles of NH; that
dissociates, x moles of NH,* will form. The problem becomes

gi:urer if one observes what is happening from the table
ow.

NH; + H,0 + NH.,* + OH™
Before Reaction: 0.05 o] o o]
After Reaction: 0.05-x x 1 x 10"

Upon substituting these values into the Kb eguation,
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one obtains:

< [NHFI[oH"]) | -5 o X _(10-%)
Kb . 1.76 x 10 705 = x

(N8, ) T

Solving for [NH,*],

x = [NH,*] = B8.65 x 107",

[NHy*] also represents the unknown value in the degree
of ionization eguation, since its concentration must be the
amount of NH; that was ionized. Thus,

_ 8.65 x 10-*

- -2
0,05 1.73 x 1074,

e PROBLEM 351

Given K; for acetic acid is 1.8 x 10~%, calculate the

percentage of ionization of 0.5 M acetic acid. The dis-
sociation reaction is

HC:H30; + HY + C2H,0,™.

Solution: Ky is the ionization constant and indicates

to what degree acids and bases will dissociate in
solution. Acetic acid is a weak acid because K; is so small.

The larger the value of xi, the greater the % dissociation
and the stronger the acid. A useful range of values for Ky
is given below.

Strength Range
Very strong greater than 1 x 10°%
strong 1 %10 to 1 x 1072
weak 1 %1072 to 1 x 1077
very weak less than 1 x 107

Ky is calculated from the ratio of products to re-

actants, each raised to the power of its coefficient in the
reaction eguation;

[product;jr°“c°i°“ moles (or coefficient)

K reaction moles (or coefficient)

[reactants]

From the chemical reaction,

+ -
xi-I“_l[%&:_I. 1.8 x 10-%
[HC2H302]



To solve this problem, one uses the following method.
Before the reaction begins, no dissociation occurs, so that
only acetic acid is present, and in its full concentration
of 0.5 M. After dissociation occurs, b number of moles/liter
has dissociated to the groducts in equal amounts. Or
b moles/liter of each H* and C;H;0;~ are produced since
the coefficients of the reaction indicate that they are
formed in equimolar amounts. If b moles/liter dissociate,
then there are 0.5 - b moles/liter of acetic acid left.

This can be summarized as follows:
Before: 0.5 moles ] o]
After: 0.5 -b
This gives a Ri of,
K, = _[bile] 1.8 x 107°%,
*  [0.5 - b]

Since Ky is so small, very few moles of acetic acid

dissociate, which causes b to be insignificantly small.
Therefore, 0.5 - b is approximately equal to 0,5, giving

K. = [ojlb] | 1.8 = 107°.

o re.s]
Solving for b, one obtains:
b? = 9.0 x 107°

b = 3.0 x 107" mole of acetic acid ionized.

Using the following egquation to find % ionization:

number of moles ionized
original number of moles of acetic acid

%t ionization = *100

-1
= 34251312—— < 100 = 0.60 %.

® PROBLEM 352

A solution of 10.0 g of HF in 500 g H;0 freezes at

- 1.9B°C. Calculate the degree of ionization of HF.
(M.W. HF = 20.0 The Freezing point depression of H,0 is
1.86°.)

Solution: When an acid is dissolved in solution, it
dissociates into ions. For example‘ when one mole of HF
is dissolved in H;0, one mole of H* and one mole of F~
are present after complete dissociation. The freezing
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point of a solution is dependent on the number of
particles in the solution, which means that the freezing
point of a solution will be lowered more by a compound
which ionizes than by the same amount of a compound
which does not ionize. The degree of ionization of a
compound is a measure of what percent of the compound is
ionized when it is placed in a particular solution.

In this problem, one is told that when 10 g of HF
is added to 500 g of H,0 the original freezing point of
the water (0°) is lowered to - 1.98°C. The freezing point
depression is related to the concentration of particles
in the solution by the statement

freezing point depression = molality x freezing point
constant

The freezing point constant of water is 1.86°. This
means that one mole of a substance (except those substances
which ionize) dissolved in 1000 g of water lowers the
freezing point 1.86°. Since HF ionizes, we cannot use its
molality in this equaticn. You can use the effective
molality, which is the sum of the molalities of H+, F~
and HF. The molality of H* and F~ will be equal to the
degree of ionization of the HF. The concentrations of
H* and F~ will be egual because, when HF ionizes, one H*
and one F~ will be formed. This reaction is given by the
equation

HF + H* + F-

To solve for the degree of ionization of HF, one
must: (a) find the molality of HF as if it were not
ionized, (b) define a variable for the molalities of H*
and F~; here, x will be used, (c) find the molality of
HF after ionization is taken into account, (d) find
the effective molality of the species, (e) use the
effective molality in the freezing point depression e-
quation to solve for x, the molality of H* and F~.

(a) The molality of HF before ionization.
The molality is defined as the number of moles of
solute in 1000 g of solvent. The number of moles of HF

can be found by dividing the number of grams present by
the molecular weight.

number of grams
number of moles = Tolecular Sht
10.0
moles of HF = 5573_373233 = 0.5 moles

The molality can now be found by dividing the number
of moles of HF by the number of kg of water present.

no. of moles of HF

molality = {5 —oF kg of H:0
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0.5 moles
. g

(b} x = molality of H* = molality of F~

molality = = 1.0 moles/kg

(c}) After ionization of x molal of H* and F~, the
molality of HF will be 1.0 - x.

(e) The effective molality of the species will be equal
to the sum of the molalities of all of the species present.

The effective molality = molality of H* + molality of
F~ + molality of HF

effective molality = x + x + (1.0 - x) = 1.0 + x.

To solve for x, the concentration of Ht and F~, the
effective molality of the species will be used in the
freezing point depression equation.

freezing point depreesion = eff. molality x freezing pt
constant
The freezing point depression in this case is 1.98°
and the freezing point constant of water is 1.86%. Solving
the equation

1.98° = (1.0 + x) = 1.86°

1.D+x--11‘—‘-§%:-
x = .06

The percent of ionization is the molality of H*
and F~ divided by the molality of the unionized HF
multiplied by 100.

- molality of ion
degree of ionization molality of unionized species * 100

degree of ionization = %;%g

x 100 = 6%

Hence, the HF in this solution is 6 % ionized.

THE DISSOCIATION CONSTANT

e PROBLEM 353

If 1 mole of HCl and 1 mole of NaC;H;0; are mixed in
enough water to make one liter of solution, what will be
the concentrations of the species in the final equi-
librium? Kiyjgg = 1-8 x 10~* for NaC:;H,0;.
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Solution: To answer this gquestion, you must consider
what 1s happening at equilibrium. This necessitates de-

fining Kyissociation’ which is an equilibrium constant

HCl and NaC;H,0; are strong electrolytes, which
means that, in solution, they are completely dissociated.
You have, therefore, Ht, Cl1=, Na‘t, and C:H;0:" ions
present in the solution. The Na‘* and Cl1~ do not associate,
and need not be considered. Thus, you must only consider
the formation of HC;H:0; from H* and C;H3;0:;~. The e-
quation for this reaction can be written

-
HY + CzH;0," + HC2H 302
This reaction can proceed in both directions, an equi-

librium exists, as the double arrow indicates. The equi-
librium constant (Keq} for this reaction is equal to

IHCSHlo!t

[H*][C2H30;7]

Kiissociation Measures the equilibrium guantitatively.
The dissociation reaction for HC;H,0; can be written
- -
HC:H;0; = HY + C3H,0: .

The dissociation constant,

- [H*10CaH0,] _ 1.8 x 10-5.

K
diss [HC2H,0,]

By examination, you can see that K__ for the
association reaction is equal to Ifxdisn' Thus,
K = 1 = 1 = [HC:H;0, ]
€d  Kjiss 1.8 x 107°  [H+I[C,H;0,"]

To rewrite into a more convenient form for solving, take
the reciprocal of each side.

+ -
1.8 x 10-% = L[BTI[C:H30:7]

[HC2H302]

The final concentrations of the species, the unknowns,
will be those at the equilibrium. Let y be the concentration
of HC:H30: at equilibrium. The concentrations of both H*
and C;H30:;~ can be represented by 1 - y. Initially, you
started with 1 mole/liter of each, therefore, each
y mole/liter that associates to form HC;H;0, must be sub-
tracted from the initial concentration. You can now sub-
stitute these variables into the expression for Kdias to

obtain
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1 - (1 -vy)

7 = 1.8 x 107°

Solving for y, using the guadratic formula, you
obtain y = .996. Therefore, the concentrations of the
species are

[EF*] =1 -y = 004 M

[C2H30:7] = .004 M

[HC;H30,] = .996 M.

® PROBLEM 354

There exists a 0.5 M HF solution for which Kdiss =

6.71 x 10-", Determine how much dilution is necessary
to double the percent dissociation of HF.

Solution: Percent dissociation means the ratio of [H*]
to original [HF] concentration times 100. To find the
amount of dilution necessary to double the percent dis-
sociation of an acid, first, establish what the percent
dissociation is before dilution. This can be determined
from Kdiss' the equilibrium dissociation constants, which
measures the ratio of products to reactants (i.e. their
concentrations), each raised to the power of their co-
efficients in the balanced chemical equation. The general
reaction for the dissociation of an acid, e.g., HA, is

HA + H,0 + H;0* + A-,
Thus, for HF; HF + H0 +  H,0* + F-
for the dissociation reaction. This means that
= §.71 = 10™" = g.’l’m .

(nF]

It is given that the initial concentration of HF is 0.5.
Thus, to find percent dissociation, one needs to know
[H;0+]. To find this, perform the following operations:

Kaiss

Let x = [H;0+). Since H,0%* and F~ are formed in
equimolar amounts, as can be seen in the chemical re-
action, [H;0*] = [F-] = x. If the initial [HF] = 0.5,
and x moles/liter dissociate to give [H,0*] and [F-], then,
at equilibrium, [(HF] = 0.5 - x. Substituting these values:

X * X

s -=" 6.71 x 107",

Solving for x, using the quadratic formula, x = 0.018 =
[H;0*]. Thus, percentage dissociation becomes



D.?la * 100 = 3.6 % HF dissociated.

. Tpen. to determine the final answer, 7.2 & HF
dxisocxatian is needed when one dilutes. Recall that
[B*] = [F~]. At 7.2 % dissociation,

[F7) _ _0.072 0.072
= .072 =~ 0.928 °

(uF]
From the K3jgg ®XPression, one has
= =% = L:h
Kyjgs = 6-70 % 207 = [EEILET] o

[HF]
6.71 x 10=% _ [F=]
[H*] (8F]

%E:g = gigéé . when percent dissociation is
HF )

doubled to 7.2 %. After substitution,

6.71 x 10™* _ 0.072
[a*] :

.

Solving for [H*], [H*] = 8.65 x 10~* = [F~]. Substituting
these actval molar concentrations into the eguilibrium
constant expression, one obtains

6.71 x 10=* _ 8.65 x 10-?

8.65 x 10™° (uF)

Solving: [HF] = 0,112 at equilibrium
[H¥] = B.65 x 10™7,

Before dissociation [HF] = amount at equilibrium plus
amount dissociated = 8.65 x 10~ + 0.112 = 0.121 M, Thus,
when the percent dissociation is doubled, the initial
amount equals 0.121 M for [HF]. The [HF], when the percent
dissociation was unchanged, was 0.5 M (given). Therefore,
dilute by factor 0.500/0.121 = 4.13., Remember that con-
centration or molarity is a parameter of volume, actually
M = moles/liter. One is going from 0.5 M to 0.121 M, which
means volume must be increased by a certain factor. When
one dilutes a solution, one is adding volume to it and,
dividing the solution. This account for using division to
obtain the factor of dilution, once initial concentrations
are known.
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® PROBLEM 355

A chemist wants the percent dissociation of HC;H,0; to be

1 8, If the Kiiss of HC;H,0, is 1.8 x 10~%, what con-
centration of HC;H,0; is regquired?

Solution: To answer this guestion, consider the dissociation
of an acid in H;0. Then write an equlibrium constant ex-
pression which relates the equlibrium constant for dis-
soclation, xdiss' to the ratio of the concentrations of

products to reactants, each raised to the power of its
coefficients in the reaction.In general, for an acid, there
exists the following reaction for dissociation:

HA + H0 =~ H,0* + a-,
where HA is the acid. For this reaction,
HC2H,02 + H:0 + H,0% + C3H;0,” .
The egulibrium constant expression is

= 1.8 x 10—5 = LHéD+]!ClH!0=—[

K
diss [HC:H,0; ]

One wants to find [HC;H,;0;] with the knowledge that
the percent dissociation is 1 % (note: exclude water from
the expression, as it is assumed to be constant). If the
percent dissociation is 1 %, then

[H;0*]/[HC,H;0:] = 1/99.

The H* can only come from HC,H,0,. If 1 % of H* exists,
then 100% (initial percentage) - 1% = 99% of HC:H,0:
must be left at equilibrium. Thus,

1.8 x 10™% = g% [C:H;0:7]. Solving for [C:H30:7];

[C2H,30:;] = 1.78 = 10™% M.

This concentration of C;H30:;” must equal the con-
centration of H3;0%, since they are formed in eguimolar
amounts. One can substitute into the eguation

1.8 = lo-! - [H!o+J[C2H103‘I

[HC2H,02]

-3 -1
(1.78 x 1071178 x 10°") _ 1 & » 10°5.
[BC2H30:2]

to obtain

Solving for [HC:H,0:], 1.76 x 107! M,



® PROBLEM 356
——
Given a solution of 1.00M I!l.'::l'latll2 , what is the concentration
of all solute species? t i{s the percentage of acid that dissociated?

Assume Kdi“ = 1.8 y 107

Solution: Determine the equilibrium equation, write an equilibriam
constant expression, and substitute the concentrations of the species
into the expression.

By definition, an acid is a substance which donates protons
(H'). Since water is the only other species In the solution, it must
act as a base; it receives protons.

HC,H,0, + K0 2 B0 + C,H0,” .

27372 32
There is a constant called thlm:tl:ln‘n’ which measures the
extent of the RCZH ll)2 donation of protm& For the general reactionm,
. o [A71[By0%]
m+uzn..u30 + A ,KM“ —TRT— .

For the reaction in this problem, you have
8,0, 1(H,0")

- =5
—qum— -Kd“a 1.8 x 10 .

You are asked to find these concentrations. Let x = the moles per
liter of I'EZHJD that dissociated. From the cheltcll equation, you

see that x must also be the concentration of “30 and E:!HSO :
since for each mole of n:zuaoz that dissociates, one mole of H 0

3
and one mole of |T:2l1302 is produced. With this in mind, you can
represent [it:zllaoz] as l-x, since you started with 1M of HCZH302

and x moles per liter dissociate. You have left 1-x moles per
liter. Now substituting, you obtain

{107 ](C,H,0,7) ey 10 - K
- x ._ -
‘“2“3“2' 1-x

Solving for x, you obtain x = .0042. Therefore, the concentrations
of the species are
[mna]-1-om2-.99ssu

(H, o+] = x = ,00424
[c232]'x- L0042M
The percentage of acid that dissociated is, thus,

20042 x 100 = .42% .
1

® PROBLEM 357

The density of liguid NH, = 0.68 g 'ml. Liguid NH,
dissociates according to the reac

2NH, () bd NH,*t + NH;™,



for which K = 1.0 x 10™%? at - 33.4°C. Determine the con-
centrations of NHy* and NH,~ at equilibrium.

Solution: To solve this problem, write the egquilibrium
constant expression for the dissociation of liquid NH;.
This egquates the equilibrium constant, K, to the ratio of
the concentrations of products to reactants, each raised
to the power of its coefficient in the chemical reaction.

NHo*J(NH,~
[N, ]?

K=1,0 x 107%% =

One is asked to find [NH.*] and [NH;~]. To do this, one
needs the initial concentration of the liguid ammonia,

which can be found from the density. (density = mass/volume).
It is given that density = 0.68 g/ml. The molecular weight
of ammonia (NH;) is 17 g/mole. For the correct units, con-
vert 0.68 g/ ml to 680 g/it. Thus concentration

Emol:g/liter) =(680 g/fYl7 g/mole) = 40 molar NH,. Let x =
NH,*].

From the chemical reaction, it can be seen that NH.,*
and NH;~ are formed in equimolar amounts, which means
[NH*] = [NH,~], so that [NH,~] = x. If the original
[NH3] = 40 M, and x moles/liter form [NH.*] and [NH;~]
each, then, at equilibrium, [NH;]= 40 - x.

Substituting these values into the equilibrium
constant expression, one obtains

1.0 x 107%? = — X * X s50lving for x, using the
(40 - x)?

quadratic formula:
x = 1,26 x 107'* = [NH,*] = [NH,~] at equilibrium.

& PROBLEM 358
e

Given the equilibrium: C1CH;COOH + H,0 < H,0% + C1CH,COO™
exists at 25°C. K, = 1.35 x 10~'. (a) Determine the H,0%

concentration for a 0.1 M solution of monochloroacetic
acid (ClCH:COOH) in water (H:0). (b) Can one make the
assumption that the dissociated acid is negligible with
respect to the undissociated acid? (c) Calculate to what
degree this solution is more acidic than 1.0 M acetic
acid (K, = 1.8 x 10=° at 25°C).

Solution: The concentration of H 0% can be calculated

rough the equilibrium constant expression. This is a
measure of the ratio between the concentrations of products
to reactants, each raised to the power of their respective
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coefficients in the chemical eguation.

{(a) For this reaction, the equilibrium constant,

- +
K, = ACICH;COOT J(H30%]  pecause K, = 1.35 x 1073,

a8  [cicH:co0H ]

- LClCH;c00™][Hy0*]
[C1CH,COOH]

1.35 x 1072

Letting x = [H,0%] at equilibrium, then CICH,CO00~ = x
since the reaction shows that the products are formed in
eguimolar amounts. The original concentration of the
ClCH:COOH = 0.1 M.

If x moles of H;0" and x moles of ClCH,COO0™ form,
then, at equilibrium, there are 0.1 - x moles of ClCH,CO0™
left. Substituting these variables into the equlibrium
constant expression:

Solving for x, x = 0.0110 M.

{b) If the dissociated acid is negligible with respect
to the amount left undissociated, then 0.1 - x (from pre-
vious part) is equal to 0.1. This means that

= = 1.35 x 107°,

Solving for x: x = 0.0116 M = [H30%]. This means that when
you make this assumption, [H,0*] = 0.0116 M instead of
0.0110 M, the percent error is over 5 %. The error is too
high and, therefore, this assumption cannot be made.

To answer (c), compare the [H30%) in acetic acid
solution of 1.0 M with that of the [H,0%] calculated in
part (a). [H,0%] for acetic acid is calculated by using the
same procedure as in part (a), except that K, = 1.8 x 10~%

and the dissociation equation is

HOAC + H.0 <+  OAC™ + Hjo%.

After the calculations, [H,0%] = 0.00133 M, For acetic
acid [H;0%] = 0.00133 M and for CICH;COOH, [H;0%] =
0.0110 M. Thus, the C1CH;COOH has 8,27 times the H;0%
concentration of CH;COOH (acetic acid), and is therefore
more acidic. This asnwer is found dividing [H;0%]
dissociated from ClCH;COOH by [H;0*+) dissociated from
CH3;COOH.

0.0110 M _
- o= 8.27.
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& PROBLEM 359

Sulfuryl chloride decomposes according to the equatiom,
50,C1,(g) 3 SO,(g) + Cl,(g) .

Given that at 300° K and 1 atm pressure, the degree of dissociation (s
.121, find the equilibrium constant, KP + What will be the degree of

dissociation when pressure = 10 atm?

Solution: To find the equilibrium constant, Kp, one uses the expression
for Itp . This is the product of the pressures of the products divided

by pressure of the reactant, These pressures are brought to the powers
of their coefficients. From this, employ Dalton's law concerning partial
pressures to help solve for K_ .

At p = 10 atm, assume I:p is pressure-independent because of

ideal gas behavior, This, then, allows the determination of the degree
of dissociation from the ‘P expression.

Thus, one commences by the definition of KP .

P P,
K = 502 l:l2

P P
502 Clz

To find ltp . avaluate these partial pressures. To do this, use Raoult's

law, which states partial pressure of gas = mole fraction of gas in mixture
times total pressure, i.e., p = XPT . The Pr is given as 1 atm. Thus,

the key is to determine or represent the mole fraction X. Let "a" =

the degree of dissociation of 502C12 . From the chemical equation, it

is seen that 502 and (:1.2 are formed in equimolar amounts. Thus, at

equilibrium there are "a'" moles of both st‘.i2 and (:l.2 . Starting with

1 mole of Sl?.izi.‘:'l.2 and "a" moles dissociated, then, at equilibrium, there

remain 1 - a moles. In the mixture, therefore, tl.‘.(ll njdet’ of moles =

(l-a) + a + a = (14a). Thus, Psuzuz = xsozmz P’l‘ = = .
a
Psoz Pclz Tta P.r . Therefore,
P P a _a
¢ = SD! Clz —] P T+ P‘.'I.‘
P 4

so0, Cl 1=a’
22 1+|) r

This can be simplified to 2
R R
Po1.a

Given the degree of dissociation, a, is equal to .121 and l’T =1 atm; KP

therefore, equal 2
LD ) - 149 x 1072,
1-(.121)



At 10 atm, then,

K =-2— (10) = 1.49 x 1072 ,

P l—nz
Solving for a , a = .0386.

THE HYDROLYSIS CONSTANT
¢ PROBLEM 360

If the hydrolysis constant of Al1’% is 1.4 x 10™%, what
is the concentration of H,0% in 0.1 M AlCl,?
—

Solution: Hydrolysis refers to the action of the salts
of weak acids and bases with water to form acidic or
basic solutions. Consequently, to answer this gquestion,
write out the reaction, which illustrates this hydrolysis,
and write out an equilibrium constant expression. From
this, the concentration of H,0%* can be defined. The net
hydrolysis reaction is

AlCl; + Al + 3 c1”

Al®* 4+ 2H,0 + AIOH*t + H,0%

= 1.4 x 10-% = LH:0%][AlOH*]

KhYd [Al2%]

Water is excluded in this expression since it is
considered as a constant. Let x = the moles/liter of
[H30%]. Since H:0% and AlOH?* are formed in equal mole
amounts, the concentration of [AlOoH?*] can also be
represented by x. If one starts with 0.1 M of Al**, and
x moles/liter of it forms H;0%* (and AlOH?+), one is left
with 0.1 - x at equilibrium. Substituting these repre-
sentations into the xhyd expression,

o = 1.4 x 107%,

If one solves for x, the answer is x = 1.2 x 107! M,
which equals [Hy0%*].

& PROBLEM 361

m—
Calculate the hydrolysis constants of the ammonium anglo I
cyanide ions assuming K, = 1x10~14 and K, = 4.93 x 10
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for HCN and Xy = 1.77 x 10~5 for NHy. For each, determine
the percent hydrolysis in a .1M solution.

Solution: To find the hydrolysis constant, you must know

at it defines. Hydrolysis is the process whereby an
acid or base is regenerated from its salt by the action
of water. The hydrolysis constant measures the extent
of this process.Quantitatively, it is defined as being
equal to Ky , where K, = the equilibrium constant

Ky or

for the an:ndia:gciation of water, K = dissociation of
acid, and K, = dissociation of base. You are given Ky,
Ky, and K. Thus, the hydrolysis constants can be easily
found by substitution. Let Kh = hydrolysis constant.

For cyanide fon: Ky =% _ | - o s

4.93 x 107D

For ammonium ion: K, = = 1 x10°M _ 564 x 10710

1.77 x 10753

g

To find the percent hydrolysis in a .1M solution, write

the hydrolysis reaction and express the hydrolysis constant
just calculated in those terms. After this, represent

the concentrations of the hydrolysis products in terms of
variablegand solve. For cyanide ion: The hydrolysis
reaction is CN™ + H;O0{—=2HCN + OH~. Therefore,

Kp = [HCN)[OH™] . But you calculated that K, = 2.02 x 107>
[CN7]

Equating, 2.02 x 10~5 = [HCN) [OH"]. You start with a
CN™

«1M solution of CNT Let x = [HCN]} formed. Thus,
x = [0H”] also, since they are formed in equimolar amounts.
If x moles/liter of substance are formed from CN~, then,
at equilibrium you have .l-x moles/liter left.
Substituting these values, 2.02 x 10=5 = x-.x

TI-x
Solving, x = 1.4 x 10~3M. The percent is just 100
times xH since the initial concentration is .10M, so

that you have 1.4% hydrolysis in a .1M solution.

For ammonium ion: The hydrolysis reaction is NHs* + H,0
::nm3 + 330*. L for this reaction = [RH3][H30$} 2

The calculated K, = 5.6 x 10-10_ (NH,*

Bquating, 5.6 x 10-10 = [NH.](H,0%].
qu*i

From this point, you follow the same reasoning
as was used with the cyanide.



Solving:
Let x = [NHa]

5.6 x 10-10 = (x) (x)
s d=X

2 =(5.6 x 10711) - (5.6 x 10710) x
x2 +(5.6 x 1010« - 5.6 x 10711 = ¢

Usinq the quadratic formula one can solve for x, where
+bx+c=20

X = =bhx #b! =17 ac

2a
x =-5.6x10"10 + /(5.6x10-10)2 - 4(1) (-5.6x10"1]
2 (1)
10

x = -5.6x10  # /2.24 x 10~

LX)

x = -5.6x10"0 + 1.50 x 1075
3

x = =1.50 x 1075 or x = 1.50 x 107>
.50 g 1077

x cannot be negative, bescause concentration cannot be
negative. Thus, x = 7.5 x 10”6

Solving for the percent:

-6
7_°5_%1°_ x 100%= 7.5%

Thus, you find that the percent hydrolysis is 7.5 x 10~J.

e PROBLEM 362

Find an expression for the hydrolysis constant of the
bicarbonate ion HCO,™, Kh{HCO,‘). using only the first

dissociation constant for H,COs, KnltH3COg)¢ and the
water constant, K_.

Solution: The solution to this problem is a direct
application of the definitions of Ky» Ka,' and K.

The removal of one proton may be represented by

Ka

1
H,CO, = H* + HCO,"

+



Hence, the first dissociation constant is

+ -
K, (H2€03) = (8* ) [HCO
1

[H,C04]
The water constant is given by

K, = [(a*+]fon~].

Hydrolysis of HCO,~ proceeds according to the reaction
HCOs™ + Ha0 +  HyCOy + OH™.

We are trying to determine an expression for the
hydrolysis constant Kh(HCO:‘) in terms of xal(nzco;)

and Kw' By definition,
K (HCO3™) = [8;c0,)(0r7)
[nco,™]
[H2cO; J[OH™
(HCO,7]
- [H;co,][oB"]  [#*]

[HCO,"] [H*]

= _[m.]_ x [B"‘][OH"]

[H*] [HCO,7]

Hence, Kh(HC(J:'l =

1
= x K
'
Kal (H2C0,) W

K
or, X, (HCOy™) = ¢ u:co,
ay

® PROBLEM 363

What is the pH of a 1.0 M solution of the strong electrolyte
sodium acetate? The dissociation constant of acetic acid is
K, = 1.8 x 107° mole/liter.

Solution: The first step is the determination of the
rolysis constant for sodium acetate. From this we

obtain the concentration of hydroxyl contributed by the

hydrolysis of sodium acetate. The concentration of hydronium

ion, and consequently the pH, is determined by using the

water constant.

The dissociation of acetic acid (HAc) into hydronium



ions and acetate ions (Ac™) may be represented by the
eguation

HAC + H20 + Hy0% + Ac™.
The dissociation constant for this reaction is
k= L[H30*1[Ac™]
% [HAc)

This constant and the water constant, K, = [Hyo+][oH"]

= 10"'" mole?/liter? will be used to determine the
hydrolysis constant for acetate.

Hydrolysis of acetate proceeds according to the
following equation:

AcT + H20 < HAc + OH .

The hydrolysis constant is K, = [HAc][oH~]/[Ac™]. This
may be rewritten in terms of K, and K as follows:

(HAc]{oH™] _ [HAc][OH"] _ [H,0+]

*n (Ac™] [Ac™] [Hy0%]
K
HAc + 1
= x [H3O H™ ] = =— K ==, '
(Ac™][H;0%] f#s0ttor) Ka v Ka nence
x = [HAc)[OH™] _ Ky
h (Ac™] Ka

=1n 2 £ 2
= 107" mole/liter = 5.6 x 10-'° mole/liter.
1.8 = 107°% mole/liter

Let the equilibrium concentration of HAc formed by
the hydrolysis of acetate be x. Since one mole of OH™ is
formed per mole of HAc formed,the equilibrium concentration
of OH™ is also x. Furthermore, if we assume that sodium
acetate dissociates completely, then the initial con-
centration of Ac™ is equal to the concentration of sodium
acetate (1.0 M) and the equilibrium concentration of
acetate is 1.0 - x. Note that we have neglected the
contribution to [OH™] from the hydrolysis of water.

Substituting these concentrations into the expression
for Kh' we obtain

K, = 5.6 x 107'° mole/liter = £§%531§5:1
Py

X - x x?

TTo-x TT0-x



To avoid use of the quadratic formula, we will assume
that x is much smaller than 1.0 so that 1.0 - x ¥ 1.0.
This assumption will be justified later on in the solution).
Hence, we obtain

=10 = x? i x?
5.6 = 10 mole/liter I:T-:—?‘- 1.0

or x = (1.0 x 5.6 x 10~*%)% = 2.4 » 10-* mole/liter.

Since [oH"] = x, [OH"] = 2.4 x 10™*® mole/liter. Hence, x
is much smaller than 1.0, justifying our earlier assumption.

We will find [H,0%] by use of the water constant, K, =
[H,0+1[oH"], or,

[Hy0t] = X - _10"'* mole?/liter?

[OH™] 2.4 x 1075 mole/liter

= 4.2 x 10°° mole/liter.
The pH is then
pPH = - log [H,0%*] = - log (4.2 x 107%)
== (=~ 9.4) = 9.4.

NEUTRALIZATION
* PROBLEM 364

Assuming complete neutralization, calculate the number
of milliliters of 0.025 M H,;PO., required to neutralize
25 ml of 0,030 M Ca(OH) 2.

Solution: This problem can be solved by two methods:
mole method or egquivalent method.

Mole Method

This method requires one to write out the balanced
equation that illustrates the neutralization reaction. The
balanced equation is 3Ca(OH). + 2H,PO.~+ Ca,(PO.): + 6H;0.
From this equation, one can see that 2 moles of H;PO,
react for every 3 moles of Ca(OH):. This means that one
must first calculate how many moles of Ca(OH), are in-
volved. The molarity of the Ca(OH),; is 0.030. (Molarity =
no. of moles/liters.)

As given, the Ca(OH): solution is 25 ml or 0.025
liters. Therefore, the number of moles of Cal(CH); is
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{(0.030) {0.025) = 0.00075 moles. As the balanced eguation
indicates, the number of moles of H;PO, is 2/3 the moles
of CalOH); or 2/3 (0.00075) = 0.00050 moles of H,PO..

From the definition of molarity for H,PO, one has

0.00050 moles

0.025 M = Ters

The molarity, 0.025, is given. Solving for liters,
one obtains 0.020 liters or 20 ml. The key to solving this
problem with the mole method, is to write a balanced e-
quation, which will indicate the relative amounts of moles
required for complete neutralization .

Equivalent Method

This method requires that one consider normality
and the definition of an eqguivalent. An equivalent is
defined as the mclecular weight or mass of an acid or
base that furnished one mole of protons (H*) or hydroxyl
(OH™) ions. For example, the number of equivalents con-
tained in a mole of H;50, is 98/2 or 49. Since each mole
of H:S0, produces two protons, divide the molecular weight
by 2.

The number of equivalents of an acid must egqual that
of the base in a neutralization reaction. Normality is
defined as equivalents of solute per liter. In this problem,
it is given that there are 25 ml of 0.03 Ca(OH):.

To sclve the problem, determine how many equivalents
are present. The number of moles of Ca(OH), is (0.025)(0.03)
or 0,00075 from the definition of molarity. The molecular
weight of Ca(OH); is 74.08. Therefore, there are
{0.00075) {74.08) or 0.06 grams of CalOH)z.

The number of equivalents per gram is 74.08/2 since
two OH™ can be produced. The number of eguivalents is

(0.00075) (74.08)g
74.08

= 0,0015 equiv of Ca(OH);.

g/equiv]

This indicates that 0.0015 equivalents of H;PO.
are required. The molarity of H,PO., is 0.025 M, which
means its normality is 0.075 M, because there are 3 ion-
izable protons per mole. Recalling the definition of
normality, there are

0.075 N = 0,0015 equiv./liters

The reason one knows that there is 0.0015 equiv
in the H;PO, present is because one knows that for the
neutralization to occur the number of equivalents of
acid must equal the number of equivalents of base. In
this problem, one has already calculated that there are
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0.0015 equiv of base present. Thus,

volume = 0.20 £ or 20 ml.

o PROBLEM 365

A 50 ml solution of sulfuric acid was found to contain
0.490 g of H;50,. This solution was titrated against a
sodium hydroxide solution of unknown concentration.
12.5 ml of the acid solution was regquired to neutralize
20.0 ml of the base. What is the concentration of the
sodium hydroxide solution.

Solution: At the neutralization point, the number of
equivalents of acid in the 12.5 ml volume is egual to the
number of equivalents of base in the 20.0 ml volume. Since
the normality is defined as the number of equivalents per
liter of solution, the number of egquivalents is egual to
the normality times the volume, at the neutralization
point we have
NaVa = MYy

where Na = normality of acid, Va = volume of acid, Nb =

normality of base, v, = volume of base.

The normality of the 50.0 ml (0.050 i) sulfuric acid
solution is

- humber of equivalents in 0.050 &

Na 7.05 ¢

_ mass of aci@%gg;mzequivalent weight

The gram egquivalent weight of sulfuric acid is
49.0 g/equivalent, because there are 2 equiv per molecule.
The MW of H:50, is 98 g/mole.

mass of acid/gram equivalent weight

a 0.05 ¢
0.490 q/&g:gsqiequivalent = 0.200 equivalent/t
= 0,200 N

The normality of the base is then found as follows:

Nava = Nbe
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NaVa _ 0.200 N x 12.5 m1
v T 0.0 mL

= 0.125 N.
b m

Nh'

Therefore, the sodium hydroxide solution is 0.125 N, which
because there is 1 ionizable OH™ in NaOH, is equal to
0.125 M.

& PROBLEM 366

_
I Determine the molarity of an H:50, solution, 15.0 ml of I

which is completely neutralized by 26.5 ml of 0.100 M NaOH.

Solution: Acids and bases react with each other to
produce salts and water. Such reactions are called
neutralizations. To find the molarity of the neutralized
acid solution, first write out the balanced reaction.

H250, + 2NaOH —— Na S0, + 2HOH.

When neutralization is complete, there is no longer any
acid or base left. It is given that 26.5 ml of 0.100 M
NaOH is used. From this, one wants to compute how many
moles of NaOH were present.

It is known from the neutralization reaction that
the number of moles of acid must be % the number of moles
of base for a complete neutralization.

From the number of moles of base present, the number
of moles of acid needed are determined. Since molarity =
moles/liter and one is given the volume, the molarity can
be calculated. Proceed as follows:

There exists 26.5 ml of 0.100 M NaOH. There are
1,000 ml in one liter. This means that 26.5 ml is equal
to 0.0265 liters. Recalling the definition of molarity,

0.1 = ho- g:‘.n?:;e: of NaOH . Solving

moles = 0.00265 of NaOH.

This, then, must be twice the number of moles of acid.
For the acid, therefore, molarity = (.00265)%/liters. One
is told that the volume of the H:50, solution is 15 ml,
or 0.015 liters (1000 ml = 1 liter). Molarity of the
acid becomes

9081325 = 0.088 M.



® PROBLEM 367

One of the two most common ingredients in medication
designed for the relief of excess stomach acidity is
aluminum hydroxide (Al(OH);, formula weight = 78 g/mole).
If a patient suffering from a ducdenal ulcer displays a
hydrochloric acid (HCl, formula weight = 36.5 g/mole),
concentration of 80 x 10~* M in his gastric juice and he
produces 3 liters of gastric juice per day, how much
medication containing 2.6 g Al1(OH); per 100 ml of
solution must he consume per day to neutralize the acid?
—————

%olution: Al (OH) 3y neutralizes HCl according to the
ollowing reaction:

Al(OH)y + 3HC1 -+  AlCl; + 3H:0.

When all the HC1l has been neutralized, the number of
equivalents of Al(OH),; is equal to the number of equi-
valents of HCl. But since the number of equivalents is
equal to the product of the normality, N, and the volume,
V, this condition may be written as

v

Va Hey”

Na1(om) s Yariom, = Muc1

We must solve for val{Ong

v = tnc1 Vhe1
N1 (o) »

The molarity of the Al(OH), solution is equal to the
number of moles of Al(OH), divided by the volume in liters.
To determine the number of moles corresponding to 2.6 g
Al(OH) 3, we divide 2.6 g by the formula weight of Al(OH),.
We then divide this by 100 ml = 100 ml x 1 liter/1000 ml =
0.100 liter to obtain the molarity. Hence,

concentration of AL(OH), = %ﬁ%—%r

2.6 78 g/mole _
= Lo - 0.

Since HCl1 has one ionizable proton, its normality is
equal to its molarity, or N ., = 80 x 10" M = 80 x 10™° N.

Al(OH) y contains three hydroxyl groups, hence, its normality
is equal to three times its molarity, or “nl{ouj, -

3 x 0.33 M= 1.0 N. The required volume of medication is then

N v, -3
HC1 HC1 _ 80 x lol.ONNx 3 liters _ 0.240 liter

v =
Al(OH), Nhl[0H1,

= 0.240 liter x 1000 ml/liter = 240 ml.



® PROBLEM 368

A chemist performs a neutralization reaction. She finds
that 1 g of CgH,;304, an acid, requires 0.768 g of KOH
for complete neutralization. Determine the number of
neutralizable protons in this molecule.

Solution: To solve this problem, first determine how
many equivalents of the acid or base are involved. Once
this is known, the number of neutralizable protons will
also be known. One equivalent is defined as the mass of
the substance, if it is an acid, needed to furnish one
mole of H;0* or, if it is a base, needed to furnish one
mole of OH™.

The number of grams/equiv. for KOH is 56.1, since
only 1 mole of OH™ can be furnished. The number of equi-
valents is

0.768
mﬁ'h_ = 0.0137 equiv of KOH.

The number of equivalents of base must equal that of the
acid. The number of equivalents of acid = 0.0137. The
number of grams/equiv is

1.00 g of CeHy004
0.0137 equiv.

= 73.0 g/equiv.

One mole of CgH;,0, weighs 146.1 g, since a mole =
weight in grams/molecular weight. Therefore, the number
of moles/equiv is

73.0 _g/equiv _
mﬁ% = 0.5 moles/equiv.

It follows that each mole of acid furnishes two
H30%. As such, there are two neutralizable protons in
CeHy1p04.

® PROBLEM 369

A common method for commercially peeling potatoes is to
soak them for 1 - 5 minutes in a 10 - 20% solution of NaOH
{molecular weight = 40.0 g/mole) at 60 - 88°C, and to spray
off the peel once the potatoes are removed from solution.
As an economy measure, a manufacturer titrates the NaOH
solution with standardized H:50. (molecular weight =

98.0 g/mole) at the end of each day to determine whether
the solution is still capable of peeling potatoes. If, at
the end of one day, he finds that it takes 64.0 ml of a
0.200 M solution of H:50. to titrate a 10.0 ml sample of
NaOH solution to neutrality, what concentration of NaOH
did he find?




Solution: At the neutralization point, the number of
equivalents of NaOH is equal to the number of equivalents
of H;S0,. But since the number of equivalents is equal

to the product of the normality, N, and the volume, V,
this condition may be stated as

Nyaoi Ynaow ® Mu.so. Va.so.-

To solve this problem, we must solve for N

NaOQH'
. _ Mu,s0. Vuso.
NaoH v

NaOH

Since H;S0. has two ionizable protons, its normality

is equal to twice its molarity, or NH;SO =2 x 0.200 M =
L]

0.400 N. NaOH has only one hydroxyl group, so that its
normality is equal to its molarity. Then

Nu,50. VHis0. _ 0.400 N x 64.0 ml
Vnaon 1070 mI

= 2.56 N.

NyaoH

The concentration of NaOH solution is therefore
2.56 N, or 2.56 M.

® PROBLEM 370

A potato peeling solution was found to be 2.56 M in

NaOH (formula weight = 40.0 g/mole) at the end of the day.
To operate, the solution must be at least 10 % NaOH by
weight (100 g NaOH per 1000 g of solution). What weight
percent corresponds to 2.56 M? The density of a 2.56 M
solution of NaOH is about 1.10 g/ml.

Solution: To solve this problem, the concentration

. M must be converted to a weight-weight basis. 2.56 M =
2.56 moles NaOH/l liter solution = 2.56 moles NaOH/1000 ml
solution. To obtain the mass corresponding to 2.56 moles
of NaOH, we multiply by the formula weight of NaOH, or,
2.56 moles x 40.0 g/moles = 102.4 g NaOH.

To obtain the mass of NaOH contained in 1000 ml of
solution, we multiply by the density of the solution,
1000 ml = 1.10 g/ml = 1100 g. Hence,

2.56 M = 2.56 moles NaOH _ 102.4 g NaOH .
* 1000 ml solution 1100 g solution *

102.4 g NaOH i i
TIUE—E_ESTGETEF x 100 % = 9.3 3 by weight.

Since this is less than 10 % by weight, the solution is
no longer capable of peeling potatoes.
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® PROBLEM 371

A lab technician prepared a calcium hydroxide solution by
dissolving 1.48 g of Ca(OH): in water. How many milliliters
of 0.125 N HCl solution would be required to neutralize
this calcium hydroxide solution?

Solution: For a neutralization reaction to occur, the
number of equivalents of acid must equal the number of
equivalents of base. Therefore, one can solve this problem
by computing how many equivalents are present in 1.48 g of
Ca(OH) ;; the eguivalents of acid (HCl) must egual this
number.

An equivalent is defined as the weight of a substance
in grams that releases one mole of protons (H*) or hydroxyl
ions. When one mole of Ca(OH): dissolves in water, it pro-
duces 2 moles of hydroxyl ions (OH™) according to the
equation Ca(CH):; + Ca*? + 20H". The weight of 1 mole of
Ca(OH): is equal to its molecular weight. Therefore,
Ca(OH): has a weight of 74 grams.

Thus, 74 grams of Ca(OH):; produces 2 moles of OH™
ions. Recalling the definition of equivalency, 74/2 = 37
grams is the equivalent weight of Ca(OH),;. The number of
equivalents of Ca(OH), is:

weight in grams _ 1.48 g _
Ca(OH): = m —T,—qg' 0.04 equiv.

The number of equivalents of HCl must also be .04 for
neutralization to occur. The normality of HCl is given

as 0.125. Normality is defined as the number of equivalents
divided by liters of solution, i.e., N=eguivalents/volume.

This means that 0.125 N = 0.04 equivalents/volume for
HC1l. The volume in liters required for neutralization can
be obtained by solving this equation.

liters = goigs— = 0.32 &

To convert to milliliters multiply by the conversion factor
1000 ml/L. One has

0.32 & x 1000 ml/%2 = 320 ml.

® PROBLEM 372

50 ml of rhubarb juice is titrated against 0.25 N NaOH.
20 ml of NaOH solution is required for neutralization.
Assuming the acidity of the juice is due to oxalic acid
(H2C204) determine (a) the weight of oxalic acid per
liter of juice, (b) normality of the juice.




Solution: (a) For the neutralization to occur, there
must be the same number of OH™ ions as there are H*
ions present.

H* + OH- <+ H;0

The normality of a base is defined as the number of
egquivalents of base in one liter of solution. An egqui-
valent is the weight of an acid or base that produces
one mole of H* or OH™ ions, respectively. When NaOH
ionizes, there is 1 OH™ ion formed by each NaOH that
ionizes.

NaOH * OH™ + Na‘t

Therefore, in a 0.25 N NaOH solution there are 0.25
equivalents of OH™, which, in this case is also the
number of moles. 20 ml is 0.02 liters. The number of
moles of NaOH present will equal the number of liters
of solution times the molarity of the solution. As pre-
viously indicated, normality equals molarity. Thus,

no. of moles = no. of liters x normality

.25 moles

Tter = 0.005 moles.

= 0.02 liters x

Thus, there must be 0.005 moles of H* ions from the
oxalic acid to neutralize the NaOH. When oxalic acid
ionizes, there are 2 H* ions formed for each molecule
ionized.

HaC20. = 2H* + C,0,

Therefore, each mole of oxalic acid ionizes 2 moles of

NaOH. Thus, for neutralization to occur, only one half as
much oxalic acid is needed as NaOH. There are 0.005 moles
of NaOH, present, therefore, 0.0025 moles of oxalic acid

is needed to neutralize it. One now knows that there are
0.0025 moles of oxalic acid in the 50 ml of rhubarb juice.
One can find the number of moles in 1 liter by multiplying
0.0025 moles/50 ml by the conversion factor 1000 ml/1 liter.

0.0025 moles , 1000 ml

no. of moles/liter of oxalic acid = =5 ol T Titer

= 0.05 moles/liter.
Since there are 0.05 moles of H3;C;0. in 1 liter of juice,
one can find the weight of H;C:0« in this gquantity of
juice by multiplying 0.05 moles by the MW of H2C,0..
(MW = %0).
weight of H,Cy04 in 1 liter = 0.05 moles x 90 g/moles
= 4.5 g

(b} For titrations, the following relation is found:
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Nacid vacid = Nbase vhase

where N.cid is the normality of the acid, Vacia is the

volume of the acid, Npase is the normality of the base, and

vbase is the volume of the base.
Here, one is given Nbase' vhase' and vacid' One

is asked to find Nacid'
Nb = .25 N Nava = Nth
Vb = 20 ml

N, x50 ml = .25 N x 20 ml
Na = ?

0.25 N x 20 ml

N = =

v =50 m a” T80mr = 0.10 N.

® PROBLEM 373

The *NH;CH,COOH ion (glycine*) is a cation of the amino
acid glycine (NH;CH;COOH). Glycinet undergoes the following
two successive dissociations:

k1
+NH,CH,COOH + H' + *NH,CH,CO0~ ; pk; = 2.35

| 31
*NH,CH,C00™ + HY + NH2CH,CO0™ ; pk; = 9.78.

What is the iscelectric point of this molecule (the pH
at which the number of positive charges on the molecule
equals the number of negative charges).

S e e

Solution: We will approach this problem by considering the
equIIEErium constants k; and k;. For the first reaction,

k; is egual to

[H*J[+NH,CH,CO0™]

[+NH yCH,COOH ]

kl-

and for the second reation, k: is equal to

[H*][NH;CH,C00™ )
k: =

[+NH ;CH,C00™ ]

If we take the product of these two constants, the
concentration of isoelectric species *NH,CH,CO0~ cancels
out, giving



Kyk, = LETICYNH;CH CO0™ ] . LH*+](NH,CH,C00™ ]

[*NH;CH3:COOH ] [*NH;CH2C00" ]

o [H*]?[NH3CH,C00" ]
[*NE;CH,COOH ]

At the isoelectric point, the concentrations of all
charged species are egqual, that is

[NH,CH,C00™] = [*NH3CH,COOH].

NH2CH2C00™
[*NH;CH,COOH ]

Hence, = 1 and

K1k, = LHP1? [NHiCH,COO™] _ [ueq2,
{(*NH3CH2COOH]

Taking the logarithm of both sides,

[(H*]* = kik2

2 log [H*] = log kik: = log k; + log kiz.

Multiplying this equation by negative one and using
the definitions pH = - log [H*], pk; = - log k;, and pka =
- log ki, we obtain

- 2 log [B*] = - log k; + (- log k)

2 pH = pk,; + pka, or, pH = k(pk; + pki).

Thus, the iscelectric point is

pH = k(pk) + pkz) = %(2.35 + 9.78) = 6.07.

BUFFERS

* PROBLEM 374

Explain the buffering action of a liter of 0.10 M acetic

acid containing 0.1 mole of sodium acetate. In the ex-
planation, use ionic equations.

Solution: By buffering action, one means the ability of
a substance to maintain relatively constant conditions of
pH in the face of changes that might otherwise affect the
acidity or basicity in solution. For example, a weak acid,
such as acetic acid, will dissociate according to the
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following equation:
HOAC + H,0 T Hso* + OAc-.

The sodium acetate particle will be completely
ionized in solution:

NaOAc + Na‘* + OAc-.

These are the two processes that occur in this buffer.
Suppose one increases the acetate concentration. By doing
this the equilibrium is shifted to the left, i.e., to
acetic acid.

H;0" = !
k = M‘:—l or [H;°+-] - M kK .

a (HOAC] [OAc-] @

The key to the buffering action is this [HOAc] to [OAc™]
ratio. If [HOAc] changes, [OAc~] will change accordingly
s0 that the same value of the ratio is obtained. Thus, the
ratio is a constant. This means, therefore, that [H,0%] is
maintained as a constant. pH = - log [H*], it is also
constant.

® PROBLEM 375

—
Design a buffer system that will function in the low, near
neutral, and high pH levels, using combinations of the
three sodium phosphates (Na;PO,, Na;HPO.,, NaH:PO,) and
phosphoric acid (HyPO.). The equilibrium constants for this
polyprotic acid are k; = 7.5 * 10~%, k; = 6.2 x 10™°,

and ky = 4.8 x 10™'?, with this information, calculate the
pH at both extremes of the buffer, assume 10 : 1 and 1 : 10
ratios, and at the mid-range of the buffer, assume a 1 : 1
ratio. Assume, also, that the acid-salt ratio in making

up the buffer is equal to HA/A~ in solution.

Solution: Solutions that contain appreciable amounts of

a weak acid, such as phosphoric acid, and its salt or salts,
such as sodium phosphates, are called buffers. Their utility
is in maintaining a relatively constant pH. This problem
requires one to find various pH values for this buffer
system. To do this, note that the pH of a buffer is given by

pH = pk_ + log (A7) _ pk, + log [salt]
a [(HA) [acid]
One knows that to find the pH, one must determine
[H;0*], since pH = - log [H,0%]. To do this consider the

ionization of the polyprotic acid, phosphoric acid, which
can dissociate to produce 3 protons. k,, the first ionization

constant, corresponds to H,PO, + H,0 + H,0* + H,P0,~ so that

+ -
K, = [H30*)[H:P04"]

{HyPO, ] bl



k2, the second ionization constant, corresponds to
HiPOL~ + H,0 + H;0* + HPO,?” so that
X [#,0+](HPO, 27 ]
: = .
[H2PO,™]
ks, the third ionization constant, corresponds to
HPO;"— + H20 : H,0F + p0,’~ and
X [H;0+][PO4 "]
3 = .
[HPO.*~]

In general, the k, of any acid is given by the
expression

-.[.EIEﬂ[_A:l or [R;O"']‘k m-h-l.

a (HA] 2 [a-]

It is from this equation that the [B;0*] must be calculated,
and thus yield the pH value wanted. The three systems:

Buffer system with ki

Consider the ratios of 10 : 1, 1 : 1, and 1 : 10
for the acid : salt ratios, given that the ratio equals
[HA)/[A~]for the low, neutral and high pH values, re-
spectively. This means that [8,0%] =10 k., K, and

0.1k, for low, neutral, and high, respectively. Here,

k, = kj which is = 7.5 x 10-*.pk; = 2.12. Since [Hy0*] =
10 k. Ko+ and 0.1 k,; PH = = log [Hy0*] = ( pk, - 1), ek,
and lpk. + 1) for low, middle, and high pH values, re-

spectively. Thus, with pky = 2.12, pH = 1.12 (low), 2.12
{middle) and 3.12 (high).

Buffer system with k2

One still has pH = (pka - 1), pka. and pk, + 1. But
now ka =k, = 6.2 x 107°% pka» = 7.21, Thus, pH = 6.21 (low) ,
7.21 (middle), and 8,21 (high).

Buffer system with kj

One still has pH = {pka - 1), pka, and pka + 1. MNow,
k, = k; = 4.8 x 1077 pk, = 12.32. Thus, pH = 11.32 (low),
12.32 (middle), and 13.32 (high).
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® PROBLEM 376

The following bases, and their conjugate acids (as the
chlorides), are available in the lab: ammonia, NH;:;
pyridine, CsHsN; ethylamine, CH;CH;NH,. A buffer solution
of pH 9 is to be prepared, and the total concentration of
buffering reagents is to be 0.5 mole/liter. (a) Choose

the best acid-base pair. (b) Give the recipe for preparing
one liter of the solution. (c) Calculate the pH of the
solution after 0.02 mole of NaOH has been added per

liter.

Solution: This problem deals with the preparation of a
uffer solution and then to show the effect the addition
of a base has on the pH.

I1f this is a truly buffered system,then,the pH
should be only slightly altered when a small quantity of
base is added.

Since we are using bases it will be more convenient
to work initially with pOH. pH is converted to pOH by
the eguation:

14 = pH + pOH or POH = 14 - pH.
Substituting the given value of pH, pOH = 14 - 9 = 5,

In part (a) one is asked to choose the strongest
base. At a given pOH, the strongest base has pOH about
equal to pxb ({the pH at which dissociation occurs). The

maximum buffering capacity and minimum sensitivity to pH
change occurs when the concentrations of the acid and base
are initially equal. From a table of PKy values, it is

found that prH; = 4,75, pKCsHsN = 8.81, and pKCH.CH:NH; =
3.3 Therefore, NH, has a pxh closest to 5, which means it
is the best base.

To prepare a one liter solution, as regquested in
part (b), find the initial concentrations of the components
to be added and their ratio. NH; is the base and NH.Cl
dissociates to the acid NH.*. The reaction equation is

NHy + H,0 &  NHy* + OH™

K, = 1.76 x 107°,

To find the ratio, set up the eguilibrium constant
equation:

+ -
Rb = M = 1,76 = 10™%,

[NH;]

Rewriting to obtain the ratio, one has:
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omat] % 1.76 x 1078

{NH, ] for"] 1.0 x 10”°%
( [OH"] = 1 % 10~%, since pOH = 5 and pOH = - log [OH" ].)

= 1.76.

Therefore, NH,Cl and NH; should be added in the molar
ratio of 1.76 : 1. Since it is given that the sum of the
concentrations of the buffering reagents equals 0.5
mole/liter, the following equation can be written which
says, in effect, that the sum of the parts is equal to
the whole

[NH,;] + [NH,*] = 0.5.

Let [NHy] = x and since the ratio is 1.76 : 1,
let [NH4*] = 1.76 x.

This results in

x + 1.76 x = 0.5

x = [NHy] = 0.18 mole/liter

1.76 x = [NH,*] = 0.32 mole/liter.

Therefore, to prepare a 1 liter sclution, mix
0.18 moles NH; and 0.32 moles NH,Cl and then add H;0
until a total volume of 1 liter is obtained.

Part (c) tells one to add 0.02 M NaOH. Since it is
a strong base, complete dissociation occurs giving
0.02 mole Nat* and 0.02 mole OH™. The base OH™ then reacts
fully with the acid NH,* and converts 0.02 mole NH,*+ to
NHj.

This is more clearly seen below.

NHy* + H,0 + NHy + OH™
Before: 0.32 mole 0.18 mole
After: 0.32-0.02=0.30 mole 0.18+0.02=0.20 mole
Substituting these new values into the equilibrium

constant equation, one arrives at [OH"] and then pH.
One then has

K, = [nHyJ{ou"] . Substituting,

[(NH*]

_ Ko [MBYT 496 x 1073 (0.20)

towd = =] 10-30)

= 1.17 x 10™°* mole/liter.



Thus, POH = - log [OH™] = - log [1.17 x 107%] = 4.93.
Thus, pH = 14 - pOH = 14 - 4.93 = 9.07.

INDICATORS

® PROBLEM 377

Using methyl orange as an indicator, a solution of unknown
PH was matched to a Bjerrum wedge at a point where the acid
wedge was 40 percent of the total thickness of the combined
wedges. This point is indicated by the arrow in the diagram.
Determine the pH of the solution.

Basic
golution
4 (1nda-)

100

Bjerrum wedge

Solution: From the Bjerrum wedge, the ratio of the
concentration of methyl orange indicator in basic solution
([Ind~]) to the concentration in acid solution ([HInd])
will be determined. This ratio will then be used to find
the pH of the unknown solution.

A Bjerrum wedge is a glass box divided into two
wedge-shaped compartments by a glass plate placed diagonal-
ly in the box (see diagram, above). In one compartment is
placed an acidic solution of the chosen indicator (HInd)
and into the other a basic solution of the indicator
(Ind™). The concentration of indicator is the same in both
wedges. A view from the top will produce a continuum of
color varying from that of pure HInd on one side to that
of pure Ind~™ on the other. A solution of indicator of the
same concentration as the Bjerrum wedge is prepared using
a solution of unknown pH. The resulting solution is then
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plaged in a glass box having a thickness equal to that of
the Bjerrum wedge. The boxes are placed side-by-side and
the color of the unknown solution is matched to a color on
the Bjerrum wedge. At the point where the two colors match,
let the acidic wedge be x percent of the total thickness
of the box. Then the basic wedge is 100 - x percent of the
total thickness. The ratio [Ind~]/[HInd] is then

]Ind*[ - 100 - x
[HInd] x

In this problem, the acidic wedge is 40 percent the
total thickness, hence

[Ind=] _ 100 - 40 _ 60
[HInd] 1 LY

To make use of this ratio, we need an expression
relating the pH to [Ind~]/[HInd]. Consider the dissociation
of acidic indicator:

HInd + H20 <+ H,0* + Ind".
The equilibrium constant,Ka. for this reaction is

K, = [H,0%] x [ina”]}

[HInd]

Taking the logarithm of both sides and multiplying by
negative one gives

- log K, = - log [Hs0*] ~ log [nd]
[HInd]
- log XK, = pK, and - log [H;0*] = pH.

Hence, pK, = pH - log [1na”}
[HInd]

or, pH-pRad-log[—I“-g:l.
[HInd)

For methyl orange, pxa = 3.7. Using the value of
[1nd=]/(HInd] obtained above, we get

pH = 3.7 + log [g% = 3.9

as the pH of our unknown solution.



* PROBLEM 378

For the indicator phenolphthalein (In~), HIn is colorless

and In~ is red; Kdiss is 10=*. If one has a colorless

solution of 50 ml phenolphthalein, how much 0.10 M NaOH
solution would one have to add to make it red: Kw = 10-1"%,

Solution: To answer this question, write out the dissocia-
tion reaction of phenolphthalein in solution. After this,
write out the equilibrium constant expression. This allows
one to calculate the [H*], This informs one of the con-
centration of OH™ required and allows the calculation of
the amount of NaCH to be added.

With this in mind, proceed as follows: An indicator,
which changes color, undergoes a dissociation reaction like
an acid. For phenolphthalein the reaction is

HIn =+ H* + In~.

It is given that In~ makes the solution red and HIn makes
it colorless. The equilibrium constant expression, which
measures the ratio of concentrations of products to re-
actants, each raised to the power of its coefficient in
the equation, is

= 107! = [H*][In~

X
diss [HIn]

The object is to make a red solution, from an originally
colorless one. In general, a specific color of an indicator
will show itself when the concentration of the corresponding
species is 10 times as great as the concentration of the
other species. Since one wants the sclution to be red, and
In~ = red color, [In~]/[HIn]= 10/1. Substituting this into
the equilibrium constant expression,

107* = (%] 17 . solving for [#*], [#*] = 10717,

From the K, constant of water, it is known that [H*][OH™] =
10-'%, where K_ is the autodissociation constant of H;0. If

[H*] = 10~'°, one can calculate [OH ] and obtain [OH™] =
10-* M. Thus, to have a red solution, ocne wants [OH™] to
be 10~ M. The NaOH solution being added is 0.1 M. (M =
molarity = moles/liter.) The volume of the solution is
50 ml. or 0.05 £. (1000 ml = 1 .} Thus, one needs 10~ M
or 0.050 2 x 10™" M = 5.0 x 10~° moles. Since volume in
liters = number of moles/molarity, and molarity = 0.1,
liters of NaOH to be added =
-6
=20 210 - 5.0 x 107° liters.



COMPLEX IONS

* PROBLEM 379

For the complex ion equilibrium for the dissociatzon of
Cu(NH;) i+ , calculate (1) the ratioc of Cu?* ion to
Cu(NH,;)#* in a solution 1 M in NHy; (2) the equilibrium
concentration of NH, needed to attain 50 % convnrsiou of
Cu?* to Cu(NH,)i*. K, for Cu(NHy)3* = 2 x 107

Solution: (1) The equilibrium constant for the reaction
A % nB+me

is defined as

k = (B0 ()"

where K is the equilibrium constant, [B] is the concentration
of B, n is the number of moles of B formed, [C] i1s the con-
centration of C, m is the number of moles of C produced and
[A] is the concentration of A. The reaction in this problem
is

culNHy) 3+ 3 cu’t + 4nmH,
This indicates that the equilibrium constant can be stated

[Cl-lz*'”NH:I. = 2 x10-1?

[cu(NHy) *]

Ky =

Here, one is trying to find the ratio of Cu?* ion to
Cu(NH;)Z* in the solution or stated in another way

24+
tfﬁ%%ngg'j- . To obtain this ratio, one can use the

equation for Kd. In the problem, one is told that the
concentration of NH; is 1 M. Therefore,

14
—few 7] can be found.

[Cu(NH,) E*]
24 .
< [Cu?*][NH,]" =2 x 107'?
[Cu(NH,}2+]

[eut*][2.00° _ 5 , jo-1

[Cu(NH,) 4]

Ka
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fcu*] _ 2 x 1071?
[Cu(NH,) i*] (1.0)*

= 2 x lo-ll

(b} To find the eguilibrium concentration of NH,
needed to convert 50 % of the Cu?* ion present to
Cu(NH3)i* ion, the equation for the equilibrium constant
will again be used.

24 O
Kd-.[.cu_lln_nl.]_..z;la-l'

{Cu(NH,) %]

when 50 % of Cu’t is converted to Cu(NH;)i*, the
concentration of Cu?* will equal that of Cu(Nﬂa)é+. This
is true because there is one Cu’* ion used in the formation
of each Cu(NH;)%+ ion. If there were 50 Cu’* ions in the
solution and 25 of them were converted to Cu(NHj;}i+, there
would be 25 Cu’* ions left and 25 Cu(NH;)i* ions formed.
This means that for a 50% conversion

24
I =" Y

[Cu(NH,)i*]

One can now solve for the [NH;] by using the equation

for Kd.

+
x, = [CaflJNHL T _ 5, jo-1s

4 fcummynit]

(1) [NH,]* = 2 x 107'?
{NH3y] = YT x 10-17
[NHy] = 6.7% 107% M

A concentration of 6.7 x 10™® M of NH, will cause a 50 %
conversion of Cu®* to Cu(NH,)i+,

® PROBLEM 380

——
You have the four complex ions:
(1) Cu(NH3)3+ ¥ cu¥ + 4NH, k = 1.0 x 10~'?
(2) Co(NH;)i* ¥ Cco?* + 6NH, k = 4.0 x 10™%
(3) Co(NH;)* ¥ Co’* + 6NH, k = 6.3 x 107°¢
(4) Ag(NH;)T ¥ Ag*t + 2NH, k = 6.0 x 107°,

Arrange them in order of increasing NH: concentration
that would be in equilibrium with complex iong4if you
start with 1 M of each.

Solution: To solve this problem determine the [NHa]
or each complex ion eguilibria. This necessitates writinc




the equilibrium constant expression, which measures the
ratio of concentrations of products to reactants, each
raised to the power of their coefficients in the chemical
reaction. Proceed as follows:

k = 1.0 x 10-1? = LCu?*][NE,;]"

[Cu(NH, 4]

Start with 1 M of Cu(NH;)i*. Let x = [NH,) at equi-
librium. From the chemical reaction one can see that
1 mole of Cu’* is formed as 4 moles of NH; are formed.
Thus, [Cu?t] = k[NH;] = 0.25 x. If x moles/liter of NH,
form, and the only source is Cu(NH,)i+, then, at equi-
librium, [CU{NH;]¥+] =1~ 0.25 x. It is initial con-
centration minus % of [NH;], since they have a mole ratio
of 1 : 4, as is seen in the chemical reaction. Substituting
into the equilibrium equation:

(0.25x%) (x)*
. x

— = 1.0 x 10712,
Solving for x, x = [NH;] = 5.3 x 10~°%,

To obtain this answer the denominator (1 - 0.025x)
is approximated as 1, since the value for x is relatively
small compared to 1.

To find [NH;] at equilibrium in (2), (3), and (4),
employ the same type of logic and reascning. The only
differences are the values of K and the mole ratios
between the substances.

For Cot® : 1/6 x7 = 4.0 x 10-%

[NH ] = x = 0.3
For Co*? : 1/6 x7 = 6.3 x 10™?%¢
[NHy] = x = 9.4 x 10™°¢
For Agt : k x* = 6.0 x 10-°
[NH3] = x = 5.0 x 10™?
In increasing order, rank them as

co’*, ag*, cu?t, col+

increasing [NH;]

® PROBLEM 381

0.1 moles of Cu(NO,) p are added to 1.0 moles of NH, and then
diluted to 1000ml. Find “the concentration of Cul* formed.

K =8.5x 1007,
eq




Solution: The first thing to realize is that the complex l:::.:(lm:i)2

dissociates to Cu2++ 2]!03+ in Hzo

2+ +
mm03)2 20"+ zlﬁlt}3
when NH is added to the solution the following reaction occurs,

Cu:

+ 2+
+ QNHa 2 Cu(lﬂi3) 4
2+ 24

Cu(ll’ﬂs)‘,. is called a complex ion, cuoms)‘ will be in equili-
brium with cy + + 4NH, . You are given the K.q for this reaction
which is defined as . 4

fcu? 1088, ]

=

—_—
[cuewu,) 2*)

In general, 1if you have the equilibrium! HA)y = H + XA” , then

x « L)

H(A),

That is, the coefficients of the balanced equation serve as the ex-
ponents in the K expression. The problem stated K = §,5 y 10-13 |
Therefore,

[ou® ] (wm, ) 13
—————— = 8.5x 10
[cu(ma,)‘ ]

You are solving for [Cu2+]. Let x = ICuz"']. then [Cu(uﬁj),‘hl = ,l-x,
since it must be the original amount of mm03)2 Present minus the
cu®™ formed. There 1s originally 1.0 moles NH,, at equiltbrium 4
moles of NH, will have reacted with each mole of Cu®* to for
Cu(NH,) H. thus, [IIH3]' may be represented as 1.0-4 x It:u(mla) 21-]

34 2+ 4
= 1.0-4(.10-x). Since most of the Cu' present will be in the form
of Ou(llH:‘)&H and that there was only .1M of it in the first place,

one can make the assumption that x << .1, therefore, ,10-x = ,1 and
1.0 - 4(.10-x) = 1,0 - 4¢.1) = 0.6 = [NII3] + Using this same assump-
tion, [CMUHSJJ*] = l-x = .1,

You now substitute these values into the previous expression,
That is,

4
OO L 55 %1013, a5y 10713 .
24, * -1;“
Therefore, [Cu“' ] = 6.5 x 10 e
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* PROBLEM 382

An equilibrium solution of the complex ion ngtNHii;+
contains 0.30 M of NH.,* and 0.15 M of the actual*complex
ion. To obtain a concentration of Agt equal to 1,0 x 107°% M,
what must the pH of this solution be? Kj. .. Of Ag(NH;),* =

6.0 x 10™%, Kb of NHy = 1.8 x 10~% and Kw =1 x 10°1*%,

Solution: To find the pH required, calculate the [H*]
pB = - log [H*]). To find [H*], the [OH-] is needed.
One is given L which is the constant for the autodis-

sociation of H;0. Kw is defined as [H*][OH™] for H,0 « H* +

OH™. If [OH™ )} was known, one could solve for [H*]. To find
{oH™], consider the Ky value given. When bases, such as NH,,

are placed in water, these bases dissociate into positive
and negative ions. The K,, the equilibrium constant,
measures the ratio of the concentration of products to re-

actants, each raised to the power of its coefficient in the
chemical reaction. When NH, is placed in water, following
dissociation exists:

NHy + H,0 <  NH,* + OH™ . Thus,

K, = (§a.*Jfou"]
[nH,]

Note: H;0 is omitted; it is assumed to be a constant. There-
fore, if [NH.*+]/[NHy] was known, one could find [OH~]. To
find [NH.*]/[NH:], calculate [NH,] since [NH,*] is given. To
calculate [NH;], use the equilibrium constant expression
for the complex ion dissociation.This constant, Kdiaa‘ is

defined in the same way as Kb {i.e., ratio of products to

reactants). The problem provides all the information needed
to find [NH,]. Proceed as follows:
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The complex ion dissociation is similar in nature to
other equilibrium dissociations.

Ag(NH3) 2+ ¥ 2nH, + Ag*. As such,

X - [Ag*t][NH,]?

diss [AQ[NHS):+] -

As given, [Ag(NH)):*] = 0.15 M, one wants [Ag*] = 1.0 x
107" M at equilibrium. Thuas, substituting these values, one
finds that

= -5 _ (1.0 x 10~°)[NH,]?
Kajgs = 6.0 x 10 .15

Solving for [NH;], one obtains

[NH,] = / ‘5;0 x lﬂ":(ﬂ.lsj = 9,5 x 102,
.0 x 107

One is told K, = 1.8 x 105, By definition,

[NH.*+][0H"]

K, = /=24

[NH, ]

[NH;] has been found and [NH,*] is given, Thus, by sub-
stitution one can solve for [OH-].

1.8 x 10-% = 10.30)[on-] or

9.5 x 10~?

- -2
fow-) = L8 x 10005 x 10°%) 55 jqme,

Recalling that K, = 1.0 x 107'* = [oH"][H*], one has
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1.0 * 107'* = [#+][5.7 x 10~%].

-1k

solving, (%] = 20 2107 ° _ 3 95 x 10-*
5.7 x 10=*
Since pH = - log [H*],

pH = - log [1.75 = 10-'] = 8.76.

Thus, bring the pH up to B.76 to obtain an [Ag*] =
1.0 x 10=° M.

ELECTROLYTES

® PROBLEM 383

Describe, by both formal and ionic eguations, what takes
place when 0.10 mole of sodium sulfite is added to 1 liter
of 1 M hydrochleric acid.

Solution: The formal eguation for the reaction is

Na:S0; + 2HC1 + 2NaCl + H.O0 + 50;.
The ionic equation gives more detailed information than
this. The soluble sodium sulfite salt will react with
excess hydrochloric acid according to the ionic reaction
(2va*, 50,%7)+ 2(#,0%, C1~) »2(Na®, C17)+ H.S0,(ag) + H;0.

Sulfurous acid, H;S0,;, exists in equilibrium with both
sulfur dioxide and hydronium ions:

H;50; + S02(g) + H;0,
80,2~ + 2Hy0* ¥ H,50,.
50; gas will escape from solution, thus pulling the re-

action towards completion, to give the products 2(Na*, Cl7),
S0:, and 2H:0.

* PROBLEM 384

A saturated solution of the strong electrolyte Ca(OH),
is prepared by adding sufficient water to 5.0 = 10°*
mole of Ca(OH): to form 100 ml of solution. What is the
pH of this solution?




Solution: We need to find [H;0%] in order to find the
pH. [H,0%] is determined by substituting into the ex-
pression for the water constant, K, = (Hy0+][0OH™]

(x, = 10-'* mole’/liter?), or
K
w

[oH™]

[Hy0%] =

The hydroxyl concentration, [OH™], is contributed
by the dissociation of Ca(OH):, which is given by the
equation

ca(OH), =~ Ca’t + 20H".

Ca(OH):; is a strong electrolyte, hence we assume
that it dissociates completely. Since two hydroxyl ions
are formed for every Ca(OH): that dissociates, the con-
centration of OH™ is equal to twice that of Ca(OH)., or
[OH"] = 2 x (0.0005 mole/100 ml) = 2 x(0.0005 mole/0.10
liter) = 2, % 0.005 mole/liter = 0.010 mole/liter =
10~? mole/liter. The hydronium ion concentration is then

[H,0] = —¥_ _ 107" mole?/liter

= 107'? mole/liter.
OH™ 10~ mole/liter

The pH is defined as pH = - log [H,0%*], or

pH = - log [H;0%*] = - log (10~'%) = = (- 12) = 12,

® PROBLEM 385

Find the pH of a 0.25 M solution of Na:CO,, a strong
electrolyte.

Solution: The crux of this problem is to realize that

the solution contains the diprotic base C0,~%. Since
Na:C0jy is a strong electrolyte,it dissociates completely.
Diprotic means that 2 hydrogen ions will dissociate. Thus,
there are 2 acid equilibrium constants. H;CO; is the fully
protonated acid. For diprotic acids, the second base ion-
ization constant, Khz. is related to the first acid ion-

ization constant, K_ , and K is related to K_ .
a, b: as

The first H* ion neutralized behaves as a stronger
acid then the second H* ion, because in each successive
stage, ionization is less complete.

The ionization and equilibrium constant equations
are:



CO3=? + H0 + HCO;~ + OH™

. [HCco,~]{oH~
[co,=%]

b, and

HCO:™ + H;0 =+~ H;CO; + OH™

_ [Haco,1(on"
[HCOs™]

Kh:

Since it is given that the [CO,"%] = 0.25 M,
attention shall be limited to the first ionization.
-

Each x moles of CO; that reacts with H,0 forms x
moles each of HCO;~ and OH™.

CO:™% + H:0 < HCO,~ + OH™
Before: 0.25 0 0
After: 0.25-x X x

If the concentration of COs~? is initially 0.25 M,
and x moles of it react, then, at equilibrium, there are
0.25 - =x.

Before substituting these values into the Kb equation
first find Kbl‘ This is accomplished by referring to a table
of xa ionization constants. Ka: has a value of 5.62 x 107'!,
One can then use this information in the following equation:

K = K
Kaa b, w

which relates the acid and base ionization constants to the

constant for the autodissociation of water, Kw. Therefore,
K -1
Ky, == 20210 .8 X107
! a; 5.62 x 107!

One can find [OH™] by writing the egquilibrium constant
expression and substituting the values for the concentrations.

k. = L[HCO;~]JloH7]
b -2
! [cos~?]

() {x) _ ) g x 10-*

x = [OH"] = 6.7 » 10-%,

The x from{0.25 - x)was eliminated since so few moles
react, as CO:~? is a weak hase.

In order to calculate pH, first obtain pOH using
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POH = - log [OH"]
= - log [6.7 x 10~?) = 3 - log 6.7 = 2.17.
pH = pK, - POH = 14 - 2.17 = 11.83,

It makes sense that Ka‘h =K, since Ka is a measure
of [H*] and L is a measure of [OH™], and one knows that

[a*Ilon~] = K, = 107%*,

o PROBLEM 388

Explain the following phenomena:

a) Liquid HCl is a nonelectrolyte, but agueous HCl is a
strong electrolyte b) Liquid HCN is a nonelectrolyte as
is agueous HCN.

m: An electrolyte is a substance which exists

as ions. Both liquid HCN and HCl are not electrolytes
because they consist of neutral atoms. No ions exist.
The case with an agueous solution requires a little more
investigation. 1In water, HCl is ionized via the
reaction HCl + Hp0/—=,0* + €1”. Thus, you have
hydronium ions and chloride ions in solution. Thus,
aquecus HCl is an electrolyte. HCHN also

dissociate when placed in water. But, to what extent?
H30* and CN~ jons are only to a very slight extent
produced, since HCN's dissociation constant is so small.
Thus, while HCN may be called an electrolyte, it is an
extremely weak one.



CHAPTER 11

SOLUBILITY AND THE 10N PRODUCT
CONSTANT

Basic Attacks and Strategies for Solving Problems
in this Chapter. See pages 367 to 384 for step-by-
step solutions to problems.

A solubility product or ion product constant is simply an equilibrium
constant for the solubility reaction. The problems in this section can be solved
by following the same principles discussed in Chapter 9 and illustrated for
acid-base equilibrium in Chapter 10. If ions of several salts are present, the
equilibrium solubility of each possible reaction must simultaneously be
satisfied. Two examples will illustrate the application of these principles to
solubility equilibrium.

First, the solution of a relatively insoluble salt such as silver chloride:
AgCl « Ag" +CI 11-1

K, =(Ag) (CNAAgCl) = 1.1 x 10° 11-2
The activity of solid AgCl is one if the solid is present. Also, from the

stoichiometric relationship in Equation 11-1, it is apparent that the concentra-
tions of Ag* and CI- are equal. Let this concentration = x.

1.1 x 10" = (x)(x)/1 =27 11-3

x=105x10"% = (Ag") = (CI) 114

Second, let us consider the concentration of silver and chloride ions in a
solution initially containing 0.1M silver nitrate, a strong electrolyte, and 0.2M

sodium chloride, also a strong electrolyte. Several possible ionic equilibrium
reactions might be considered. The equilibrium of each must be satisfied.
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AgNO, «» Ag* +NO, 11-5
NaCl <= Na* + CI 11-6
AgCl « Ag* +CI 117

Theequilibrium constantK_, for strong electrolytes, isa large number and
so the concentration of AgNO, and NaCl can be considered to be zero. The
0.2M CI- from Equation 11-6 will react with essentially all of the 0.1M Ag*
from Equation 11-7 leaving a CI- concentration of approximately 0.1M. To
calculate the (Ag*) concentration in this case, Equation 11-2 can be employed.
Note that (CI) is very nearly 0.1 and the AgCl activity is one.

L1 x 107 = (Ag')(CI)/(AgCI) = (Ag*)(0.1)/(1) 11-8
(Ag+) =1.1x10” 11-9
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Step-by-Step Solutions to
Problems in this Chapter,
“Solubility and the lon
Product Constant”

® PROBLEM 387

Describe, using equations, what takes place when the following

solutions are prepared:

A. A solution containing equal amounts of 0,.10M lead nitrate and
0.10M potassium chromate;

B. A solution containing 1 mole of sodium chloride and 1 mole of
potassium bromide.

Solution: 1In such problems, two processes can occur: mixing of ions
in solution and precipitation.
A. Both lead nitrate (Ph(NOJ)z} and potassium chromate (KZCrD{‘)

are highly solube, so that four ifons are present im solution:
w2t &, woy , Croi- .
There are four possible combinations of these ions: Pb(NO)), ,

2
‘H:Crtlh . moj , and K2Cr20“ . Of these, only lead chrm!e, PbCrO“,

is insoluble, so that the reaction

7’ + cro,?” ~ Pero,
is Eriven to the right, and yilelds a precipitate, leaving K+ and 2
II03 fons in solution (along with trace amounts of Pb2*  and c:o“ ,

which exist in equilibrium with solid lead chromate).

B. Both sodium chloride (NaCl) .lgd pgt.nni.un bromide (KBr) are

highly soluble, giving rise to MHa , K, Cl7, and Br~ ions in solu-
tion, The four possible combinations of these ions are NaCl, NaBr,
KCl, and KBr, all of which are highly soluble. Therefore no preci-
pitate is formed, but only mixing of the ions according to the equa-

tion
(a*, a1+, BeDRMaT, B+, ).

® PROBLEM 388

Given that K‘P for Hg,(OH)2 is 1.2 x 10'11, calculate the

solubility of this compound in grams per 100ml of solution. The re-
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action equation is .2
ME(OH), == g™~ + 20K7,
—

Solution: K is the solubility product constant; it measures the
equilibrium eifablished between the ions in the saturated solution and
the excess solid phase, Knowing the K, we can calculate the solu-

bility of the compound, The It” equf!ou for general compound A‘B,
is

R, = W) .
From the equation, it can be seen that if x moles per liter of !l.(ﬂ!)z
dissolves, x moles of Hg+2 and 2x moles of OH form per liter,
+2 =12
Ksp = [Mg “]fon’]

1.2 x 107w x@0? = 4l

Solving, -4
x = 1.4 % 10 * mole/liter of Hg(ﬂﬂ)z dissclved.
One s asked, however, for grams per 100ml of solutfon. 1.4 X 107* mole/
liter can be converted to grams/100ml by the following method:

100ml = .1 liters since there exists 1000ml = 1 liter. If one has

1.4 x 10°* moles in 1 licter, then in .1 liters, there are (.1)(1.4 x 10™%

= 1.4 x 10" moles. _The molecular weightof Mg (OR), = 58.312g/aole.
Therefore, 1.4 x 10~5 moles/100ml translates into

-4

(.4 x 107° ﬁ,‘f{) (58.312g/mole) = 8.16 x 10 'grams/100ml.

® PROBLEM 389

The solubility product constant of magnesium hydroxide is

8.9 x 10722, calculate its solubility in (a) water and (b) .OSM
NaOH.

: Whenever an ionic solid is placed in water, an equilibrium
is established between its ions and the excess solid phase. The solu-

bility constant, ‘UP' measures this equilibrium. For the general re-

action AxBy # xA' + yB~ , the K,, 1 defined as being equal to

[a¥1*(8")" . The concentration of solid {s always constant, no matter
how much is in contact with the ions. This means the solid phase will
not appear in the equilibrium constant expression. For this problem,
part (a), you have 2+ .

"8(“02(') ® Mg +20H .

The 12

Kep Mg 1fon" )% = 8.9 x 10712,
You are asked to find these concentrations. From the chemical equa-
tion, you find 2 moles of OH" will be gsnnl::'?_'_per mole of ng"‘.
Thus, at equilibrium, if the concentration of = x @ol/1iten),

then the concentration of OH" = 2x(mol/lited). (Note: The dissociation
of water contributes some OH", but this amount is very small,

and can be ignored.) Thus, you have



Mg )08 )? = x(20)% = 8.9 x 1072 - Kyp -
Solving for x, you obtain x = 1.3 x 10°% mol/liter. Thus, 1.3 x 107%
moles of l'lg((}I'I)2 dissolves per liter of water, producing a solution of

1.3 x 107 Mg?" and 2.6 x 107N on .

To find che solubility in .05M NaOH, part (b), perform the same
process, except you must realize that the NaOH supplies OH® in
addttton to the OH  that dissolves from the salt. This means, as
such,

(g™ (08" )% = Kyp = (x)(2x + .050)% = 8.9 x 1072,
If you solve for x, you obtain
3.6 ¥ 10°% mol/liter.

e PROBLEM 390

A chemist dissolves BaSO_,‘ in pure water at 25°C. If its
K =1x 107} , what is the solubility of the barium sulfate in the
er?

Solution: The solubility of a compound is defined as the limiting
concentration of the compound in a solution before precipitation
occurs, To find the solubility of the barium sulfate, you need to
know the concentration of its fons in solution. BaS0, will dissociate
into ions because it is a salt, There will be an equilibrium between
these ions and the BaS0, . The equilibrium can be measured in terms
of a constant, K_ , called the solubility constant. The K is ex-
pressed in terms bf the concentrations of the ions., As suc?:‘,) to answer
the question, you want to represent this K__ . For this reaction,
the equation is -+ - sp
BaSOQ + Ba + SOf.

2+ 2- -
Ko = [a""][s0,” ] = 1 % 10
Let x = [Ba2+] . Thus, x = [SO 2-], also, since both_ fons will be
formed in equimolar amounts. Therefore, x-x = 1 x 107" . Solving,

x = 1x107% = [8a®7) = (s0,77) .

10

* PROBLEM 391

Determine the approximate solubility of AgCl in O0.10M NaCl
solution. K for AgCl = 1.1 x 10-10,

Solution: The approximate solubility of AgCl in this solution is
equal to the concentration of Ag' in the solution. This is because
the concentration of Agt is equal to the amount of AgCl ionized.
The ionizacion of AgCl can be stated

agel p agt + at

+
This means that cne Ag ion is famg each time one molecule of AgCl
is iomized. The concentration of Ag can be obtained by using the
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solubility product constant (K ). _ This constant is equal to the pro-
duct of the concentration of °F AgY( [Ag*]) times the concentration of
c1=((c1-]). + - -10

KIP = [ag ]J[c17] = 1.1 x 10 .
The concentration of the C1~ ions is also affected by the c1” fons
from the MNaCl solution. Because NaCl is a salt, it is 1007 fonized
in solution + -

HaCl # Na' + Cl ,

There is onme Cl~ ion formed for every HNaCl ionized. The original
concentration of NaCl 4is 0.10 molar, and after ionization, the solu-
tion is 0.10 molar in C1” fons. The HNa'* ions can be disregarded
because here we are looking at the solubility of AgCl, which does not
contain any Nat* ions. One can assume that the total concentration of
C1” ions in solution will be approximately 0.10, since the amount con-
tributed by the AgCl ionization is small, and can be neglected.

The [Ag'] can now be found.
[agh1ic1™] = 1.1 x 10°
(AgT)(0.10)= 1.1 x 10720
(Ag'] = 1.1 x 107% .

10

o PROBLEM 392

Assuming the X __ for radium sulfate {s 4 y 10“11 , what is its

solubility in (a) 'guu water, and (b) .IM H.IZSO“?

Solution: Whenever an ionic solid is placed in water, an equilibrium
is established between its ions and the excess solid phase. A solu-
bility constant, K__, measures this equilibrium. The concentration of
solid is always conStant, no matter how much it 1{s in contact with
the ions., This means the solid phase will not appear in the equili-
brium constant expressfon. The dissociation is
RasO,(s)  RaZ’ + 507" .

The K is, thas, (a?*](50}") = 4 x 107" . From the chemical re-
action, it becomeg evident that the concentration of h” must
equal that of § f“. since they are generated in equimolar amounts,
Therefore, let x = the solubility of each. Substituting into
[n“][soi‘} =4 x 10'“, you have x*x = &4 x 107 | Solving for x,
you obtain x = 6 X 10-6 mol/liter. Thus, the solubility of mo“

. - - + -
s 6% 10°8 mol/11ter, the solution is 6 x 10 %M Ra?* and 6 x 1075
soi' in water.

+ -

b) The equation for this reaction in water i{s RaS0, 2 Ra®t 4 30: .
hzso‘. is a salt and therefore will ionize completely in water.

The concentration of the thzst‘.llﬁ solution Ls .1M, which is
equivalent to a solution of .2ZM of Na' and .M 50; .

1f one adds more 50:' to the system, the equilibrium is forced
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to the left. Therefore, there will be even less R.2+ present thanin
pure water. Thus, 24 -6

. [Ra" ] << 6.0 x 10 M +
when additional SD“. is present. Let y = concentration of Ra .
The solubility of hSO‘,‘ is equal to the product of [Ra+I and
[50:] in this solution. Solving: [h+] is equal to y. Because
RISD.,‘ dissociates into Rat and SO: s the RI.SO‘. in this con-
tributes y to [SD:] + There is also 50: already present in this
solution, its concentration is .1M, therefore [SO:] = (y + .1).

Writing the equation for the solubiliry
solubility of RaSO, = [Ra ][SO‘.]

= yly + .1).
It has been shown that y is much smaller than .1 and the following
approximation can be made. y + .10 ® .1 , Solving for y:

vy + .1) = 4x 107

dy = 4 x 1071

y=4x 10-m.

® PROBLEM 393

A saturated solution of Ca?z contains ,00168g of Cal’z per
100g of water. Determine the Kw.

Solution: When a salt is added to water, it dissociates into ions.
Once a saturated solution i{s obtained, the addition of more salt re-
sults in precipitation of the solid. In such a case, an equilibrium
is established between the solid phase and the ions in solution. This
equilibrium is expressed as the solubility product constant or K' .
To determine the K, you must set up &n equation that expreueupthh
equilibrium. You mibt also determine the molarity of the solution.
Molarity refers to the number of moles per liter of solutfon. The
equilibrium reaction is

CaF, (s) # Ca’*(ag) + 2F"(aq).

The products have their oxidation states expressed because they are
ions in solution. The K” for the reaction is defined as

X, = fea?*1(e)? .
Because this is a heterogeneous equilibrium, there i{s no need to in-
clude CaF,(s) {n the expression for K . You include only those
substances“with variable molar concentraffons. The fluoride ion con-
centration is squared because 2 moles of fluoride ion are gemerated in
the reaction. In general, then, the exponent of the concentratiom will

equal the number of moles of that ion that is generated. Now that the
"P is defined, determine the molarity of the solution. Since molar-

ity is defined as moles of solute per liter of solution, you have
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. _ .00168g
M = molarity = oo fmole caF,)

100 ml
1000ml/1
Solving, you obtain M = .214 x 10-214. You will notice that the 100
grams of water do not appear in this calculation. The density of water
is lg/ml. Since Density = Mass/Volume, 100g HEO has a volume of
100ml. WNow that you know the molarity, go back to
Cal’z(nJ = an"‘(-q) + 2F (aq).
1f CaF,(s) has M= .214 x 10-2. then by looking at the coefficients,
you find in solution - ~ -
2.14 x 107 ca®* and 4.28 5 107 F .
These results are obtained because for every mole/liter of CaF, in
solution, 1 mole/liter of Ca?t and 2 moles/liter of F~ {s Sbtained.
Therefore, recalling 24, =2
K, = (™11,

you have 2 2.2
Kgp = (:216 x 10°) (428 x 10 )
-3.92x10% .

® PROBLEM 394

Calculate the solubility product constant of pure PbS0  in water.
The solubility of ?hsﬂk in water at 25°C s 1,25 X 10-4 Holes/liter,
— N

Solution: The solubility of a substance is the number of moles of that
substance which will dissolve in ome liter. Since PbSO, contains one
Py2* jon and one 50,2° ion per molecule in aqueous soldtion, the con-
centration of each of"theu ions 1s equal to the solubility. Hence,

-+ - -
(2] = [sof ]=1.25x 107 .
The solubilization reaction for PbSO, is

PbSO, (s) 2 P2* 4+ 50,7

and the solubility product constant is
k= (7*]0s0,27] .

Substituting the values for [?hz*] and [80(‘2-] gives
X, = (.25 X 107%) x (.25 x 10740

= 1.6 X 10°% moles?/liter? .

o PROBLEM 395

A chemist dissolves PbS in water. The K'P is found to be
1x 10°2% | What is the molarity of each fon in solution?
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Solution: The key to answering this question is the determination of
the equilibrium equation. Since PbS 1is a salt, it dissociates into
ifons in solution. Upon inspection of the oxidation states of the
periodic table, the equilibrium tﬂ.ll be found to be

PbS(s) Pb (Aq) + S “(Aq) .
The presence of the equlnbrtun derives from the fact that a saturated
salt solution's ions will exist in equilibrium with any additional
salt. This additional salt i{s called the solid phase. Ksp measures
this equilibrium and can be expressed as

K= e2*s?7) .

This, equals 1 x 10-2 . Therefore, you have 1 x w-ZB = [P‘bh][sz-].
The question asks for the concentrations represented on the right side.
From Ebe equilibrium equation, you see that whatever the concentratiom
of 57, it will be equal to Pbat | Therefore, you can represent
both by x . As such, you now have

1x10728 2 5 . x

or
1x 10728 .42,

Solving for x you obtain 1 X 10-1“11. This means, therefore, that
the concentration of each fon in solution is 1 x 107

® PROBLEM 396

—

A chemist has a saturated solution of 01504 in ,0100M Nuzsnf‘
5

The K of CISD‘. is 2.4 x 10° , calculate the concentration of,
ca?* fon n this saturated solution.

Solutfon: The ‘sp is the sol:bl.lt:.y constant :f l-lubll‘.lnce. For
the general reactiom, “(s) ~“A +B , x.P = [A"][(B"]. The lsp -
the product of the concentrations of the ions. In this problem,

- fea™10s0,”] . Jou are given that K, = 2.4 x 107 . Equating,
you obtain 2. fo X 10 - [Cn ][50 “] . To solve this problem, you
oust determine the value of {Cl ], Let x = the moles/liter of

Caso‘,. . stn:. Cas0, = Ca'' + S0 , this =x also is the concentra-

tion of c- . Th:cmeutuuo: of 50;, however, has two sources,

so" comes from CISO..‘ AND mzs% . The concentration of 31250“.

was given as .0l. Therefore, the total concentration of Sﬂé is

x + .01, wvhere x represents the amount of SO; contributed by

C.ISO& . Thus, -5
[x][.01 + x] = 2,4 x 10 ° ,

Solving for x you obtain,

x=2.0x10 = [ca™") .
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® PROBLEM 307

How many grams of c-(czo‘,‘) (calcium oxalate) will dissolve in
water to forg 1.0 liter of saturated solution? The ¥ of c.(czo&)
is 2.5 X 10”7 mole? /liter? sp

Soluytion: This problem is an application of the solubility product
constant (K P) expression for dissociation of a solid., In general,
if a solid, R. dissociates into fons B,C,D,... according to the
equation

A-bB+eCc+dD+ ...,
the ion product constant (I.P.) is given by

e, = (81° (c)® o) ... .
At the point where addition of solid will result in precipitatiom,
the ion product comstant is equal to the solubility product constant.
(When I.P. > K‘ precipitacion will occur,) Thus, for a solution
just on the verge of precipitation,

b d
K__ = [8)° [€]® [D)° ... .
The dlnsochgron of calcium oxalate is given by the equation

' 2+ 2-
Ca(CZDﬁ) dCa” + CZO‘.

and the l(s is

P 9

Kgp = 2.5 x 107 mole® /1trer’ = (Ca®*](C,0,%7) .

Let the concentration of the calcium ion be x. Then, since one 0204

ion is produced. for every Ca2+ ion produced, [c|2+} = [cznc,z-] = x.

Substituting into the expression for K, glves
[ca?*1(,0,27] = 2.5 x 10~ 2

29, = 2.5 % mole “/liter

9 2

2a

2

(x)(x) = 2.5 % 10 ° mole 2/ icer
-9 2 2.%
x = (2.5 % 10 7 mole “/liter”)

x = 5.0 X 1077 mole/liter = 5.0 x 107> ¥ .

Thus, the concentration of c.;(cza ) will be 5.0 x 1(.'0-5 M. To con-
wvert to mass, we use the relationship(mass = concentration x volume
x molecular weight). The molecular weight of CA(C!O ) is 128g/mole.
Hence, the required mass of Ca(Czoa) is, for one liur of solution,

mass = concentration x volume x molecular weight
= 5.0 107 Mx L X 128g/mole
= 0.0064g .

¢ PROBLEM 398
—— ——

Calculate the concentration of calcium fon and fluoride ion in a
concentrated solution of calcium fluoride, Gl?z(l('p = 4,00 x 10-11 ),

Solution: Problems of this type are solved by making use of the fact
that the K__ , which is known, is equal to the product of the com-
centrations"Bf Ca** and F~ . If we know the concentration of ome
ion then, from the proportions in which the ions occur in the molecule,

34



we can determine the concentrations of all the ions formed by dis-
soclation of the molecule.
When caleium fluoride dissociates,
CaF, (s) 2 ca®t 4 2F
one fon of c.2+ and two fons of F form per molecule of lez .
Hence, if we let x denote the concentration of calcium ions

([0.2+] = x), the concentration of fluoride ions is twice as great,
([F°] = 2x). The expression for the solubility product comstant is
K, = (ca*)(#" 12 = 400 x 1071

Substituting (Ca?¥] = x and [(F ] = 2x gives

=) (2x)? = 4.00 x 10711

(x) (4x%) = 4.00 x 10721,
ax? = 4,00 x 10711,

or, -11,1/3
x.(irm_:lg_...) =2.15 x 10°4

Hence - - -

"(ca®*) = x = 2.15 x 107% analF ] =2x=2x 2.15 x 1077

-4.3x 108

® PROBLEM 399

You are given .0l moles of AgCl. Assuming the K eq for agmﬂl);
is 1.74 x 10? , how much 1M ammonia solution is required to dissolve

this AgCl? Assume, also, K. of AgCl s 2.8 x 10710,

Solution: The first thing to do is to write the overall reaction that
occurs when ammonia is mixed with AgCl, From this, write an equilibrium
expression and equate this expression with the equilibrium comstant.
Next, calculate the concentrations of species in solution. After this
point, there is a volume determination. Following this procedure:

when AgCl is dissolved in a solution, it dissociates into ions, since

it is a salt. The reaction is AgCl (s) # Agt + C1~ . The Kep ™

2.8 * 1072% . The silver fom, Ag', produced will react with ammonia
0"!3) to produce the silver ammonia complex, Ag(NH )2*' via the re-

action Ag + 2NH # Ag(NHy)," with K = 1.74 x 107 . The overall

reaction is the sum of these two. The K for this will be the pro-
duct of the K's for the two reactions just written. Thus, overall re-

action is: + -

a\gCl(’) + ZNHJ 2 Ag(lﬁla)z + Cl
K= (2.8 x 10729 0.7 x 107) = 4.9 x 107 .
The equilibrium expression indicates the ratio of products ro reactants,
each raised to the power of their coefficients in the overall reactionm.
Thus,

with

RN CIURNICY
K=4.9%x 107 = 7
(N, ]
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One must_now find chese concentrations. Let x = [Ag(N );],
thus x = {Cl ], since the overall reaction indicates they ard “formed
in equimolar amounts, Since 2 moles of NH, is consumed per mole of
complex, [NH_ ] = 1 - 2x, where 1 is the origtml molarity of the am-
monia soluti®n. Substituting and solving for x ,
=3 _x - x
4,9 x 10 ~ = i‘:'i; H
thus,
x = ,065M, .
From the initial .01 moles of AgCl, .0l moles of Cl must be
produced. This concentration of C1- 1is ,065M, Since M = molarity
= moles/volume, the volume required to dissolve the AgCl is

4]

20l moles -
~065 woles/iiter - *154 liters = 154 ul,

® PROBLEM 400

Calculate the minimum concentration of Br ion necessary to bring
about precigital:ion of AgBr_ from a solution in which the concentra=
tion of Ag don is 1 % 1077 mole per liter.

K, for Aghr =4 Xx w3,

Solution: The product of the concentrations of ions in a saturated
solution of a relatively insoluble salt, such as AgBr, at a given
temperature is constant. This constant is called the solubility prod-
uct constant (KUPJ' For AgBr, Ksp can be stated as

Kep = (ag*1(Br ] = 4 x 10713,
In this problem, we are given the concentration of Ag+ as 1 x lD'SH,
therefore [Br”] can be found by using the equation for K‘p .
AgTi(Br"] = 4 x 10713
(1 x107)(8") = 4 x 10723
3

- -1
(Br)=2x10 — 4\, 107%.
N 1x 10 -8
1f the concentration of Br Llons is ralsed to 4 X 10 "M, AgBr will
precipitate out, for the addition of any more Br~ ions could not be
supported by the solubility of the ions in solution, as the K
indicates. P

o PROBLEM 401

If you mix 50ml of 5.0 x 10°% ca(N0,), and 50ml of 2.0 x 10™°M
NaF to give 100ml of solution, will pmgiaiutbn occur? The l.p
-10

of Can is 1.7 X 10 .

Solution: Whether or not precipitation will occur, when these two
solutions are mixed, depends upon the ion product, If two solutioms
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containing the ions of a salt are mixed, and if the ion product ex-
ceeds the K“, then precipitation will occur.

You need to determine the concentrations of r.‘.n2+ and F and
to see Lif the product exceeds the given K. of 1.7 x 10710 for Cnl'z.

The equation for this reaction is CaF,(s) 2 ca?* 4 2F” Thus, the
X, * (ca?*1{#"1? . You are ctold that a 50ml solution of Ca(NO,),
has a molarity of 5 x lO.I'H. Each &(803)2 dissociates to yield one

clﬂ ion which means, the molarity of ca'" s also S X 10-4}!. How-
ever, it is 5 x 10™* in 50ml , and the mixture is 100ml. There-
fore, the molarity must be divided by two. The molarity of NaF,

2.0 x 10"', and therefore Na+, because of its dissociation, must also
be divided by two for the same reasons. As such, in the mixture,

[ca®*) = 2.5 x 107%

(F7) = 1.0 x 1074,

Recalling that K’P = I(:az"‘][l?"'l2 , you have

and

R, = (2.5 100910 x 10792 = 2.5 x 1072,
You were given that the I(s for a saturated solution of C-n?z is

1.7 x 10720 | Since 2.5 x 1071 is less than 1.7 x 10710, the

mixture is unsaturated, and precipitation should NOT occur.

¢ PROBLEM 402

Will precipitation occur if .01 mole of Baﬂ is added to a
liter of solution containing .05 mole of St:!;ll2 1 Kap for
Baso, = 1 x 10710,

Solution: K is the solubility product constant. It is defined as
the minimum ’ppmdm:: of the concentration of the ions needed to bring
about the formation of a precipitate (i.e., a solid compound). The
general form of the K:p equation for compound *nnm is:

Kk~ [a]"(8]"

sp
Therefore, for anoﬁ the Ksp equation is:

K, = (8a*?](s0,"%) = 1 x 1071 .
To find out Lif prectpitation occurs, substitute in the given concen-
tration values. If the calculated value is greater than the given
value for K __ , then precipitation occurs, If it is lower, then no
preclpluttoﬁpoccurs. Thus,
+2 -2
xsp (Ba ]{soa ]
= 1 x 107205 x 107%)
-5x 107",
Since this value is greater than the given x’ value, precipitation
occurs. P
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A chemist has a solution which contains Zi2' asod Cu?', each
at ,02M. If the solution is made 1M in HO* and HS 41s bubbled
in until the solution is saturated, will a précipitate fofm?

=22 -37
Kyp ©Of 205 = 1x 10 :2;” of Cus=8yx 1077, and K for K,
when saturated, = 1 x 10 .

Solutiog: A precipitate will form only when the ion product exceeds
the experimentally determined solubility product constant (K ).
Therefore, compute the ion product of ZnS and CuS tg deteiBine if
they exceed the stated K 's, 1 g 10722 and 8 x 1073 » respectively.
The equation for the reactfon between st and nzo is

HyS + 20,0 2 20,0 + 57 .
In a saturated solution, the lon product is equal to

0 1287 ) = 1 x 107 = kL
You are told that the H,0' concentration is 1M. Substituting this
into that expression, and solving for [52-), you obtain

(s2°] = 1 x 10722,
You are given the Zn2+ and an* cment{ltim, which means that
the ion products can be computed. For 2zn*? |

(za?*](s%7) = (L0221 x 1 %

-K'P for 2ZaS.

0722 w2 4 107

fcu?*](s2°] = (.02)Q x 1072%) = 2 x 10724

- le for CuS .

Since the ion product of 2ZnS does not exceed the K.p of ZInS,
1x 10722 | there will be no precipitation. Hoyever, the Lon product
of CuS does exceed the K of CuS, B8 X 10-3 » which means you

will see precipitation of B

® PROBLEM 404

A chemist mixes equal volumes of .0IM Ilazc 0, and ,001M BaCl
1

4 2
X

2 -
together. Assuming the l.p of BaC,O 4s 1,2 x 10 ?, will a

274
precipitate form?

: A precipitate will only form when the fon concentration
product for the particular substances exceed their given K . In
other words, a mciptut, will form if [Ba?t][C 0,41 1s gReater
than the Klp = 1.2 x 107/ . Thus, to cbtain thls iom product,

calculate the concentrations of !l2+ and (‘.30:- in the mixture.
One is given that the {nitial concentrations of C,0,%" and Ba’
in the solution are .01M nzczoé and ,001M Mlz . When they are

mixed, however, the volume doubles. Thus, in the mixture, the con~
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centrations of BaCl, and Na,C,0, are halved. (Remember, M =
moles/liter , so thli if the v%llng increases, M = concentration
decreases). Therefore, after mixing, the concentrations are .005M of

mzczo‘ and .0005M of II.l!Z!l2 . As such, the ion product of
6

(842*1(c,0,27] = (.0005)(.005) = 2.5 x 10°° .

2.5 x l.t?l-6 is greater than the K of 1.2 x 10-?. which indicates

that a precipitate will form.

sp

® PROBLEM 405

0.01 liter of 0.3M nazso‘. is mixed with 0.02 liters of a solu-

tion that {s initially 0.1MCa™ and 0.1M Sr™% . Given that
K = 2.4x10°0 for CaSO, and K_ = 7.6 x 107/ for SrSO, , what
sp 4 -+ %P 4

is the final concentration of Ca ', Sr , and SD;. in this solutiomn?

: Solve this problem in four steps:
Find the relationships involving the final concentrations of
ca't, 50, , and sett
{(B) Find the initial concentrations of the three species.

(C) Relate the final concentrations to the initial concentratioms.
(D) Solve for [CIH}, [SD;-], and [st71] .

(A) R, the solubility product constant, equals the product

of the cm&tuttm of the ions in a saturated solution. Thus,
S S e

X, Cas0, = [Ca™ }(S0,"] and Ksp SrS0, = [sr” ](s0;"] . Combine

this with the given: . -
(0 (ca™)(s0;7) = 2.4 x 10 5
a0 (se)iso;") = 7.6 x 107 .

Equation (1) relates [Ca™] and [50;“']; equation (ii) relates

(se™] and {50;.-]. To find an equatfon relating [Ca''] and ([st''],
solve (1) for (S0, ]: -5

- 2.4 x 10

[S\(IIlﬁ J= s .
[ca™’)
Substitute this fnto (11); and solve for [Sr' ].
-7
(1) (gt o ZO X0 (o)« 0,032 (ca®) .

2.6 x 107°
(B)0.01 liters of 0.3M !IlZSt‘.iIﬂ| was initially mixed.The number of moles
of Ma, S0, present is, therefore, (molarity)(volume) = (0.3)(0.01) =

2774

0.003 moles of n.zso . Since the salt dissociates completely,

there are 0,003 moles of SO;- in the solution. The new volume is

©.02 + 0.01) 1iters = 0.0 , after adding the Ca'' and Sr'' solu-

tion. Thus, the initial molarity of su":."i.m
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0.003 moles .
0.03 liter -~ Ol M

By similar analysis, it follows that the initial concentration of
sc™ = initial concentration of Ca @ = 0.0667M .

(C}) Let the final concentration of Caﬂ equal x. Then the
final comcentration of sett , according to equation (iii), must be
0.032 [ca™*] = .032. The change in ce™ concentration 1s 0.0667 - x;
the change in Sr'' s 0.0667 - 0.032 x.

To find the final [so;'], note that one so;‘ is lost for each
ca™ that reacts and one so;' is lost for esch Sr'' that reacts.
Thus the change in (SO, ] s the sum of the chaoges fn [Ca' ] and
(sr'7]. Thus, change in [so;'] = (0.0667 - x) + (0.0667 - .032x) =
(0.1334 - 1,032x). Since the final [so;'] = {nitial [so;'} ainus

change in [SO, ], the final (SO ] equal 0.10 = (0.1334 = 1.032x) or
(iv) {su;'j = 1,032x - 0.0334

(D) Substitute the final values for [CI‘H-] and [30;'] in
equation (i) and solve for x:

) lca™)(s0;") = 2.9 1073

(x) (1.032x - 0.0334) = 2.4 x 10>
(v1)  1.032x% - 0.03%x - 2.4 x 105 = 0 ,

Use the quadratic formuls

0.0334 + /(0.0336)2 - 4(-2.4x10"%) (1.032)
(vil) =x =

2(1,032)

Thus, x = 3,30 x 1072 = [l'.‘lﬂ], Substitute this value in equation
(i11) cto obtain
viit) [(Se™] = .032 [ca™) = .032¢3.30 & 107%)
= 1,045 x 107M .
Use this value in equation (i)

(0 (sor) - 26x107 2.6 x10°
“ 0 se™ 1.045 X 107

7

5= 7.5 x 107% .

¢ PROBLEM 406

~17

The solubility products of Fe(OH), and Fe(OH), are 10 ~'and 10738,
2+

respectively. If the concentrations of Fe and Pe}'- are each
10-5 M, at what pH will each hydroxide just begin to precipitate?
T




Solution: To solve this problem, set up the solubility product equa-
tions for l"a((:llil)2 and Fe(ﬂﬂs . Once this is done, substitute the

values of “H and Fl” concentrations and solve for the OH ion

concentrations., Since pH + pOH = 14, then pH = 14 - pOH, where
pOH = -log[OH™]. One has, therefore,

[re®*) (00" 12 = 10717 ana

re*(0n™)> = 1073 . rer. a2
For precipitation to occur in these solutions [Fe” ][OH ]° 2 10
and (Fe>*1[067]% 2 10737 . Vhen the product of the trations
is equal to zero the concentrations are just sufficient for preci-
pitation to occur. Solving for the pH at these concentrations:
For Fe(0H), ,

17

=17 =17
[on"]2 = 10 — m“5 -10712
(Fe” ] 10
8o that - -6
[oH] =10
therefore, pOH = 6 and thus pH= 8 .
for Fe®3. o 108 0¥
[OH 17 = rroalay S 10 \
[Fe™ ] 10
so that

for’] =107,

Consequently,
pOH = 11 and pH= 3 .

* PROBLEM 407

Calculate the solubility of carbon dioxide in water at zs“c. where the
partial pressure of CO, over the loluti.# is 760 torr., using Henry's
law constant, K5 at 25°C = 1.25 x“10°. Assume that a liter of
2
solution contains 1000 grams of water.

Solution: Raoult's law states that the partial pressure, P, of the
component present at lower concentration is directly proportional to
its mole fractionm, Xz, for dilute solutions. Those that don't usually
obey Henry's law,

?2 = Xz K? .
The subscript 2 indicates that the solute (the component at lower
concentration) is being considered. The constant is referred to

as Henry's law constant. For nonideal solutions, Hénry's law holds
for the solute in the same range where Racult's law holds for the
solvent. For ideal scolutions )(2 - l’; and Henry's law becomes

identical with Raoult's law.
To sclve this problem one must know thgee things:
1) the value of Ky » equal to 1.25 x 10° ;
2

2) the partial pressure Py s equal to 760 torr ;

3) the mole fraction of t:l:l2 in water, which has to be determined.



The mole fractiom of 002 in water is

x_ = nusber of moles of CO,
€0,  Sumber of moles of C0, + number of moles of 0
looog
The mmber of moles of HZO is. 18.02g/mole 55.49 moles 320 .
The number of moles of coz has yet to be determined. Thus substi-

tuting into Henrcy's law

< - Py _ 260 torr _ (moles €0p)

2 1.25 x 10°  (moles €0,)+(55.49 moles #,0 :

However, since the number of moles of (:('.‘2 may be considered negli-

gible in comparison with the number of moles of water, then,

760 torr _ =oles O

1.2!“105 55,49 moles uzo -

Rewrfting and solving
no. of moles of o, = {32:4NUE _ 3 37, 1072
1.25 x 10

There are 1000g of nzo. or 1 liter of solvent, and therefore,
the solubility of -2

. mo -2
CDZ - 1 Liter =3.37x10" M .

® PROBLEM 408

What is the equilibrium concentration of oxygen gas in fresh
vater at 25°C when exposed to air at a pressure of 760 torr? _The
Henry's law constant for oxygen in water at 25°C is 3.30 x 107 torrs.
Express your answer in milligrams of oxygen per liter.

: Solving this problem requires the use o s law, It
Solution: Solving thi blem requi he f Henry's 1 I

is stated

XK
where Pz is the partial pressure, K2 is the mole fraction, and
Kz is the Henry's law constant. The subscript, 2, indicates the

solute (or component at lower :men:ratim).?
Since Pz = 760 torr and Kz = 3.30 x 10" torrs are known, we

can solve for xz or the mole fraction of 0, in water. Thus,

2
X .E.Mr -mlu of 02_
2 K 3,300 torr (moles of 0,)+(moles of H,0)

The volume is assume to be 1 liter or 1000 grams of "‘20 . The number
looog

or moles of “20 is 18.02g/mole 55.49 moles HzD . In addition,

the number of moles of (Zt2 is negligible in comparison with the number

of moles of HZCI, thus the number of moles of 1-120 is



(760 torr)(55.49 moles Hzo) 3

moles 0, .

= 1.28 x 10 2

3.3 % 107 torr

The weight in milligrams of t:l2 is
(1.28 x 10”7 noles) (32g/mole) (10°mg/g) = 41 mg.

Since there is 1 liter of ELIO, then the concentration of 0, 1is

2
4lmgly .

© PROBLEM 409

The solubility of iodine in pure water is 0.0279g per 100g of
water, In a solution that is originally 0.10M KI, it is possible to

dissolve, at the maximum, 1.14g of lodine per 100g of solution.
What is K for the reaction Iz-r ) ] 1; ?

Solytion: The concentration of ifodine in the given solutlon is
greater than can be dissolved. However, the wording of the problem
indicates that there is no precipitate. Thus, the excess iodine must
be used up in the production of I'i which is soluble. With this in
mind, we can solve for K ,

The equilibrium constant K can be solved from the following
equation,

(1,1
“’ ** TIET

First, solve for the concentrations of !; » I2 ,and I,

The I species comes entirely from the dissociation of KI .
Since a salt such as KI totally dissoclates in aqueous solu-
tion, initial molarity of I* = molarity of KI = 0.10M .
The initisl amount of I2 added is 1.l4g per 100g of water
or the number of moles added equals
grams of I 1.1

mol.we. of I, = 254g/mole

per 100g of water. However, the water can only hold 0.0279g of
iodine per 100g of water, or

?%]Egth = 1.1 x 10™% moles per 100g of water.
Since there is to be no precipitate, the excess Iz must be used up
in the production of 13 . Since one mole Iz yields one mole of
13 » We have for the final concentrations:
(1) concentration of 1'2 = maximm concentration of ﬁ that can be
dissolved = 1.1 x 1074 moles per 100g of water. _Since 1000g of

~4 1 x 10~3 mole
Hy0 = 1z , 1.1 x 10 moles/100g Bzo " 1600% 7,0

3

= 4,49 x 10"~ moles



-3
1.1 X 10°° moles . .
1 Titer B0  ° Thus, [1,] = 1.1 x 107 .

(2) concentration of I; = concentration of I, reacted. Since

(3

there were originally 4.49 x 10-3 moles o.f Iaa'lmg uzo and the
final concentration of 12 is 1.1 x 10 moles/100g Bzo. the
concentration of lz that reacted is the difference

4.49%10"2 moles _ 1.1x10™* moles _ 4.38x10°> woles
100g 8,0 100g 5,0 100g 1,0
-2
& "1 - -2
. Pitter W0 . Thus, [13] 4.38 x 10° M

concentration of I = {nitial concentration I minus (concen-
tration of I° needed to reacted with the I ). From (2), the

tation of rescted I, was found to be 4.3 x 1072x.

Since one mole of I {s required to react with each mole of
I2 , the concentration of I~ needed to reacted with the 12

ts also 4.38 x 1072M . "
Thus, [I]'ﬂlﬂi‘fomlﬂ M= .0562M,
To find K, substitute these values in equation (i)}s

0.04
(0.0011) (0.0562)

K = 710 .



CHAPTER 12

CALCULATIONS USING pH AND
DISSOCIATION CONSTANT

Basic Attacks and Strategies for Solving Problems
in this Chapter. See pages 385 to 421 for step-by-
step solutions to problems.

The principles of equilibrium that have been discussed in the preceding
chapters (Chapters 9, 10, and 11 ) can be applied directly tosolve the problems
in this chapter. The dissociation constant is simply the equilibrium constant
for a dissociation reaction. When the H* ion concentration is determined from
an equilibrium calculation, the pH can be calculated directly from Equation
10-3.

pH = -log, (H") 12-1 (also 10-3)

There are also problems in Chapter 12 that ask for values of pK, pK , pK,,
etc. The key to calculating these quantities lies in the definition of pK, which
is analogous to the definition of pH.

pK, = -log,(K) 1222

Dissociation is the ionization or dissolution of an electrolyte and is
applied most often to weak electrolytes such as organic acids. Several of the
problems in this chapter involve calculation of the concentration of H* ions
resulting from the dissociation of acetic acid. The equilibrium dissociation of
acetic acid was outlined in some detail in Equations 10-10 through 10-12
whendiscussing buffered solutions. Anotherexample of aceticacid dissociation
without buffering will illustrate the essential technique for solving such
problems. Let us solve for the pH in a 0.1 molar solution of acetic acid.

HAc = H* +Ac 12-3
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K, = 1.8 x 10 = (H*)(Ac')/(HAc) 12-4

The key to solving this problem lies in making two observations. First, the
stoichiometry of Equation 12-3 dictates that, in the absence of other sources
of H* and Ac™ ions, the concentrations of these two ions will be equal. Second,
since the equilibrium constant is a small number, the concentration of
undissociated HAc will not be appreciably reduced by the dissociation
reaction. We assume that the concentration, (HAc), is equal to the total HAc
before dissociation. (We will rework this problem without making this
assumption to see if the assumption is valid.)

The concentrations of H* and Ac™ can be assigned a new variable, x.
Equation 12-4 becomes

1.8 x 107 = (x) (x)/(0.1) = 1027 12-5
x=(1.8x 10%)'? = 0.00134 = (H*) = (Ac) 12-6
pH = ~log, (.00134) = 2.87 12-7

Note that the pH would be 1 [-log(0.1)] had dissociation been complete.

Now let us illustrate the same calculation without making the assumption
that the concentration of undissociated HAc will not be appreciably reduced
by the dissociation reaction. In this case, if x = (H*) = (Ac"), the concentration,
(HAc) = (0.1 - x).

1.8 x 10~ = (x) (x)/(0.1 - x) 12-8

This is a quadratic equation. When arranged in the standard quadratic
form, ax® + bx + ¢ = 0, it appears as follows.

£ +(1.8x10%)x-1.8x10%=0 12-9
x= {18 x 10%) + [(1.8 x 10-¢ -4 (1)(-1.8 x 104)]'*}/2 12-10
(H*) = 0.00133 : pH = 2.87 12-11

The obvious conclusion is that the simplifying assumption is justified.
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Step-by-Step Solutions to
Problems in this Chapter,
“Calculations Using pH and the
Dissociation Constant”

® PROBLEM 410

Find Kb and PRy, for the acetate ion CH,COO . The
ionization constant of CH;COOH is xa = 1.75 x 1075%;
K, = 1.00 x 107,

Sclution: This problem is concerned with conjugate acid-
ase pairs. In the general reaction,

HA + H20 +  Hyot + A~
acid base acid base

HA is the conjugate acid of A~, or conversely, A~ is the
conjugate base of HA. H:0 has acted as a weak base. The
acid and base ionization constants for a conjugate pair,
as illustrated above, are Ka and Kb.

KR, = K, which means pKa + pKy = PK .

Thus, if given the ionization constant for an acid
or base, one can calculate the ionization constant for its
conjugate base or acid. Also, remember that the K and pK
values are related by the general equation,

pK = - log K.

Therefore, the values of Kh and pr are

K
o ow _ 1.00 x 107'*
K'b Sl

a 1.75 x 10°°

= 5,71 = 10~'°,

PKy = - log K = - log 5.71 x 107'¢

=~ [~ 10 + log 5.71] = 9.244.



o PROBLEM 411
P——— —
A chemist mixes .5 moles of acetic acid (EE:HJOZ) and .5 moles
of HCN with enough water to make a one liter solution. Calculate
the final concentrations of !lso’ and OH™ . Assume the following
constants: 5 10
» Kn =4 x 10

= 1.8 x 10
K":z“3°z

-14
, K, = 1.0x 1077,

: To solve this problem, note the simultaneocus equilibria.

Once this is recognized, you can set up equilibrium constant expres-

sions which measure these equilibria in terms of the concentrations
of the species involved.

There are three simultaneous equilibria in the final solution.

Two derive from the acids HCN and B’.’.‘zllat.'l2 donating their protons

to form hydronium ions in water. The third stems from the lonization
of water to hydronium and hydroxyl ions. You have:

+ -
(1)  HC,H0, + H0 2 H,0" + C)H 0,

+ -
(2) HCN + H0 2 Hy00 + N
+ -
(3) Hzo-rﬂzo-,-ﬂao + OH ;
Each reaction contributes II3D ions. However, only the acetic
acid produces an appreciable concentration of H30+ . This can be

determined by inspection of the dissociation constants. The larger
a dissociation constant, the greater the diuo:ht;gn of the species.
The dissociation constant of acetic acid, 1.8 x 10 ~ , is the largest,
and, therefore, its [RJI:I"'] contribution is the greatest. As such,

you can neglect the H]G“ contribution from HCN and water. Let

the B30+ contribution from acetic acid = x . If you started with
a concentration of .5 for acetic acid, then, at equilibrium, it
becomes .5 - x . From the dissociation of acetic acid in water,

it also becomes evident that the concentration of CZHJDE can be
represented by x, since the equation states I-.lJO and C_H,0.°

27372
will be produced in equimolar quantities. You have

+ -
HCIB}OZ + HZO 2 ll3l3 + czuaoz .

ehuss " [Tl?::t[zz?’oi] - XX L18x107,
27372
Solving for x, using the quadratic equation, you obtain

x = 3.0 x 107 = {1,0"] .
To find [OH ], use the fact that K, = IOH'][!ISD"'] =1y 10714 .
Since you know [ 0+], you can substitute to find [OH ]. Thus,
[OH') = 3.3 x 107 % ,



* PROBLEM 412

Pentobarbital, sometimes prescribed for the treatment of
chronic insomnia under the trade name Nembutal, has the
following structure:

H
| 1
N—=C

/ \c _CH;—CHgy

o=¢C
\N—C/ \cn-—cnz—csiz—cu3
| I H
K o© 3
pentobarbital

It is toxic in doses of 0.5 g and lethal in doses of 1.5 g.
Barbituric acid, denoted by H Bar, and which may be used
in the synthesis of pentobarbital, has the following
structure:

=2—mx

0o=¢ --G\\
Ny’

barbituric acid

H Bar dissociates according to the following equation:
-
H Bar =+« H* + Bar~.

It is a weak acid, having a pKa of only 4.01. Approximately

what percent of H Bar molecules are dissociated in a 0.10 N
solution?

Solution: We will solve this problem by determining the
concentrations of H* and Bar~ formed from the dissociation
of H Bar.

If we let x denote the equilibrium concentration of H+,
then, since one mole of Bar~ is formed per mole of H*
formed, the equilibrium concentration of Bar- is also x.
Furthermore, the equilibrium concentration of H Bar is
0.10 - x. Then
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o [Bt1[Bar-] _ x?

K
a (R Bar] 0.10 - x

Note that we have neglected the contribution to [H*] from
the dissociation of water. Assuming that x is much smaller
than 0.10 {(a justifiable assumption, since H bar is so
weak an acid), the 0.10 - x ¥ 0.10 and we have

K o= oY X
a ﬁIa - X E.Iﬁ
2 =
or, x 0.10 = Ka
x = (0.10 x Ka)l’.

The value of Ka is determined from the an' By
definition, pK, = - log K,. Hence K, = 107PKa = j9-v.01,
and

x = (0.10 x Ka)h = (0.10x 10""‘]k = (10"-°l)a

1_0—?,5!

fe

3.2 x 1077,

The equilibrium concentrations of HY, Bar~, and H Bar
are then [H*] = x = 3.2 x 10" M, [Bar"] = x = 3.2 x
10-* M, and [H Bar] = 0.10 - x = 0.10 - 3.2 x 10~? %0.10 M.
The percent dissociation of H Bar is given by

% dissociation = —H*] 190 ¢ = [BAXT] , 149 4
[H Bar] [H Bar]

. 3.2 x107°
M

.

M 100 %

X3,

¢ PROBLEM 413

Assuming K, = 1.0 x 107'* and K, = 4.0 x 10™!'?%, £ind the
pH of a 1.0 M NaCN solution.

Solution: NaCN is a salt that exists in water as Na*‘
and CN-. As such, this problem requires considering the
hydrolysis of a salt of a weak acid and strong base.
Since water is a weak acid or weak base (which dissoci-
ates to H* and OH™ ions), it reacts with ions from
either weak acids or bases.

CN™ + H:0 < HCN + OH™,



Inherent in this equation is the ionization of water,
that is, H,0 <+ HO™ + H¥ so that it is actually,
CN™ + OH- + H+ + HCN + OH™.
The hydrolysis of the NaCN salt can be expressed
by Khyd' a hydrolysis constant. Khyd = Kw/Ka, where Ka
is the ionization of the acid formed and K, is the

ionization constant of water to OH™ + HY, as previously
mentioned.

gk = N _ [HONJ[OH-] _ 1.0 x 10=}*
hyd K, [cN~] 4.0 x 10-1°
It is given that K = 4.0 x 10-10, K, is always
1.0 x 10~'*, since a pure water solution must be neutral.
As such, the molar concentrations of H* and OH™ are both
1.0 x 107 moles/liter. This stems from the fact that
[a*) = [ou=] with (H*]{on™] = K, = 1.0 x 10~'". Therefore,
[H+]%= 1.0 x 107" or [H']) = 1.0 x 1077,
One now has:
1.0 = 10-'* _ [HCN][OH"]
4.0 = 10-'° [ew ]

The object is to calculate [OH™]. From [OH™], one
can determine pOH, since pOH = - log [OH™]. Once one
knows pOH, one can find pH, since 14 = pH + pOH. To find
[OH™], let the concentration of OH™ be x. If this is
the case, then [HCN] can also be represented by x. Re-

call,that CN™ + H;0 + HCN + OH™. For every mole of OH"
generated, a mole of HCN must also be produced. The
concentration of [CN”] can be represented as 1 - x. It

is given that the original concentration of NaCN or CN™,
is 1.0 M. When placed in water, some of CN~ becomes HCN.
If HCN is x, then the original concentration of CN™

must be reduced by x. Therefore, [CN”] has a concentration
of 1 - x. It follows that

1.0 ® ln—lh
4.0 x 107*%°

= { : : s, if one substitutes the wvalues

1.0 x 107'* _ [HCN]J[OH"]
4.0 x 1071° [en~]

in the eguation

The procedure now is to solve for x.
x = 5.0 x 107 M = [on™].
As previously stated, pOH = - log [OH™].
pOH = 2.30 and pH = 14 - pOH = 11.70.
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* PROBLEM 414

A laboratory technician has a solution of 0.1 M NaC;H;0;.
Find its pH and the percent hydrolysis. Assume K"r =

-y - -5
1.0 x 107" and Kijigg = 1.8 x 1077,

Solution: NaC;H;0; is a salt that exists as ions Na* and

302~ in water. Since water is a weak acid and weak base,
which dissociates to HY and OH™ ions, it can react with
ions from weak acids and bases. Such a process, termed
hydrolysis, occurs in this problem. Because the problem
asks for pH, one must determine the concentrations of the
H3;0% or OH™ in this problem. This means that the hydrolysis
reaction must be written and an equilibrium constant set up.
The net hydrolysis reaction may be written as

C2Hy02™ + Ha0 <+  HC,H,0, + OH.
The ‘hyd for this reaction is

[oH™ J[HC,H,0, ]

[C1H10!_3

However, Khyd is defined as KH/Kdiss' where Kw is the
dissociation constant for water and Kiiss is the dissociation

constant for the acid formed. One can equate the two to
obtain

[on~]fnc,u,0;] _ _ Fw

[C2H,07] Kaiss

But the value of K, and Kdias is known. Therefore,
[oH~J[HC:H02] _ 1.0 x 10”*t = 5.6 x 10°}°.
[C2H30:7] 1.8 x 10~%

If one can find [OH"], one can determine [H,0%]
from [H,0*][0H"] = K, = 1.0 x 10='*. Therefore, let x =

moles/liter of OH~. From the hydrolysis reaction, one can
see that for each mole of OH™ generated, a mole of

HC;H;0; is also generated. Therefore, let x = [HC:H,0:]
also. If one starts with 0.1 M of C;H;0;~, and x moles/liter
reacts to form OH™ (and C:H,;0:7), then, at equilibrium,

one has 0.1 - x moles/liter of CyH,0:~ left. Substituting
these values into the previous expression:

EEIL:Ei— = 5.6 x 10-%*. Solving for x,
x = 7.5 x 107" M.

(assuming in this calculation that x is small, therefore

approximating 0.1 - x as 0.1.) To find [H*], solve
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Ko _ 1.0 x 1071%
[oH™] 7.5 x 10™*

(Hi0t] = = 1,33 x 107'%,

Since pH = - log [H,0t]
pH = - log [1.33 x 107''] = 10.88.
The percent hydrolysis of this reaction is the number

of moles of hydrolyzed acetate ion, divided by the number of
moles available for hydrolysis, times 100.

Moles C;H,0:~ hydrolyzed
Moles C;H;0:;” available

% Hydrolysis = * 100

. 1.5 x 107"
- 0.1

x 100 = 0.75%.

® PROBLEM 415

What is the pH of a 0.001 M aqueous solution of the
strong electrolyte KOH? The dissociation constant for water
is K, = 10-'* mole?/liter?.

Solution: We need to find [H;0%] in order to find the
PH. [H,0+] can be determined by substituting into the
expression K, = [(Hy0*1[0H™], or,

K
[Hi0*] = —2%
(oRr™]

The hydroxyl concentration, [OH™], is contributed by
the dissociation of KOH. This eguation for this reaction is

KOH + K* + OH".

Since KOH is a strong electrolyte, we assume that it
dissociates completely. Hence, the concentrations of OH™
and of K* are egqual to the initial concentration of KOH, or
EDH'A = 0.001 M = 10~' M., The hydronium ion concentration
is then

Ky - 10-'* mole®/liter?
[on™] 10 M

(H,0*] =

- 107'* mole?/liter?

= 10"'! mole/liter = 10°'}! M.
10"* mole/liter

The pH is defined as pH = - log [H;0%]. Hence
pPH = - log [H;0%] = - log (10™!'!) = - (- 11) = 11.



e PROBLEM 416

Find the pH of a 0.2 M solution of formic acid. Ka =
1.76 x 107",

Solution: To solve the problem, first note that the
acid dissociates according to the general equation

HA + H:0 < ®* + a-,

where HA is the acid and H* and A~ are the dissociation
products. To find the pH, calculate [H*].

One can see from the egquation that equal con-
centrations of H* and A~ form when HA dissociates. At
esuillhrium,x moles of HA dissociate into x moles of
H' and x moles of A”,

HA + H:0 + H' + a-
Before: 0.2 o] o
After: 0.2-x x X

Now,set up the equilibrium constant equation, which is

K, = [products] _ [H*I[A"] _ ; 16 & 10-*.
[reactants] [HA]

Before substituting in the valueg, simplify the
calculation by assuming that 0.2 - x = 0.2. This is a
valid assumption since the acid is very weak and only a
very small percentage dissociates. Thus, one has

K, = i%%{;} = 1.76 * 10™*. Solving:

x = [H*] = 5.93 x 10~°,

H* concentration is then converted to pH according
to the equation,

pH = - log [H*] = - log 5.93 x 10-?
== [- 3+ log 5.93] = 3 - 0.77 = 2,23,

o PROBLEM 417

Lemon juice is very acidic, having a pH of 2.1. If we
assume that the G;?;acid in lemon juice is citric acid
(represented by HCit), that HCit is monoprotic and that
no citrate salts are present, what is the concentration
of citric acid in lemon juice? The dissociation constant
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for citric acid
HCit + H,0 + H,0% + Cit~

is K, = 8.4 x 10" mole/liter.

Solution: The solution to this problem involves deter-
mination of [HCit] from the expression for K, of the

reaction
HCit + H,0 + H,0t + cit=.
By definition,

k= LBOPICit™] 0 rpeiey = [Ha0t](cie"
[HCit] Ka
Since one mole of Cit™ is Eroduced per mole of H;0%
produced, [Cit~] = [H,0%]. [H;0%] can be determined from
the pH. By definition, pH = - log [H:0%], hence
[H;0+] = 107P% = 107 ?*! mole/liter. Therefore,
(H,0*] = [cit~] = 10~?-! mole/liter and we have

[HCit] = En,o;][cit'l

a

107%-! mole/liter x 10 ?°' mole/liter
8.4 x 10~" mole/liter

=2_.1,2 -, 2
= 4077 1)°  otestiter = —X0TT nolesliter
8.4 x 107" 8.4 x 107"
-5
L 6.3 %1077 o 1e/liter
8.4 x 107"

= 7.5 x 107? mole/liter = 7.5 x 1077 M,

® PROBLEM 418

Find the pH of a solutxon of 0.3 M acetic acid. Assume a
K value of 1.8 x 10~°

Solution: The dissociation of acetic acid into positive
and negative ions proceeds as follows:

HC:H;0, + H* + CaH,0;

For this particular dissociation the eguilibrium
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constant, Ka' is written as

= LHPIICaHI0:7] |y oy 0-s,

2 [HC:H,0,:]

where the brackets represent the concentrations of
the substances within them.

The pH of a solution is defined as the negative log
of the hydrogen ion concentration. Mathematically, it is
written as

pH = - log [H*].

Thus, to answer this problem, the [H*] in this
solution must be calculated from the equilibrium constant
expression and then substituted into the pH equation.

From the stoichiometry of the dissociation reaction,
for every x molar concentration of H* formed there are x
molar concentration of C:H30:~ also formed. Therefore, let

x = [#*] = [C2H;0:7].

The x molar concentration of these ions comes from
the dissociation of the 0.3 M acetic acid. Thus, the exact
amount of acetic acid in solution at equilibrium is 0.3- x
However, x is a very small amount as compared with 0.3 M
of the acetic acid and is, therefore, approximated as
0.3 M. Substituting these values into the equilibrium
expression
2
-5 _ X * X N~ OX
1.8 = 10 L 73
Solving for x; x = [H*] = 2.3 x 10™°
Substituting this value of [H%] into the pH equation:

pH = - log (2.3 x 10-%*) = 2.63.

® PROBLEM 419

For HF, K = 6.7 x 104', what is the II30+ and OH com-

diss _14
centrations of a 0.10M HF solution? Assume Kv =1y 10 .

Solution: To answer this question, you must set up the equations for
the equilibria involved, HF is an acid, which means it donates pro-
tons (H' ). The only base present is H20. They react as shown in the
following equation: + -
HF + "20 2 H30 +F .

This is not the only source of 1130"' . Recall that water also can
dissociate into ions.
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0+ M0 2 H30+ + OH .

This means that in the consideration of the H30+ concentration you
must look at both sources. Because you are asked the concentrations,
you must employ equilibrium constants, K‘u“ and K“ . Let x = the
number of moles/liter of H30+ from the reactiom of HF with HZO,
then x {8 also equal to the number of moles/liter of F produced.
They have the same mole ratio, as indicated by the equilibria. Since
HF {s the stronger 8cid, some of its protons ionize and then join
with uzo to form !i30 . Thus, the concentration of HF is (0.1 - x).
If you let y = moles/liter of OH , then y = moles/liter of H30+
formed by the dissociation of water. These variables that represent
the concentrations at equilibrium must satisfy the two equilibrium
conditions: [H30+][F-] g

b Gety) (0
Kites = —[mr] = 67 %10 =0

+ - =14
K‘ = [330 JOH ] =1 x 10 = (x+y)(x) .
For both conditions, the l!30+ concentration is represented by {x+y)

since, at equilibrium, the concentration must be the sum from both
sources of !-!30"' production. Solve these equations simultaneously

for x and y, you can avoid cumbersome calculations by noting
which contribution is the dominant one. In this way, the other can
be neglected to give a fairly good approximation. A general rule
for determining which is dominant is to compare the dissociation
constants, The larger the dissociation constant, the more it dom-
inates the final equilibrium state. From inspection of these con-

stants, you find that the contribution of H30+ from HF dominates

over that from water. You need consider only HF + HZO ] H30+ +F ,

therefore, oo -
[B,07][F]

- - =4 _ (ery) (x)
Kites 3] 6.7 % 10 0% °

Solving, you obtain x = 7.7 x 10 M = [#,0'] . To find y, go back

to Kw = [H30+]{0Ii'] =1y 10-1" = (x+y)(y) and substitute in your
value for x. Assuming that y 1is negligible in comparison to x,
the answer becomes “14

L0x10 — . 1.34 107 = fou7) .

7.7 x 10

® PROBLEM 420

There exists the e?uilibrium COz+ 2H 0 + H,0% + HCO,~.
The Ka = 4.3 x 1077 and pH = 7.40. Find the ratioc of

concentrations of bicarbonate (HCO,~) to carbon dioxide
{COz).

Solution: The equlibrium constant expression, which
Indicates the ratio of the products to reactants, each
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raised to the power of their respective coefficients, can
be written as follows:

= [Hy0*ti{nco,”3

a {co:1

Note, [H0) is omitted, since_it is considered to be
constant. Since K, = 4.3 x 10 7, then
[H,0*J[HCO,™

[co:1]

One is solving for [HCO,~]/[COz2]. 1If one knows [H;0*], then
one can calculate this ratio.

4.3 x 1077 =

[H,0*] can be found, since, as given, the pH = 7.40,
pH = = log [H;0%*] or
[H30*] = antilog (- pH) = antilog (- 7.40)
= 4.0 x 107° M.

4.0 x 107" [HCO,"] |
fco:]

- -7
[HCO,7) _ 4.3 x 1077 _ 0 e
[co:] 4.0 x 10°°

and

Thus, 4.3 % 1077 =

® PROBLEM 421

100 ml of 0.1 M NaOH is mixed with 100 ml of 0.15 M HOAC.
Ka = 1.75 x,10"% for acetic acid, what is the pH of this

mixture?

Solution: To find the pH of the mixture, first determine
e H;0° concentration, since pH = - log [H,;0%*]. To find
H;0%, consider what happens when acetic acid is added to

NaOH, a base. When an acid is added to a base, a
neuralization reaction occurs such that water and a salt
are produced. Thus,

NaOH + HOAC ~+  Na*OAC™ + HOH

+ + + +
base acid salt water

This reaction does not show the presence of any H;0% ions,
which may lead one to incorrectly conclude that its con-
centration was zero. There are 100 ml of 0.15 M HOAC. M =
Molarity = moles/liter. Thus, 0.15 = moles/0.10 liters

(1 liter = 1000 ml). Therefore,(0.15)(0.10)= 0.015 moles
of HOAC. For MaOH, M = 0.10 = moles/0.10 liters. Thus,
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the number of moles of NaOH = (0.10)(0.10) = 0.010. From
the previously written neutralization equation, one mole
of acid reacts for every mole of base. Only 0.0l moles of
HOAC could react with NaOH. Thus, 0.015 - 0.010 = 0.005
moles of HOAC was NOT neutralized by the base, NaCH. This
excess 0.005 moles of HOAC is, in the presence of its salt
NaOAC. Thus, it is a buffer solution. Solutions that con-
tain a weak acid, such as HOAC, and its salt are called
buffers. Therefore, consider the dissociation of acetic
acid; it is in excess and is the source of the hydronium
ion concentration.

HOAC + HOH + H,0* + OAC-.

The equilibrium constant for this reaction measures the
ratio of the concentration of the products to reactants,
each raised to a power based on its coefficient in the
chemical equation. Thus,

+ -
K,, the equilibrium constant, = (H;0*)[0AC™]
[HOAC]

Water is not included since it is a constant. One is solving
for [H;0%] to find pH, let x = [H,0*]. From the dissociation
equation x = [OAC~] also, since they are formed in equimoclar
amounts. Recall, however, that the neutralization reaction
produced QAC™ also. There were 0.010 moles each of NaOH and
HOAC which reacted. From the equation, 0.010 moles of OAC~
should have been produced. The volume was 200 ml. Thus,

0.01 moles
200 ml
m

M = concentration = = 0.05 M.

The total concentration of OAC™, from the acid
dissociation and neutralization, is x + .05. The acetic
acid concentration is the initial amount minus the amount
that dissociated. Recall,there were 0.005 moles of acetic
acid in 200 ml. to give

0.005 moles
m

1000 mi/L

x moles/liter of it dissociated. Thus, the final concentration
is (0.025 - x).

x = [H30%][0oAc™]

= 0.025 M.

a [HOAC] .
1.75 x 10-5 = (Hs0*Iloac™]
[HOAC]

Substituting final concentrations,

1.75 % 10™% = (x) (x + 0.05)
. - x



The excess OAC™, from the dissociation of HOAC, x, is small.
Thus,

(x) (x + 0.05) 3 (0.050 x)
. - X 15.5!51

= 1.75 x 107%,
Solving for x, one finds
[Hy0*] = x = 8.8 x 10™° M.

Thus, PH = - log [H,0%] = - log [B.8 x 10"°] = 5,06.

® PROBLEM 422

Allow exactly 100 ml of 1.5 N NaOH solution to be mixed
with 100 ml 3.0 N H3;PO, solution and allow them to reach
equilibrium. (1) Determine what species will be present
at equili?rium. (2) FPind the pH of the solution. k; =
6.2 x 10™°,

Solution: To solve this problem, first consider the type
of reaction, if any, that occurs and to what extent it has
proceeded. Once this is done, the answers to (1) and (2}
follow directly. One is adding a base of a given amount to
an acid of a given amount. This is a neutralization; i.e.,
the reaction of an acid and base to produce a salt and
water. One is told there are 100 ml of 1.5 N NaOH and

100 ml of 3.0 N HyPO, solution. N = normality, which is
defined as equivalents/liter. An eguivalent = the number
of hydronium ions that an acid can produce or hydroxide
ions that a base can produce per mole of that substance.
In a neutral solution the number of equivalents of base is
equal to the number of equivalents of acid. Thus, to see
to what extent the reaction has proceeded, calculate the
equivalents of base and acid. If they are equal, the re-
action went to completion. Recall, N = equivalents/liter.
Thus, equivalents NaOH = (1.5 equiv/1)100 mi/1000 m/% =
0.15 equiv. Equivalents H,PO, = (3.0 equiv/%)100 m2/1000% =
0.30 eguiv.

The equivalents of acid do NOT egual those of the
base, The H;PO., has 0.30 - 0.15 = 0.15 egquivalents that
do not react. The rest has been neutralized by the base to
form a salt and water. H;PO. is a polyprotic acid, which
means it can donate 3 protons when a mole of it exists.
Since only one-half of the equivalents are neutralized,
only one-half of the protons were used. This means that
the reaction

H3PO,+ OH- <  H:PO,~ + H20
goes to completion, but

H;PO,~ + OH™ <+ HPOZ- + H,0



will only be half complete. With this information, (1) can
be answered. One started with 1.5 N of 100 ml NaOH solution,
which indicates that 0.15 moles of Nat is present. NaOH can
react with only 1 mole of hydronium ion. Thus, its equi-
valents correspond to its moles. 0.30 equivalents of H,PO,
correspond to 0.10 moles, since each mole generates 3
hydronium ions. In

(0.1)HsPOy + (D.15)OH- + (0.1}H2PO.™ + (0.1)H20 + (.05)0H"

there is a total 0.1 moles of H;PO,” generated, since H;PO,
is the limiting reagent with only 0.1 moles compared with
OH™'s 0.15 moles. This means that for the reaction;

(0.1)H;PO."+{0.05)UH‘:(0.05)HPO.“+(0.05)8:0+(0.05}HzPO~'.
0.05 moles of OH™ is left to react with the 0.1 moles of

H2PO4~ generated previously. Thus, only 0.05 moles of
H2PO.~ is consumed in producing 0.05 moles of HPOi-.

Thus, an unreacted amount of 0.05 moles of H;PO.~ is

left. In summary, the species in solution are 0.05 moles
each of H,PO,~ and HPO!~ with small amounts of H,0%,
H3PO,, PO{~, OH™ and 0.15 moles Nat. One can now calculate
the pH of this. There exists some H;PO,” in solution. This
is the source of hydronium ions, whose pH is measured by
pH = - log [H;0%]. The reaction is

HyPO,~ + H;0 + H,0* + HPOI-.
The equilibrium constant,

2-
k: = [nyo*ifmpoi=] 6.2 x 107 %,
[H2POL"]
One can calculate [HPO{~] and [H;PO,”], since one
calculated the mole amounts. The volume of the solution is

0.2 liters, and the concentration in the brackets, are in
moles/liter. Substituting these values,

6.2 x 10-° = ;H,o+![o.osg.2) .

Solving for [H,0%], one obtains
[H;0*] = 6.2 x 107® M. pH = = log [H,0*]. Thus,
pH = - log [6.2 x 10-"] = 7.21.

e PROBLEM 423

0.001 mol of NaOH is added to 100 ml. of a solution that
is 0.5 M HC:Hs0: and 0.5 M NaC:H,0:;. Determine the pH of
this solution; the Kiiss of acetic acid is 1,8 x 10-5.




Solution: This problem requires an understanding of the
concept of buffer solution. In some processes, a solution
of constant pH is desired. This constancy is maintained by
the buffering action of an acid-base equilibrium. A buffer
contains both an acid and a base and responds to the
addition of either H,0% or OH™ to maintain the pH. In

this problem, the 0.5 M solutions of HC;H,0: and NaCy;H,0;
act as a buffer that must respond to the addition of base,
NaOH. One has egqual numbers of moles of HC,H,0, and
NaC:2H30: in the buffer, which means that the

(HC;H,0; ratio is one. In solution, one has
[C2H,0;7]

HC2H302 + H:0 < H;0% + C;H,0,~, which

indicates that each mole/liter of HC;H;0; must produce the
same number of mole/liter of C3H,0;~., For this reaction,

+ -
k = [B30*1(C2H3027] 0 4 o+ = kK [HC2H,0:]

[HC:H0:] [C2H,0,7]

which is an expression for the concentration of hydronium
ions in the buffer. Recalling that pH = - log [H;0%*]Jand
that pK = - log K, by taking the negative log of both sides
of the above egquation, one can write

- log [Hi0*] = - log K - 109.[—“211{.3_0.1_1 .
[C2H3027]

Puszulogm

(C2H,30:7]

For this solution, it is given that K = 1.8 x 10-%
and that [HC:H;0:;]/[C:H;0;"] is egual to one. Thus,

pH = pK - log [HC:H302]

[C2H;0:7)
pH = (- log 1.8 x 10~°) - log (1)
PH = 4.74 - 0 = 4.74

One adds 0.001 moles of NaOH. This base will convert
an equal number of moles of the acid, HC:H30: to CaH,0:7,
by a neutralization reaction. If one started with 0.5 M
HC3H;0; in 100 ml, one had 0.05 mole of it. Upon addition
of NaOH, however, 0.001 moles of it is converted to
C2H30:;~. This means one has 0.05 - 0.001 = 0.049 moles of
HC2H,0; left. There were 0.05 moles of NaC;H;0; to start.
NaC;H30; exists as the ions Nat and C;H;0;~. There were
0.001 moles of C;H;0;” produced upon addition of NaOH,
which means one has a total of 0.001 + 0.05 = 0.051 moles
of C32H30;~. The volume of the solution remained at 100 ml.
Therefore, these mole amounts are 0.49 M concentration of
HC:H3;02 and 0.51 M concentration of C;H;0;”. To find the
new pH, one need only substitute these values into



pH:pK-iogw

[C2H3027]

pH = - log (1.8 x 107*) - log gy = 4.74 + 0.017 = 4.76.

o PROBLEM 424

Find the pH of a 0.1 M solution of ammonia, NHs. pr =
1.76 x 10-%,

Solution: This problem involves the dissociation of a
weak base, which proceeds by the following general equation:

B + H,0 + BHY + OH™,
where B is the base and BH' and OH™ are the dissociation
products. x moles of B dissociate into x moles of BH* and
x moles of OH™. This is more clearly seen below:
-
NH; + H:0 + NH,* + OH™

Before: 0.1 M o] 0
After: 0.1 - x X x

If x moles of NHy dissociate, then,at equilibrium,
one has 0.1 - x left, since 0.1 is the initial concen-
tration. NH; is a weak base and very little dissociation
occurs, which means x is extremely small. This allows one
to approximate 0.1 - x as 0.1. By now, it should be
evident that [H*] does not appear in the equilibrium e-
quation. The strategy will be to first find [OH™],then
calculating the pOH, and then using the equation pK =
POH + pH = 14 to find pH.

In order to calculate the value of [OH™], set up
the equlibrium constant equation for which Ky = 1.76 = 107°%.

Thus, Kh = [NH. 7 J(oH" ] . Substituting,

[NH, ]

(x) (=)
0.1

K, = = 1.76 x 10~%, so that

b
x = [OH"] = 1.33 x 107°,
Then, one can calculate pOH by:
pPOH = - log [OH"] = - log [1.33 x 10™%)
= 3 - log 1.33 = 2.88.

Therefore, pH = 14 - pOH
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= 14 - 2,88 = 11.12.

* PROBLEM 425

Find the pH of 0.15 M H,S80, solution, assuming K, =
1.26 x 102,

Solution: Begin this problem by noting that pH = - log

{#*]. Thus, to find pH, calculate the [H*] in 0.15 M H,SO,.
H;S0, is an acid and dissociates into H+ (= H,0%) ions.

The general reaction for acid dissociation can be written
as

HA + H,0 + H,0% + A-,
H,80, undergoes this reaction, as
H,50, + H,0 + H,0* + HSO,~.

But note, H50, is also an acid, it still possesses a
hydrogen that can dissociate. Thus, one also has

HSO.~ + H20 + H,0% + S0,%.

In other words, there exist two dissociation reactions. As
given, the dissociation constant for the second reaction,
Kz, measures the ratio of the concentrations of products
to reactants. It is from this expression that [H*] can

be determined. H:SO. is a very strong acid in its first
dissociation reaction. This means it is completely ionized;
i.e. 100% of the H* comes off (the first H* only). Thus,

if there are 0.15 M of H;580,, then, there are also 0.15 =
[#*] for the first dissociation.

[H*] = [HSO.~], as can be seen from the first
dissociation reaction and are formed in equimolar amounts.
Also, [HSO,~] = 0.15 (initially). For the second ionization,
one is given K; = 1.26 x 10~?, indicating dissociation is
not complete. From the prior explanation of what K;
indicates, one can write

K: = 1.26 x 10-2 = {8;0*](s0.,7]

(H50."]

Note: Water is not included since it is assumed to be a
constant. From the first dissociation, it is known that
[#s0*t] = 0.15. If x moles/liter of H* is produced in the
second dissociation, the total [H,0%] = 0.15 + x. [S0,=] =
[H3;0%*] from the second dissociation, since here they are
formed in equimclar amounts. Thus, [S50.®] = x. If one
started with [HSO.~] =0.15M (from the first dissociation)
and x moles/liter dissociate in the second, one has
[H504,=] = 0.15 - x left.

Substituting these values,



[By0+](s0.7] _ (0.15 + x) (x)
[HSO." ] {0.15 - x}

1.26 x 10~? =

Solving for x (using the quadratic formula), x =
.011. Thus, [H*] = 0.15 + 0.011 = 0.161. pH = - log [H*],
so that pH = - log [.161] = 0.79.

* PROBLEM 426

Find the pH of 0.10 M HOAc solution that has 0.20 M NaOAc
dissolved %n it. The dissociation constant of HOAc is
1.75 = 107°.

Solution: To find the pH of this solution, calculate the
307 concentration; pH is defined as - log [H,0%]., This
necessitates considering the dissociation of acetic acid,
HOAc, since the only source of H 0% is from this dis-

sociation. The dissociation reaction may be written

HOAc + H:0 <  H;0* + OAc™.

To find the H,0* concentration, the eguilibrium constant
expression must be written. This expression measures the
ratio of the concentrations of products to reactants, each
raised to the power of their respective coefficients in
the chemical equation. Thus,

x = LOAcTI[H,O%]

a [HOAc ]
(Note: water is excluded since it is considered a constant.)

Let x = [Hi0%] at equilibrium. The [OAc~] at equi-
librium will be from two sources: the dissociation of HOAc
and the presence of NaOAc, which exists as ions Na* and
OAc™. From the dissociation, the concentration is x,
since the reaction indicates that H;0* and OAc™ are
formed in equimolar amounts. Since one starts with 0.2 M
NaQAc, one has a concentration of 0.2 M for OAc™. The
total is x + 0.2. If one starts with 0.1 M HOAc and x M
of H;0* or OAc™ form, then, at equilibrium, one has 0.1 -
x left of HOAc, Substituting these values into the equi-
librium constant expression, and noting that K, = 1.75 x

10™* (given),

= 1.7 x 107°%,

kK =X (0.2 + x) » 0.20 x
a 0.1 - x] 0,1

The acetic acid is weak; its dissociation to H,;0* is low,
thus, one can make the above approximations. Solving for x;

x = B.5 x 10% M = [H,0+].
pH = - log [Hy0*] = - log [8.5 x 10=*] = 5.07.



® PROBLEM 427

Assuming pD = - log [D:O*} in analogy to pH, what is pD
of pure D;0? K = 2 = 10-'>,

Solution: This guestion can be solved with the knowledge
that D,0 undergoes dissociation in a similar manner to
H:20. The only difference is that D;0 is composed of deuterium
instead of hydrogen. Therefore, one can write:
D20 + D;0 <+ D,y0* + OD”

K = [D;0*][0D~] = 2 x 107'°.
[D;0] is a constant and does not appear in the above equi-
librium expression. From the reaction, it becomes apparent
that the concentrations of D;0% and 0D~ are equal. There-
fore, both concentrations can be represented by x, x » x =
2 x 10”'%, Ssolving for x,

x = 4.47 x 107°%,
This, then, represents the concentration of D;0%* (and OD7).

pD = - log [D;0%*] = - log 4.47 x 10~% = 7.35.

® PROBLEM 428

Calculate the pH of a 0.2 M NH,; solution for which Kb =
1.8 x 10™° at 25°C. The equation for the reaction is

NHjy + Ha0 + NHy,* + OH™

Solution: pH is defined in terms of [H*], (pH =

- log [H*]), but this reaction shows the production of

OH-. However, [H*] and [OH")] are related by the definition,
[H*+] = 10-'*/[oH~]. Therefore, one can find [H*] and pH
after solving for [OH™]. One solves for [OH™] by using the

+ -
is egual to MJ.

[NH, ]

fact that Kb

[H;0] is excluded from this expression because it is
assumed to be constant.

In solving for [OH™], one can assume that 1 1 of the
0.2 M NH; solution is present. This means that there were
originally 0.2 moles of NH; present. For each NH; that
dissociates, 1 mole of OH~ and 1 mole of NH.,* is formed.
Let x = [OH™] = [uH.*] and 0.2 - x = [NH;]

- [NHot3fom™] _ s (x) (x)
Ky > 1.8 x 10~° 3 — %
[NH; ]



One can assume that x is negligible compared to 0.2.
Therefore, 0.2 - x = 0.2. Using this assumption, one can
now solve for x.

xi
1.8 x 10™% = 7.3
x? = 3.6 x 10™%; x=1.9 x 10°7%,
[NH*] = 1.9 x 10-* M, [OH"] = 1.9 x 10~' M and
L

[NH;] = 0.2 = 1.9 x 10™% ~ 0.2.

One can now solve for [H*] using [OH™].

-1k -1k
[g+] = 20" _ 10 = 5.26 x 107'% M
foH-] 1.9 x 10-3

Using this value one can solve for pH.
pH = - log [H*] = - log (5.25 x 10~'?)
== (.72 - 12) = 11.28.

® PROBLEM 420

What is the pH of 0.500 M NaHSO,? The Ke for NaHS0,

il q
is 1.26 x 102,

Solution: The pH is defined as - log [H*], where [H*]
is e concentration of H* ions. WaHSO, ionizes as shown
in the equation:

-
NaHsSO; + Nat + HS0,”

Thus, for each NaHSO, that ionizes, one H* and one HSO,~
are formed. Therefore, [H*] = [HSO,;~]. The eguilibrium
constant lleq} for NaHSO, is 1.26 x 10™?. The equation

i
for Keq 8

= IEM]_ = 1.26 = 102

€9 [NaHS0,]

One knows that [NaHSO;] = 0.500 and that for each H*
and NaS0,~ formed, one NaHSO; is ionized. Therefore, at
equilibrium,the concentration of NaHSO, is .500 - [H*].
One can now solve for [H*], using the equation for the
equilibrium constant.

+ -
= LE_lEH_S"OJ_] = 1.26 x 10-?

Feq [NaHSO0,]



and because [H*] = [50,], you have
K = —LE:JLE:J———- = 1.26 x 10~?
€4 (.500 - [Ht])
[#*]? = (.500 = [H*]) x 1.26 x 1072
[H*]? = (6.3 x 1077%) - 1.26 x 10~*[#*]
Rewriting, [H+]® + 1.26 x 10"?[#*] - 6.3 = 10~? = 0.
Using the gquadratic formula:
ax? + bx +c =0 a=1
b =1.26 x 10~?
c=-6.3 x 10"*

- b t /87 - dac
:d

X =

=1.26x10=?+/{1.26%10 ) I-[dxix(-6.3x10"*) ]
2 x 1

- 1.26 x 107? + /1,53 x 10-° + {2.52 x 10-7)
2

_=1.26 x 10~ /5.5 x I0=7
* p) 3

1.59 = 10-!
e

i+

X =- 6.3 x 10”72
X =-6.3 % 10°% ¢+ 7,97 x 10™?

X =-6.3 % 10" + 7,97 x 10”% = 7,34 x 1077 or
x=-6.3 x 10" - 7.97 x 10~* = - 8.60 x 1072

x must equal 7.34 x 10~? because [H*] cannot be negative.
One can now find pH.

pH = - log [H*] [e*] = 0.734
pH = - log 0.734
pH = 1.13.

& PROBLEM 430

At normal body temperature, 37°C (98.6°F), the ionization
constant of water, K_, is 2.42 x 107'* moles?/liter?.
A physician injects a neutral saline solution into a
patient. What will be the pH of this solution when it has
come into thermal equilibrium with the patient's body?

-
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Solution: To solve this problem we must employ the
definition of K, i.e. K = [Hy0t][OH™]. At 37°C, we

are given

K, = 2.42 x 107'* mole?/liter? = [H,0+]{OH™].

Since, for neutral solution, [H,0+] = [OH™], we
can set x = [H,0*] = [OH~]. Then,

x* = [H;0*][OH"] = 2.42 x 10™'* mole?/liter? or
x = (2.42 x 10'* mole?/liter?) = 1.56 x 10~7 mole/liter.

Hence, [H;0%] = x = 1.56 x 10”7 mole/liter and the
pH of the solution is

pH = - log [H;0*] = - log (1.56 x 10~7)
= - (- 6.807) = 6.807 = 6.8,

e PROBLEM 431

Kyigs OFf water for 2H,0 < H,0% + OH- changes from

1.0 x 1071* at 25°C to 9.62 x 10-!* at 60°C. Does the pH
of water or its neutrality change when the temperature is
increased from 25°C to 60°C?

Solution: To answer this guestion, it is necessary to

nd [H¥], since pH = - log [H*]. To do this, write out
the equilibrium dissociation expression for water, which
equates the dissociation constant, Kdias' with the ratio

of concentrations of products to reactants, each raised to
the power of its coefficient in the chemical reaction. Thus,
xdiss = [H,0*][OH”]. The concentration of water is omitted;

it is assumed to be constant. For the chemical reaction one
can see that OH™ and H;0% are formed in equimolar amounts,
which means [OH-] = [H;0%]. Thus, when Kiiss = 1.0 x 10=1t%,

one has
1.0 * 10™'* = [H;0*][0H"] =[H,0*)? = [OH™]?. Solving

for either, [H;0*] = [OH™] = 1.0 x 10~7. Thus, pH = -
log [H,0%] = 7. When Ky;  '= 9.62 x 107'* at 60°C,

9.62 x 107'* = [H;0*]J[0H"] = [H,0%*]® = [0H"]?.Solving

for either, [H;0*] = [OK™] = 3.1 x 10~7. Thus, pH = -
log [H;0%] = 6.51. Thus, the pH does change. What about
neutrality? Neutrality occurs when [H*] = [OH™]. In both
cases, such a condition exists, so that the neutrality
was not altered when the temperature was changed.



® PROBLEM 4!
—
A solution of hydrogen peroxide is 30% by weight H;0,.

Assuming a density of 1.11 g/cm’ and a dissociation constant
of 1.0 x 10-'? for H;0:, what is the pH of the solution?

Solution: To obtain the pH of any solution, calculate

[#*], since pH = - log [H*]. To find [H*], write a balanced
chemical eguation that expresses the reaction, and from
this, set up a dissociation constant expression. Begin by
writing the reaction.

H:0: z HY + HO;™.

The dissociation constant for this reaction, K, equals
1.0 x 10='?, X also = [H*][HO,~]/[H:0:]. Equating, one
obtains

(B*](H027] _ § o « 10-12.

[H202]

Solving this expression for [H'], one obtains the pH.
To do that it is necessary to know [H:0:]. Given the
density, one can assume a volume of 1 liter solution. This
means that the mass of the solution is 1.11 g/em’ x
1000 ml (or 1 liter) = 1110 g/i. However, the percent by
weight of H;0:; is 30%. Therefore, there is only 0.30
1110 g/ of H20: or 333 g/L. The molecular weight of Hz0:
is 34 g/mole. The molarity of the H;0:; sclution is, then,

333 g/liter _
S mie: = 9-79 M 01,

since molarity equals moles per liter. If one lets x =
[#*], then [H;0;] = 9.79 - x, since, at equilibrium, the
original amount of H,0: must be decreased by the amount of
H* {or 0;H™) formed. The equation,

H:02 pe HY + HO;™

indicates that H* will be formed in equal mole amounts with
HO2~. Thus, [HDO;™] can equal x. Substituting these values
into the expression:

Lﬂilﬁﬂgl:l = 1.0 = 10"’,

{(H:0:]
X ::5§ = 1.0 x 10™*?. Solving for x,
x = 3.13 x 10™% = [H*].

Since pH = - log [H*], pH = 5.5.



® PROBLEM 433

Calculate the pH at 25°C of a solution containing 0.10 M
sodium acetate and 0.03 M acetic acid. The apparent pK
for acetic acid at this ionic strength is 4.57.

Solution: This problem involves the calculation of [H*]
{(pH = - log [H*]) in a mixture of a monoprotic acid
(acetic acid) and its completely dissociated salt (sodium
acetate). Because the addition of a salt represses the
ionization of the acid, the concentration of undissociated
acid is approximately egqual to the molar concentration of
added weak acid (Ca). The addition of the acid represses
the hydrolysis of the salt so that the concentration of
anions of the weak acid is approximately egual to the
molar concentration of the salt Cs.

Using several approximations, the pK for a weak
acid is the pH of a solution containing eguimolar gquan-
tities of salt and acid. However, if the solution does
not contain equimolar gquantities of salt and acid, then
the following approximation holds:

‘s
[
Ca

pH = pK + log

where Cs and Ca are the concentrations of the salt and the

acid, respectively.
Thus, in this problem,

Cs = 0.10 M C, = 0.03 M

pK = 4.57

and PH = 4.57 + log 353 = 4.57 + 0.52 = 5.09.

* PROBLEM 434

10 ml of 0.200 M HC:H:0:; is added gradually to 25 ml of
0.200 M NaOH. Calculate the pH of the initial 0.200 M
NaOH solution and after each successive addition of

5 ml of acid. K, = 107'%,

Solution: This is a titration problem. One is asked to

nd the pH of the 0.200 M NaOH at different concentration
levels. First one wants to calculate the pH before any
acid is added. To do this, consider the fact that the
equilibrium constant for the autodissociation of water,
K, ,is defined as
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K, = [(H;0*]loH"].

Since, pH = - log [H;0%], one needs to calculate
[H;0%], which can be determined from K ronce [OH™] is
known. One knows [OH™] from the fact that one has a 0.2 M
NaOH solution. M = molarity = moles/liter. In solution,
NaOH dissociates according to

NaOH <+ Nat + OH-.
Thus, [OH™] = [NaOH]. Since [NaoOH] = 0.2, [OH = 0.2,

which allows for substitution into the equilibrium
expression,

K, = 1.0 x 107'* = [Hy0*](0.2), or
-1k
[Hs0%] = ié%TQ—lﬂ——-=5.o x 107'*, which means

pH = - log [5.0 x 107'*] = 13.3.

What is the pH when 5 ml of acid (HC:H,;0:) is added?
To answer this, note that a neutralizing reaction occurs,
{(i.e. a reaction between an acid and base to produce a
salt and water) when the acid is added to the NaOH
solution.

HC2H3;0; + NaOH — HOH + NaC;H:0:.

It is necessary to find how much base is consumed,
since this will reflect the remaining [OH™]. From this,
return to the expression for K, and substitute this new

value for [OH™] to determine [H,0*] from which the pH can be
calculated. To find the amount of NaOH that was consumed,
use Molarity = moles/liter.

If the acid is 0.200 M and one adds in 5 ml or
0.005 & (1000 ml = 1 &), one has (0.2)(0.005} = 0.001 moles
of acid. Amount of base present in moles equals;

molarity x volume = (0.2) (0.025) = (0.005) moles.

According to the reaction, they will react in equi-
molar amounts. Thus, since only 0.001 moles of acid is
present, only 0.001 moles of base react. This leaves
0.004 moles of base (NaOH), and as such 0.004 moles of
OH™. Since

volume = base (&) + acid (L) = 0.03,

M= gfg%i = 0.13 M.

Recalling, K, = 1.0 x 107'* = [H,0*][OH~] and that
[OR~] = 0.13, such that

1.0 x 10-'*
0.13

[Hy0*] = = 7.5 x 107'%,
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Thus, pH = - log [7.5 x 107'%] = 13.13.

If one adds another 5 ml of acid, the total acid added is
10 ml. The same procedure is followed, except that volume
of acid = 10 ml or 0.01 &. Molarity of acid = 0.2, so that
(0.2)(0.01) = 0.002 moles of acid are present.

From the previous calculation, it can be seen that
0.005 - 0.002 = 0.003 moles of OH™ are now left in a
volume of 0.025 & from base + 0.010 £ from acid or
0.035 liters. Thus, its molarity is

0.003

0.035 - 0.086 M.

K, = 1.0 x 10°'* = [H,o0*t][oH~] = [H,0*][0.086]. Solving,

[Hy0*] = 1.17 x 1071'°%, This means,

pH = - log [H;0+] = - log [1.17 x 10~'%*] = 12.9.

® PROBLEM 435

Calculate the pH of (a) a 0.5 M solution with respect

to CH;COOH and CH;COONa; (b) the same solution after

0.1 mole HCl per liter has been added to it. Assume that
the volume is unchanged. K, = 1.75 = 107%.

Solution: Part (a) involves the determination of the
concentration of acid that has dissociated. Since one is
adding a strong acid, part (b) is a buffer type problem.

For part (a), CH,COOH is the acid and for each x
moles of it that dissociates, x moles of H3;0% and x moles
of CH:CO0™ are formed. This is seen more clearly below.

CH3;COOH + H20 <+ H,0% + CH3C00™
After reaction 0.5-x x b4

There is also CH,COONa present in this solution. Its
effect on the eguilibrium must be also taken into account.
Since it is a salt it will completely dissociate, according
to the following equation, in this dilute solution.

CH;COONa >  CH,C00~ + Nat

It is 0.05 M, thus, in the solution there will be
0.05 M CH,C00~ and Nat contributions from it. The con-
centrations of the various species found in this solution
are shown in the table below.
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CH ,COOH (0.05 - x)M
H;°+ XM

CH,C00™ (0.05 + x)M
{contributions are from both the CH,;COOH and
CH,COONa equilibria.)

Na*t 0.05 M

pH is defined as being egual to - log [H;0%].Thus,
to solve for pH, one must first determine [H;0%). This
can be done by setting up the equation for the equilibrium
of the reaction

CH,COOH + H,0 > CH,C00~ + Hj0t

g = [H071[eH,€007] _ 4 45 4 jq-5,
a {CH,CO0H ]

1.75 = {x)(0.05 + x)

- X

Since CH,COOH is a weak acid, there will be little
dissociation and x will be very small. Thus one can

approximate 0.05 + x < 0.05 and 0.05 - x = 0.05.

+ Solving:

X403 = 1,75 x 107

x = [H;0*] = 1.75 = 10-%
pH = - log [H;0*] = - log (1.75 x 10™%) = 4.76.
Part (b):

A buffer solution contains an acid and its conjugate
base, both are moderately weak. What this type of solution
does is to prevent a large change in pH when more acid or
base is added. In a nonbuffered solution, the pH will
change drastically. If a strong acid is added to a buffered
solution, it reacts with the base A™ to produce a weak
acid.

HsOt + A= + HA + H,0.

When a strong base is added the same effect occurs.
It reacts with the acid ro produce a weak base.

OH- + HA + A~ + H,0.

The acid-base ratio is altered somewhat but not to
any great extent, thus allowing the pH to stay relatively
stable. However, if the number of moles of acid or base
added is greater than the number of moles of base or acid
present, then the pH will change, thereby destroying the
buffer.
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It is given that 0.1 M HCl is added. Since HCl is a
strong acid, and dissociates completely, the H,0%* and Cl-
formed each have an initial concentration of 0.1 M. How-
ever, the Hy0' will react with the CH;CO0~ and drive the
equilibrium to the left by Le Chédtelier's principle and
produce a weak acid. Therefore, the buffer has converted
the acid ions so that they cannot change the pH.

Le Chételier's principle states that when a stress
is brought to bear on a system at equilibrium, the system
tends to change so as to relieve the stress. The stress is
relieved by driving the reaction to the other side of the
equilibrium sign to prevent excesses of ions from building
up. The net effect can be seen below.

CH,COOH + H,0 + H,0% + CH,C00"

Before: 0.5-x x 0.5 + x
After add of 0.5+0.1l-x x 0.5 - 0.1 + x
0.1 M Hyot (0.6-x) (0.4 + x)

At the new equilibrium,there will be x moles of H,0%
still in solution, which were formed from the redissociation
of CH,COO0H. x moles of CH,;CO0™ are also formed resulting in
the new concentrations of

CH,COOH + H;0 ¥  H,0% + CH,C00™

0.6-x x 0.4 + x

Upon setting up the equilibrium constant equation, one
obtains [H,0%].

. .
k, = HootlfonscooT] |y 5, goms

[cH scook]

(%) (0.4 + x)
.6 = x

1.75 x 10~° =

Using the assumption outlined above, 0.6 - x = 0.6,
and 0.4 + x ¥ 0.4.

Solving:

1.75 x 107% = 2000

X = 2.63 x 10~ = [H,0+]

Since, pH = - log [H;0%], one finds by substitution,
pH = - log 2.63 x 10~% = 4.58.
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® PROBLEM 436

Calculate the number of grams of NH4Cl that must be added
to 2 L of 0.1 M NHy to prepare a solution of pH = 11.3 at
25°C. The K, for NH; = 1.8 x 10~ *.The equilibrium equation

is: NHy + Ha0 + NH.* 4+ OH™.
I

Solution: T» determine how many grams of NH.Cl must be

a to thi. solution to maintain a pH of 11.3, one must
first calculate the [NH.*] needed, because [NH.*] =
[NH,C1] in the solution. This is done by using the ex-
pression that describes the dissociation,

NHy + H:0 +  NH,* + OH™.

The dissociation constant IKbI for this reaction is 1.8 x
107%, Kb is equal to the product of the concentrations of

the substances formed divided by the concentration of the
reactants. These concentrations are raised to the power of
their coefficients in the equation for the reaction. [H;0]
is not included because it is assumed to remain constant.

Ky = [nE.*JIOHT] . ) g « 10-%.

[NH,]

To solve for [NH.*], one must know [OH- Jand [NHs;] first.
One is given that NH; solution is .1 M, thus [NH,] = 1.
One can find [OH™ ] by using the definition of pOH. pOH =
14.0 - pH = - log [OH"]. The pH of this solution is 11.3,
therefore pOH= 14.0 - 113. = 2.7. One solves for OH™ b
using the relation pOH = -~ log [OH™]. Solving for [03‘%

2.7 = - log [0OH"]
1072°7 = [oH~]
2.0 = 107 = [OH™]

One can now use the expression for Kb to solve for
(NH.*]

1.8 x 10'5 = [NHG+I[°H-J = [NH!+J_[£'0 X 10-']
[NHy ] [.1]

-5
[NH*] = (.1){1.8 = 10 = 9.0 x 10~* M
(2.0 x 107%)
One is given that 2 % of this solution has been made
up. Because, Molarity = number of moles/volume in liters:

number of moles = molarity x volume
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= [9.0 x 107" P11 (2 1iters)

= 18 x 107" moles.

18 % 10" moles of NH.,Cl must be added to the solution.
Because moles = weight in grams/molecular weight

weight in grams = moles x M.W. (MW of NH.Cl = 53.5)
= 18 x 10~" moles (53.5 g/mole)
= 0.096 g of NH«Cl to be added.

® PROBLEM 437

Calculate the pH of a 0.25 M solution of the salt ethyl-
amine hydrochloride, C:HsNH,Cl. The dissociation comstant
for the base, ethylamine (C;HsNH;) is Rb = 5.6 = 10™%.

Solution: The pH will be determined by three processes
— P Y

occurring simultaneously: dissociation of ethylamine,
ionization of ethylamine hydrochloride, and hydrolysis
of the ethylammonium cation, C;HsNH;*. All three species
are present in an agueous solution of the salt.

Ethylamine hydrochloride ionizes according to the
equation

CiHsNH3Cl < C,HgNH,* + C1-,

giving rise to the ethylammonium cation. The ethylammonium
cation hydrolysis according to the eguation

C:HsNHy+ + Hz0 < H;0% + CaHsNHa,

forming the ethylamine base. Ethylamine base dissociates
according to

CaHeNH, + H20 +  C,HsNH,* + OH™.

Let K denote the water constant, K, = [#y0*]{0oH"] =
10™'*, and K, the dissociation constant of ethylamine,

Kb = [C,H;NH,"‘][OH‘]/[C;H;NH;,] = 5.6 x 107", Then,

Ky - [Hy0+]{0H"] - [H30*1[CoHsNH; ]

R; [C:HsNH;*1[0H-1/[C2HsNH: ]  [CoHgNH;Y)

107 = 1.8 x 10-1! = [H:0"J[CoHsNH,]
5.6 x 10°* [C2HsNH;*]
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Note that this is the equlibrium constant for hydrolysis
of the ethylammonium cation.

Let x = [C;HsNH;)] be the number of moles per liter of
ethylamine formed by hydrolysis of the ethylammonium cation.
Then [H;0%] = x, since the balanced equation for hydrolysis
states that for every mole of ethylamine formed, one mole
of H,0* is formed and one mole of ethylammonium cation is
consumed. If we assume that ethylamine hydrochloride dis-
sociates completely, then the number of moles per liter of
ethylammonium chloride not hydrolyzed is 0.25 M (from the
salt) minus the number of moles per liter which is hydrolyzed
(x), so that [C:HsNH,*] = 0.25 - x. Hence,

1.8 x 10-!! = LH3O*J[CoHsNH, ] _ DX

X
[C:HsNH, Y] -

25 x

Assuming that the number of moles hydrolyzed is much

less than 0.25 M, then 0.25 - x ¥ 0.25 and the algebra
simplifies to

. 2
1.8 x 107} 0e G = 5oy o ox
x = (0.25 x 1.8 x 10-'1)% = 2.1 x 10-%

(which is much smaller than 0.25, justifying our assumption).
But x = [H,0+] = 2.1 x 10~%, hence

pH = - log [H,0*] = - log 2.1 x 10~% = 5.7,
The pH of 0.25 M ethylamine hydrochloride is thus 5.7.

o PROBLEM 438

Calculate the pH of a 0.10 M solution of sodium acetate,
NaOAc. The equilibrium constant for the dissociation of
acetic acid is 1.8 x 10-°%.

Solution: The pH will be governed by two processes: the
Tonization of NaOAc, and the hydrolysis of acetate ion,
Ohc~.
NaOAc dissociates according to the eguation
-

NaOAc + Na* + OAc™.
If we assume that dissociation is complete (a reasonable
assumgtion for dilute salt solutions), the concentrations
of Nat and OAc~ are egqual to the initial concentration of
NaoAc: [Na*] = [0OAc™] = 0.10 M.

Hydrolysis of acetate ion proceeds according to the
equation
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OAc™ + H:0 + HOAc + OH™.

Let x denote the concentration of undissociated HOAc
formed by hydrolysis. Then, since one mole of OH™ is formed
and one mole of OAc”™ is consumed per mole of HOAc formed,
the concentration of hydroxide ion formed is x, and the
concentration of acetate ion remaining is 0.10 - x. That
is,

[ov~] = x, [oAc™] = 0.10 - x.

These concentrations can be substituted into the
expression for the hydrolysis constant,

HOAc J[OH™
Kh =
[oAc™]
to find x = [OH™]. Kh can be found by using the water

constant, K = 1.0 x 10" = [H,;0*][OH"] and the
equilibrium constant for dissociation of acetic acid (HOAc),

+ -
K = 1.8 » 10-% = [H20*][0Ac™] .

a [HOAC]
- K
K, = [HOAc|_OH = [B,0*][0H"] x [HOAc] - f!
[oAc™] [Hy0*][0Ac™ ] a
= 1.0 x 10770 _ g 6, gqmte,

1.8 = 10°°%

Substituting the unknown concentrations into the
expression gives

K, = 5.6 x 10~1° = [HOAcJ[OH™]

[oAc™]

H
- ¥ X a0 2,

where we have assumed that x is much smaller than 0.10
(hence 0.10 - x ~ 0.10). Then

10 x* = 5.6 x 10-'°
x = (5.6 x 100'1)% = 7.5 x 1075,
Therefore, [OH"] = x = 7.5 x 10™*, Using the water constant,
(H;0*][OH"] = 1.0 x 10~!*

1.0 x 10-'* 1.0 » 107!*
fon-] 7.5 x 10™°

[Hy0t*] = = 1.3 x 10~°

and the pH of the solution is
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pH = - log [H30*] = - log (1.3 x 10~%) = B.9.

® PROBLEM 439

A chemist mixes together 100 ml of 0.5 M sodium acetate,
100 ml of 0.25 M hydrochloric acid (HCl), and 100 ml of a
1.0 M salt solution. She dilutes this to 1000 ml. Deter-
mine the concentrations of all the ions present, un-
dissociated acetic acid, and the final pH of the solution,
using K of acetic acid = 1.7 x 10~° and K, = 1.0 x 107",

Solution: To start, determine if any reaction took place
in this mixture. If no reaction took place, then the molar
concentrations will be numerically the same in 1 liter as
the computed moles from the initial concentrations. How-

ever, a reaction does take place. Namely,

HOAc (acetic acid) + H;0 <+ H;0* + OAc~.

The H;0% (from HCl) reacts with the acetate ion
(OAc™) from the NaOAc (sodium acetate) to produce acetic
acid and water. Start the analysis of the reaction by
computing the number of moles involved. M = molarity =
molesy/liter. Thus, in 100 ml of 0.5 M NaOAc, there are
0.5 {100/1000) = 0.05 moles of NaOAc. Similar calculations
show that 0.025 moles of HC1l and 0.1 moles of NaCl (the
salt solution) are present. The problem asks one to find
the pH, the concentration of the ions present, and the
concentration of undissociated acetic acid. This nec~-
essitates writing the eguilibrium constant expression for
this reaction, from which these concentrations can be
calculated. Thus, write that Ka, the egquilibrium constant,

equals

{H30*][0Ac™]

[HOAc] :

Suppose the reaction went to completion. If it did,
0.25 moles each of HOAc and excess OAc™ would have been
produced. One starts with 0.5 moles and only 1 mole of
OAc gan react per mole of H,0+. If there exist 0.25 moles
H,0%, then,only 0.25 moles of the OAc™ can react, leaving
0.25 moles in excess. If the reaction, however, stops x
moles short of completion, x moles of H,O0" would remain
and the excess of OAc~ would increase from 0.25 to 0.25 +
x. The HOAc would be reduced to (0.25 - x)moles. Since they
are in 1000 ml or 1 liter, these become concentrations
that can be substituted into

[H,0%][0Ac™ . % (0.025 + x)
K-_..__l._li_.____l to give K -_(_2.5__}_
a [HOAC] ' a 0.0 x

It is given that K, = 1.75 % 10~*, Equating,
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=1.75 x 10°9%,

x (0.025 + x
. x

When the Ka for an acid is small, one knows that

dissociation is minimal and therefore the concentration
of H;0% is very small compared to the concentration of
OAc™ and HOAc. This means that one can assume that their
concentrations will not be appreciably changed by the
dissociation. Thus,

0.025 - x = 0.025 and 0.025 + x = 0.025.

The egquation for the Ka can be rewritten as

K, = %5{8:825) = 195 x 10

x (0.025)

-

=1.75 x 10°°%

x=1.75 x 10" %,
Therefore, [H;0*] = 1.75 x 10™° M.
Since, pH = = log [H;0+],
pH = - log [1.75 x 10~%] = 4.76.
[oAc™] = 0.025 + x = 0.025 + 1.75 x 10~°
€ 0.025.
[HOAc] = 0.025 - x = 0.025 - 1.75 x 10™°%
€ 0.025.

The other ions: [Na*] = 0.150 M from NaQAc and NaCl.
[c1"] = 0.125 M from HCl and NaCl. Since

[H;0*JfoH"] = K, = 1.0 x 107**

and [H,0*] = 1.7 x 10~°%,
1.0 x 10~'*
1.7 x 10°7%

{oH™] = = 5.9 x 107!* M,

e PROBLEM 440

(a) A chemist prepares a 0.01 M solution of NaC:;H,0;.
Find its pH. K, = 1.8 x 10~%. (b) Determine the pH of

0.1 M solution of NH.Cl. K, = 1.8 x 1075,

Solution: Both parts of this problem involve the

————

419



nydrolysis of a salt of a weak acid or base to form an
acidic or basic solution. This occurs because water can
dissociate to H* and OH™ ions, and these can react with
ions from weak acids and bases. This necessitates a

consideration of Khyd’ the hydrolysis constant. Because

both NaC;H3;0: and NH,Cl are salts, they exist as ions
in aqueous solution. The situaticn in part (a) is

CzH30,™ + H,0 + HC;H,0, + OH™
The Khyd for this is
{nc;H,0, J(oH™
[C2H430,7]
Khyd is also defined as Kw/Ka. Therefore,
K

W HC,H0 OH™
Knya " K. © .
a [C2H;30:7]

From the equation that depicts the reaction one can
see that the [OH™] = [HC;H,0,], since for every molecule
of OH™, a molecule of HC;H.0; must be generated. One can say

_ - K
K_w = LOH OH or [OH™]? = K_“ [CzH,0;7].

Ka [C;H;O;'] a

Kw/Ka is small enough so that [C:H;0;~] at equilibrium
will have a value as if hydrolysis had not occurred.

Letting B represent [C;H,0;~] and taking the square
root;

fou™] u
oH"] = 2B .
Ra

Next take the negative log of the equation.
{Remember that pOH = - log [OH™], and that Kw is the ion-

ization constant of water, which is 1.0 x 107'%),
POH = %pK_ = % pK, + ) pB

However, % pKw = 7 and pOH = 14 - pH. As stated,
K, = 1.0 x 10-'* = [#*][0H"] and (H*] = [oH™].

Therefore, [0OH™]? (or [H*]?) = 1.0 x 10-'%,
[OH™] = 1.0 = 10”7, and [H*] = 1.0 x 10~7
pOH = - log [1 = 10~7] = 7 pOH + pH = 14.
pH = - log [1 x 10-7] = 7. Therefore, pOH = 14 - pH.
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One can now substitute to obtain

pH = 14 - (7 - kaa + & pB) or
pH = 7 + 5 pK_ - % pB.

This is the equation wanted. It is known that B =
[C2H30:;~]. Only when this union is at equilibrium = B
can this procedure be used (i.e. the Ka of the acid must

be >> 107!'%). The K, is given as 1.8 x 10~° and meets these
requirements. The pKa = - log [1.8 = 107%] = 4.74. B =
0.01 M (given) and pB = 2.00.

Now go back to pH = 7 + & pxa - & pB and substitute
these values to obtain:

PH = 7 + k(4.74) - %(2.00)
pH = 8.37

Part (b) is worked out in exactly the same way. One
ends up having

pH = 7 - % pK, + % pB
=7 - k(4.74) + %(1.00)
pH = 5.13
where & pB = - & log [0.1] = & (1.00).
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CHAPTER 13

CHEMICAL KINETICS

[ Basic Attacks and Strategies for Solving Problems
| In this Chapter. See pages 423 to 457 for step-by-
step solutions to problems.

The rate of a homogeneous chemical reaction typically depends on the
temperature and the concentrations of the species which enter the reaction.
For a typical general homogeneous reaction,

A + B — Products 1341

experimental results have shown that the rate of disappearance of the reactant
A, defined as (~d[A)/dr), can be written as

rate = — K[A]" [B]" 132

Inthis expression, k, the specific reaction rate constant, is a function of the
temperature, but not of the concentrations, and » and m are called the order
of the reaction with respect to species A and B respectively. It is important to
understand that, while the order and the stoichiometric coefficients for a
reaction may be the same, the order is not necessarily equal to the stoichio-
metric coefficient. However, the order is equal to the stoichiometric coef-
ficient for each species in an elementary reaction — a reaction that represents
the actual molecular path (or hanism) the i This is
discussed briefly under chain reactions.

The Arrhenius equation is the most commonly used equation to express
how the specific reaction rate constant, k, varics with temperature.

k =k, exp(-E/RT){(r""}(conc)? ==} 13-3

In this equation, k_(the pre-exponential constant) has the same number of
units as k and E (the activation energy) has units of energy (e.g., joules). R is
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the universal gas constant and T is the absolute temperature measured in
kelvins. A common error is the failure to use an absolute temperature for T;
this mistake can lead to very serious errors in reaction rate calculations.

To calculate the order of a reaction, it is important to examine the data. If
rate data vs. concentrations are available (presumably at a constant tempera-
ture), simply try different orders until Equation 13-2 is satisfied. For example,
if the rate at which A is consumed, -r,, is tabulated as a function of the
concentration of A, the different values of n can be tried until the correct one
is determined.

-r, =k[A]" 134
However, it is more common to measure the concentration as a function of
time. It is then necessary to integrate Equation 13-2 to obtain an expression,

from the rate equation, giving concentration as a function of time (again,
presumably at a constant value of temperature).

~d[A)dt = k [A]" 13-5
In order to integrate Equation 13-5, the value of n must be known. The

procedure, therefore, is to guess a value of n, say n = 1, integrate the equation,
and compare the result to the data. If n =1,

[A] = [A,] e 13-6
where [A ] is the concentration of A when time, ¢, equals zero. Equation 13-
6 can also be written

=In {JA/[A ]} = &t 13-7

or k= (=In{[A/[A ]}t 13-8
If k is the same for each data point, then the guess that n = 1 was correct. If not,
other values of n must be tried. If n = 1, the integrated form of Equation 13-
Sis

[AJ0 = [A ) + ke 139
A plot of [A]"" vs. ¢ is a straight line of slope k.

If the half-life is measured, these data can also be used to determine the
order and specific rate constant of a reaction. The half-life is defined as the
time for one half of a reactant to disappear. For first-order reactions, it is
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independent of the initial concentration; hence the half-life is a direct measure
of the reaction rate constant.

k = (In 2)/t, , (for first-order reactions) 13-10

Equation 13-10 is easily derived from Equation 13-8 where [A] = [A ]/2 at
t =t .. For reactions of any other order (i.e., n # 1), the half-life depends on
the initial concentration and the rate constant and is given by the equation.

k= {2001 J{(n-1)A ] "z, .} 13-11

The activation energy of a reaction, which can be loosely interpreted as
the energy the reactants must possess to react, can be determined by measur-
ing the rate constant at several different temperatures. If the Arrhenius
equation (Equation 13-3) is written differently,

Ink=In k, - E/RT 13-12

it becomes apparent that a plot of In k vs. 1/T will be a straight line with aslope
of -E/R. If the specific rate constant is known at two temperatures, T, and T,
E can be calculated from the equation

E = R In(k /k,)((I/T,~ \/T,) 1313

A common “rule of thumb” states that reaction rates double with a 10°C
increase in temperature. For this rule to apply for reactions at or near room
temperature, let us calculate what the activation energy must be. For the rate
to double between 25°C and 35°C, the specific reaction rate constant must
double.

Ky = 2 K 13-14
ketEn = 3 g grEasenl 13-15
—E/(308R) = (In 2) - E/(298R) 13-16
E = R (In 2)/{1/298 - 1/308) = 52.87 KJ 13-17

Problem 469 asks you to repeat the calculation above for different
temperatures; its solution follows the procedure above with different values
of temperature. Problem 468 asks what activation energy will result if a
tripling of the rate occurs for a 10°C increase in temperature. The solution is
identical to that just completed except that 3 replaces 2 in Equation 13-14 and
is carried through to the subsequent equations.
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Chain reactions are reactions that take place in sequence. Two types are
discussed in the problems of Chapter 13. The first, illustrated in Problem 474,
is two consecutive first-order reactions. The quantitative solutions for the
concentrations of A, B, and C are given here, which expands on the qualitative
answers requested in the problem.

kl kz
A—=B—C 13-18
A=[A]e™ 13-19
B = {k/(k,~k)} [A]J{e"" ~ "} 13-20
C = {A J(k,— k)Hk[1- ") = k [1- 7]} 13-21
Note also that
C=A -A-B. 13-22

The second type of chain reaction discussed is a reaction mechanism.
Mechanisms are series of elementary reactions that represent the actual path
followed on a molecular scale in an overall reaction. The key to solving the
problems is to assume, for short-lived intermediates, that the concentration
does not change with time (i.e., dC/dt = 0 for short-lived intermediates). This
is called the steady state assumption and permits the rate equations written for
any step in the mechanism containing a short-lived species to be greatly
simplified.
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Step-by-Step Solutions to
Problems in this Chapter,
“Chemical Kinetics”

THE RATE LAW

® PROBLEM 441

A group of mountain climbers set up camp at a 3 km
altitude and experience a barometric pressure of 0.69 atm.
They discover that pure water boils at 50°C and that it
takes 300 minutes of cooking to make a “"three-minute"

egg. What is the ratio of the rate constant k100°c and

Kggoce?

Solution: Since we do not know the rate expression for
cooking an egg, we will assume one of the form

rate = k [A]™ [BI" ...
where k is the rate constant, A, B, ... are the reactants,
and the overall order of the reaction ism + n + ..., We
will write the rate equations at the normal boiling point
of water (100°C) and at 90°C as

- meo <N
rate go0c = Kyggoc (al"el" ... and
Mp o0
rate ghoo = Kggoe [Al"[B] .
Dividing the first of these by the second gives

m n
rate)ggoc _ ¥po0oc (A1 [BI... Kj990¢

FaTe00c  kggoo [AINBIT..  Foo°c

Since the egg cooks 100 times faster at 100°C than
at 90°C (300 min/3 min = 100), ratelno,c/rategooc = 100.



Hence,

rate k
100°C 100°C 100°C
—_—— = 100 = or = 100.
rateggoc Kgooe ! 7" Eggoc
® PROBLEM 442
The reaction
A+ B ~+C

was studied kinetically and the following data was
obtained.

Experiment A B Rate (mole/liter -~ min)
1 1.0M 1.0M 0.15
2 2.0M l.oM 0.30
3 1.0 M 2,0 M 0.15

Determine the rate expression.

Solution: The rate of reaction is equal to some rate
conStant, k, multiplied by the concentrations of A and
B raised to the appropriate powers. That is,

rate = k [a]™ [B]"

where the exponents m and n are to be determined.

Comparing experiments 2 and 1, wa see that holding
[B] constant while doubling [A] doubles the rate of re-
action (from 0.15 to 0.30). Hence, the rate is directly
proportiocnal to [A] and m = 1., Thus, if we hold {B]
constant and triple [A], the rate triples.

Comparing experiments 3 and 1, we see that holding
{A] constant and changing [B] {from 1.0M to 2.0M) has no
effect on the rate. Hence,the rate is independent of [B]
and n = 0 (so that [B]" = 1 and [B] does not appear in
the rate expression).

Substituting m = 1 and n = 0 into the rate expression
gives

rate = k [A]* [B)°, or, vrate=k [Al.



* PROBLEM 443
r—

Two different molecules,A and B, were reacted to give
products according to the equation

A + B » products,
The rate of reaction was measured for fixed concentrations
of A and B and the following data was obtained:

Experiment [al i5:3 Rate
(moles/liter) (moles/liter) (moles®/liter® -sec)

1 1.0 1.0 0.05

2 1.0 2.0 0.10

3 3.0 1.0 0.45

Write an expression for the rate of reaction,
——

Scolution: The rate of reaction is equal to some rate
constant, k, multiplied by the concentrations of A and B
raised to appropriate powers. That is,

rate = k [a]™ [8]"

where the exponents m and n are to be determined.

Comparing experiment 2 with experiment 1, we see that
when the concentration of B is doubled from 1.0 M to 2,0 M,
the concentration of A being held constant at 1.0 M, the
rate of reaction doubles from 0.05 to 0.10 moles?/ljter’-sec,
Hence, the rate of reaction is directly proportional to the
concentration of B, and the exponent of [B] in the rate
expression is n = 1. If we were to triple [B], holding [Al
constant, the rate would triple, and so on.

Comparing experiment 3 with experiment 1, we see that
when the concentration of A is tripled from 1.0 M to 3.0 M,
the concentration of B being held constant at 1.0 M, the
rate of reaction is multiplied by 9 (9 = 0.05 =
0.45 moles®/liter? - sec). Since the factor by which the
rate is multiplied (9) is the square of the factor by which
the concentration of A is multiplied (3), the exponent of
[A] in the rate expression must be m = 2, Thus if[A)is
doubled, [B] being held constant, the rate is multiplied
by 4.

Substituting the exponents of [A] and [B] determined
above into the rate expression gives

rate = k {a]? [B].
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® PROBLEM 444

For the reaction
2NO0(g) + H:(g)} = N:0(g) + H:0i(g)
at 1100°K, data, as shown in the following table,were

obtained. Find the rate law and the numerical wvalue of
the specific rate constant,

Initial Initial
Pressure Pressure Initial rate of
of NO, atm of Hy, atm pressure decrease, atm/min
G150 [P 0.020
0a75 0.400 0.005
o150 0.200 Q.00
Solution: The rate of a homogeneous reaction, i.e. one

ch occurs in only cone phase, depends on the concentration
of reactants in that phase. This reaction is a homogeneous
reaction in the gaseous phase. It can be investigated
kinetically by following the change in pressure of the
gaseous mixture as the reaction proceeds. The pressure
drops because 3 moles of gaseous reactants are converted
to two moles of gaseous products. Since the reactants
are being used up during the course of the reaction, their
concentrations and their rate if reaction are constantly
changing. The concentrations and rates listed are those at
the very beginning of the reaction, when little change has
occurred. From the data given, one can see that when the
initial pressure of NO is halved with the pressure of H:
remaining constant, the initial rate is guartered. When
the pressure of H, is halved and the NO remains constant,
the initial rate is halved. When the pressure of H, is
doubled and NO remains constant, the rate doubles. We
conclude that the rate is proportional to [H:]. When the
H: pressure is kept constant and the NO concentration is
doubled, the rate is guadrupled, this means that the rate
is proportional to [NO]®’. The equation for the rate can
thus be written

Rate = k [H:][(NO]?

where k is the rate constant.

Using the values in the first trial of the table
one can solve for k.

0.020 atm/min = k (0.400 atm) (0.150 atm)?

0.020 atm/min =k
. atm . atm

-1

k = 2.22 atm~? min~*,
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o PROBLEM 445

Assume that an A molecule reacts with two B molecules in
a one-step process to give AB:, {(a) Write a rate law for
this reaction. (b) If the initial rate of formation of
AB: is 2.0 x 10~° M/sec and the initial concentrations of
A and B are 0.30 M, what is the value of the specific
rate constant?

Solution: (a) The overall eguation for this reaction is

A+ 2B + AB;

Since no other information is provided about the reaction,
the rate law for the reaction is assumed to be written

rate = k [al[B]?,
where k is the rate constant and [] indicates concentration.

{b) One can solve for k using the rate law when the
rate, [A] and [B] are given as they are in this problem.

Rate = k [a][B]?

2.0 x 107* M/sec = k(0,30 M} (0.30 M)?
2.0 x 10~° M/sec _ .
TUTEﬁ‘ﬁTTET?é‘ETT

k=7.41 x 107" M™% sec™!.

® PROBLEM 446

A reacts with B in a one-step reaction to give C. The
rate constant for the reaction is 2,0 x 10=* M~} sec™!,
If 0.50 mole of A and 0.30 mole of B are placed in a

0.50 liter-box, what is the initial rate of the reaction?

Solution: The egquation for this reaction can be written:
A+B~-C

From this, one can write the rate law assuming that
the reaction is first order in both A and B. When a re-
action is first order in a particular reactant, it means
that the rate is proportional to the concentration of
the reactant. Thus, the rate law is written

Rate = k[al[B],

where k is the rate constant and [] indicates concentration.
In this problem, one is given k, [A] and [B]. Thus,
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Rate = 2.0x10~* M™' sec™! k = 2,0x10-% M~! gec~!
x {1 M) (.60M) {Al= 0.50 mole/0.5 liter
= 1,20x10"* M/sec =1M
[B]= 0.30 mole/0.5 liter

= .60 M,

® PROBLEM 447

In studying the kinetics of the reaction
X{g) + Y(g) - 2(G)

at B00°K, the data in the following table were observed.
{a) Write the rate law for this reaction. (b) What is the
numerical value of the specific rate constant? (c) What
would be the initial rate of Z formation starting with
0.15 M X and 0.15 M ¥? (d) How would the rate in (c) be
changed if, after the reaction had just begun, the

volume of the container were abruptly doubled?

Initial ion  Initiol i Initial rate of farmation
of X. M of Y. M of Z. M/min
@l w0 0030
0.20 .20 0.240
0.20 610 0120
Solution: {a) All of the components in this system are in

the gaseous phase, thus the system is homogeneous. The
rate of a reaction in a gaseous homogeneous system is
dependent upon the concentration of the reactants. In a
gaseous system, concentration is a function of the press-
ure of the system, From the data given in the table, one
can see that when the concentration of ¥ is held constant
and the concentration of X is doubled, the rate is
guadrupled. Therefore, the rate is proportional to' [X1%.
When the concentration of X is held constant and the
concentration of ¥ is doubled, the rate is doubled and is
thus proportional to [¥]. The rate law for this reaction
can thus be written Rate = k [X]?[Y¥] where k is the
rate constant.

(b) The numerical value of k is found by substituting
in values for [X], [Y] and the rate into the rate law, Con-
centration values for X and ¥ may be obtained from any one
line of the table. The values obtained from the first line
of the table are
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0.030 M/min = k (0.10 M)?(0.10 M)

0.030 M/min -k
M

30.0 M™% min~! = k

lc) One can solve for the initial rate of the
formation of Z by using the rate law and k when [X] and
[¥] are given. Thus,

Rate = k[x]?[Y]

Rate = (30.0 M~? min™!) (0.15 M) * (0,15 M)

= .101 M/min.

(d) According to Boyle's Law the pressure is in-
versely proportional to the volume, Therefore, if the
volume is doubled the pressure is halved, Because the re-
actants in this system are gases, when the pressure is
halved, the concentration is halved, One can find the rate
of the reaction described in (c¢) by using the rate law with
the concentrations of the reactants halved

Rate = 30.0 M7 min~' (%(0.15 M))*(%(0.15 M)

2 30.0 M™% min~' (.075 M)*(.075 M)

= 1.27 x 107? M/min

The percent of the first rate that the second rate
is equal to is found by dividing the second rate by the
first and then multiplying the gquotient by 100.

Rate:
Rate;

1.27 = 10-7
1.01 = 107!

* 100 = ® 100 = 12.5% or 1/8.

The second rate is, therefore, 1/8 of the first,

e PROBLEM 448

Photochemical smogs are thought to be partially initiated
by the photolytic decomposition of NO: to form NO and O.
When the subseguent reaction

2NO + 02 -+ 2“02

is studied kinetically, it is found that when the initial
concentration of 0:; is doubled and that of NO held constant,
the initial reaction rate doubles; and when the initial
concentration of NO is doubled and that of 0: held constant,
the initial reaction rate quadruples. Write the rate
expression for this reaction.
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Solution: The rate of reaction is equal to some rate
constant k multiplied by the concentrations of NO and 0O
raised to the appropriate powers. That is,

rate = k [(80J™ [0.]"
where the exponents m and n are to be determined.

when [NO] is held constant and [0:2] is doubled, the
rate is doubled. Hence, the rate is directly proportional
to [02] and n = 1. Thus, if we were to hold [NO] constant
and triple [0:], the rate is tripled.

when [0z] is held constant and [NO] is doubled, the
reaction rate is quadrupled. Hence, the rate is second
order in [NO] and m = 2. Thus, if we were to hold [0:
constant and triple [NO], the rate is multiplied by 3° = 9,

Substituting m = 2 and n = 1 into the rate expression
above gives

rate = k [8§0]* [02]', or, rate = k [N0]* [0:],

® PROBLEM 449
Sa—

The reaction
A + 2B -+ products

was studied kinetically and the following data was obtained.

Experiment [a] [B] Rate
(moles/liter) (moles/liter) (mole/liter - sec)
1 2.0 x 10~ 4.0 x 107} 5.7 x 1077
2 2.0 = 10°?° 8.0 x 107° 11.4 x 1077
3 4.0 x 107? 4.0 x 10°* 22.8 x 10-7

Determine the rate law for this reaction.

Solution: The rate of reaction is egual to some rate
constant, k, multiplied by the concentrations of A and B
raised to the appropriate powers. That is,

rate = k [A]™ [8]"

where the exponents m and n are to be determined. The
presence of the coefficient 2 in the reaction equation

A + 2B + products

in no way affects the form of the rate egquation.



Comparing experiments 2 and 1 we see that doubling
[B] while holding [A] constant doubles the rate of re-
action (2 x 5.7 x 10=7 = 11.4 x 10~7), Hence, the rate is
directly proporticnal to [B] and n = 1,

Comparing experiments 3 and 1 we see that doubling
[a] while holding Eg] constant guadruples the rate (4 x
5.7 x 10~7 = 22.8 x 10~7). Thus, the rate has a square
dependence on [A) (2? = 4), that is, it is second order
in [A), and m = 2,

Substituting m = 2 and n = 1 into the rate expression
gives

rate = k [a]? [B]', or rate = k [A]? [B].

® PROBLEM 450

You have the general reaction: A + 2B + C = AB + BC. You
collect the following data:

Concentration(moles/liter)

(Al [B] [c] -dA/dt (moles/liter-sec)
(1) 1.00 1.00 2,00 1,00
(2) 2,00 1.00 2,00 2,00
(3) 2,00 2.00 2.00 8.00
(4) 2,00 2.00 4.00 8.00

(a) Determine the experimental rate law expression. (b) Find
the specific reaction rate constant. (c) Calculate the rate
of reaction, if the [Al, [B], and [C] are, respectively,
1.0, 2.0, and 3.0: (d) Speculate on the rate-controlling
step, i.e.,the slow step.

Solution: First write a general rate law for the reaction,
and then write a specific law based on the given data. The
specific rate constant can be found from a given set of data.
The rate with given concentrations is obtainable from the
specific rate law. From this, a rate-controlling step can

be guessed at. Proceed as follows:

(a) To write the rate law, note that, in general,

the rate = r = k[aJ*[B]Y[c]®, where the brackets indicate
c¢oncentrations of A, B, and C, k = specific rate constant
and the exponents (x, y, and z) are the orders of the re-
action with respect to each reactant. The order of a
chemical reaction is the number of particles needed to form
the activated complex or transition state. To find the
actual law, you must determine these exponents. To do this,
consult the data. You are told the actual rate of the re-
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action, since you are given - dA/dt, which is an indication
of rate. Thus, to find the order, see what happens when ocne
of the concentrations is changed. In going from (1) to (2},
the concentration of A is doubled from 1.00 to 2.,00. Notice:
- dA/dt also doubles, from 1.00 to 2.00, which means the re-
action is first order, x = 1, with respect to A. In going
from (2) to (3), [B] goes from 1.00 to 2,00 (doubles). But
notice, - dA/dt guadruples going from 2.00 to 8,00, Thus,
the reaction is second order, y = 2, with respect to B. In
going from (3) to (4), [C] is doubled going from 2.00 to
4.00, while - dA/dt remains constant at 8.00. Thus, the
reaction is zero order, z = 0, with respect to C, i.e.,

rate doesn't depend on [C). You then have, r =

k[AJ(BI*[c]® or r = k[A][B]? for the experimental rate law
expression.

(b) To find k, substitute any of the four sets of
data in the experimental rate law expression.

rate = :a%‘; = k[AJ[B]?

For example, let us take the data from line (l). You have
1.00 mole/liter-sec = k[1.00 mole/liter](1.00 mole/liter]?,
or k = 1.00., Thus, the value of the specific rate constant
k is 1.00 liter®’/mole? - sec,

(c) To find the rate of the reaction at the concen-
trations [A] = 1, [B] = 2, and [C] = 35 substitute these
values into the rate law, r = k [A][B]®, Thus, r =
(1)[1][2]% = 4.0 moles/liter-sec.

(d) You can use previous information gained in this
problem to speculate about what the rate-controlling step
must be. From part (a) you know the rate does not depend
on [C]. Thus, C cannot be involved in the slow step. The
rate of the reaction is influenced by [A] and [B], however.
The rate-controlling step is probably the combination of
B: and A, i.e., Bz + A 350“ AB:.

THE ORDER OF REACTIONS

® PROBLEM 451

Under certain conditions, the rate equation for the
formation of water

2H; + 03 + 2H30

is given by



rate = k [H;1? [H:0]

where k is the rate constant. What is the overall order
of this rate equatieon?

Solution: The overall order of a rate equation is equal
to the sum of the exponents to which the concentrations
are raised. In the equation

rate = k [H:]* [H:0],
[H:] is raised to the second power and [H;0] is raised to

the first power. Hence, the rate is second order in [H:],
first order in [H.0], and 2 + 1 = 3, or third order overall.

& PROBLEM 452

You have the general reaction: A + B + products, Consider
the following reaction rate data and then determine the
rate law for each case: (a) When [A] is doubled, the
initial rates doubles; when [B] is doubled, the initial
rate doubles, (b) When [A] doubles, initial rate doubles,
when [B] doubles, the initial rate is halved, (c) Doubling
[al, doubles initial rate; but doubling [B] leaves the
rate unchanged.

Solution: The given reaction is one with two different
molecules being converted to products. The rate of any
such reaction is:

r = rate = k [a]* [B)Y, where k = a rate

constant and [A] = concentration of A and [B] = concentration
of B. x and v are the number of each A and B molecules, re-
spectively, that are present in the activated complex or
transition state. The determination of these exponents is
the key to writing the rate law for each case. You proceed

as follows:

{(a) You are told that when A or B is doubled,
the rate is doubled. Thus, when A - 2A, r = 2r, which means

2r = k [2a1%° [B]Y. Now, if x = 1, then [2a1%¥ = [2aland
dlvxdlnq by 2 you come back to r = k[AI[B]¥. In other words,
+ 2r if A + 2A, implies r varies directly as A; that is,

1. The same type of situation exists with B, so that
1. Thus, the rate law becomes r = kx{al[B].

x -
Y:
(b) Here, when A + 2A, r + 2A, which means, again,

A varies directly as r, and so x = 1. When B - 2B,

r + 4r, however, in this case, %r = [AJ[28]Y. This can only
come about if y = - 1. If y = - 1, then [28]"! = 1/[2B], so
that &r = [A] 1/[2B]. The halves can be cancelled to return
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a direction proportion., Thus, the rate law becomes r =

x[al/[B].

{c) Here, when [A] - [2a], r + 2r but when [B] +
(28], r + r. For A: you have, again, a direction proportion
between A and r, which requires x = 1, For B: when B's
concentration is doubled, nothing happens to r; it remains
constant. This means r does not depend upon the [B]. For

r not to depend upon [B]Y, y must equal zero, thus, r =
k Eﬁ; [B]° = x [AJ(1). As such, the rate law becomes r =
k LAl.

® PROBLEM 453
—

From collision theory, it is found that when the rate-
determining step involves collision of two A molecules, the
rate will be proportional to the square of the A concentra-
tion. Explain why.

Solution: Collision theory makes the assumption that for
a chemical reaction to take place, particles must collide.
The rate will depend upon the number of collisions per unit
time between the particles involved and the fraction of
these collisions that are effective. If you increase [Al,
there are more A molecules which can be hit. Also, the
average A molecule gets hit more often. As such, the number
of A with A collisions varies as the square of concentra-
tion due to this double effect.

* PROBLEM 454

For the general reaction A + B + C + D, what is the effect
on the number of collisions between A and B of (a) tripling
the concentration of each, (b) guadrupling the concentration
of each?

Solution: For any given chemical reaction, the number of
collisions is proportional to the rate, The Law of Mass
Action states that the speed of a chemical reaction is
proportional to the product of the concentrations of the
reacting molecules. The number of collisions in the above
reaction depends uporn the concentration of A and B. If

the concentration of A is tripled the number of collisions
is tripled, then if the concentration of B is tripled the
number of collisions will triple again. Thus the number

of collisions is increased 3 x 3 t s or 9 times. When
the concentrations of A and B are quadrupled a similar
method is used. The number of collisions is increased

4 = 4 or 16 times.




® PROBLEM 455

P————
The following data was collected for the reaction

OH™ + CHiCOOCH:CH, + CH,C00 + CH3CH20H '

Time, min [CH3COOCH2CH; ] [oH™ ]
] .02000 .02000
5 .01280 01280
15 .00766 .00766
25 .00540 00540
35 00426 00426
55 00289 .00289
120 .00137 00137

(a) Determine whether the reaction is first or second
order. (b) Write the rate law expression.
I —————————————————

Solution: The order of a reaction is the number of
particles needed to form the transition state. One can
tell whether the reaction is first or second order by an
investigation into the constancy of the half-life of this
reaction over time. It is a characteristic feature of
first order reactions that the half-life, the time ne-
cessary for half the particular reactant present initially
to decompose, is constant over time. Thus, by determining
whether the half-life is constant or not, the order of
this reaction can be found.

From the data, half the material is decomposed
between 5 and 15 minutes. In the period, 5 to 15 minutes,
the concentration of both [CH;COOCH:CH;] and [OH"]
goes from .0128 to .00766, which means half has decom-
posed. One can approximate that the half-life is about
10 minutes. To see if this time of half-life remains
constant, notice the time needed for the concentration
to go from .0054 to .00270, which is another % being
decomposed. This occurs between t = 25 minutes to
approximately t = 55 minutes, a difference of 30 minutes.
Thus, the half-life is not constant. It changed from 10
to 30 minutes. Thus, the reaction is not first order.

It must be second order.

(b} To solve this part, use the information from (a).
If the reaction is second order, the rate depends upon
both the concentration of CH,COOCH:CH, and OH , The rate
law expression is, thus,

- A[CH,COOCH,CH,y ] _ = d[OoH™] _
dt dt

rate = k[OH=]{CH1COOCH2CH3 ],

where k = rate constant. This equation is, by definition,
the rate law expression for a second order reaction with
2 different molecules.
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& PROBLEM 456

The reaction C:H4O + CH, + CO is a first-order reaction
with a specific rate constant of .0123 min~! at 415°C.
Calculate the percent of original C:H.O present that will
be decomposed after heating at 415°C for 1 hour.

Solution: First find the percentage of starting material
Teft (as compared to the initial amount Cy), C/Ce = (100);
then the percent decomposition equals 1 - C/Cy (100). To

find C/Cy (100}, employ the fact that 2,303 log Co/C = kt,
where Cy = initial concentration, C = existing concentration,
k = specific rate constant, and t = time in minutes for a
first order reaction. The formula can be rewritten as

C/Cs = antilog (- kt/2,303),

Substitute the values for k and t to obtain

(- .0123) (60)

€_ = antilog = antilog (- .320) = .479.

Co

Thus, C/Cp(100) = 100 x ,479 = 47.9%. That is, .479 or 47.9%
of the original concentration remains after 60 minutes, so
that 1 - 47.9% or 52.1 % has decomposed.

© PROBLEM 457
S ———

The following observations were made for the reaction
NH,CNOS=NH.* + CNO™ ~» (NH:;):C0: 1) Addition on an equi-
molar concentration of KCNO with respect to NH,CNO
doubled the initial rate of the reaction, 2) Addition

of an egquimolar concentration of NH,Cl doubled the
initial rate of reaction., From these observations,

(a) Determine the order of the reaction. (b) Write the
kinetic rate law expression for the reaction. (c) Discuss
the influence, if any, of the following equilibrium

upon the reaction kinetics: NH, + CNOT== NH,; + HCNO with

[nH, 1[HCNO] -
K = LEE LWAD) = 107Y,
equil  reyo-1INH*)

— R E——

Solution: {a) The order of a chemical reaction is the
number of distinct particles that must come together to
form the activated complex, This factor can also be called
the molecularity of the reaction, To see which particles
directly determine the reaction rate, note the effect on
the rate when more of a certain type of particle is added.
You are told that when KCNO is added, that is, the KCNO
concentration is doubled, the rate doubles. This means the
reaction must be first order with respect to CNO™ (since,
in solution, KCNO dissociates to CNO™). When [NH,Cl] is
doubled, the reaction rate is again doubled. Thus, the re-
action is first order with respect to NH,%, since, in



sclution, NH4Cl dissociates into NH.*, Since doubling the
amount of either NH.* or CNO~ doubles the reaction rate,
the reaction must be second-order overall.

(b) By definition, a second order reaction with two
different molecules has rate = - d[A]l/dt = - d[Bl/dt =
k[A]J[B], where k = rate constant and A and B are the two
different molecules in A + B + products. Thus, for this
reaction, the rate law becomes

-a [NH.cNO] _ d [(NHz)aCO) _
at

at [NH.+]{CNO™]

rate =

(c) To answer this part, notice the following: The
equilibrium constant for the formation of NH, and HCNO is
extremely small, which means that, in solution, the con-
centration of these species in pure NH.CNO solution should
also be small, i.e.,

vy) | (HONOD _ (14-4)% o gy,

(v *]  [owo~]

If either NH; or HCNO is added to the solution, the reaction
is driven to the left. But, even if all of the other re-
actants available were consumed, the concentration of NH.,*
and CNO~ would increase by only 1%, which means that the
reaction rate would increase by 2%, which is not easily
detected.

® PROBLEM 458

When mixed at 700°K, H:;(g) and I,(g) react to produce
HI(g). The reaction is first order in H; and first order
in I:. Suppose at time t = 0, one mole of H: and one mole
of I; are simultaneously injected into a l-liter box.

One second later, before the reaction is complete, the
contents of the box are examined for the number of moles
of HI., What would be the probable effect on this number
if each of the following changes were made in the initial
conditions? (a) Use two moles of H: instead of one.

{b) Use two moles of I; instead of one. (c) Use a 2-liter
box. {d) Raise the temperature to 750°K. (e) Add a platinum
catalyst. (f) Add enough neon gas to double the initial
pressure.

Solution: When a reaction is said to be first order in

a partIcular reactant, it means that the rate of the re-
action is proportional to the concentration of that re-
actant. Thus, for this reaction the rate law can be written

Rate = k [Hz][I.],

where k is the rate constant and [] indicates concentration.
When 1 mole of each H: ard I; are used,one can scolve for
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the rate by substituting these values into the rate law,
Rate = k (1) (1) = 1k
Solving for the rate when [H:;] is 2 moles
Rate = k[2][1] = 2k

Thus, when the concentration of H: is doubled the rate is
doubled.

(b} One can solve for the rate when [I2] = 2 moles
by substituting into the rate law.

Rate = k(1)(2) = 2 k
Thus when [I:] doubled the rate is also doubled.

(c) Boyle's law states that the pressure is inversely
proportional to the volume. Thus, when this reaction which
originally takes place in a l-liter box is moved to a 2-
liter box, the pressure of the reactants is halved. Solving
for the rate:

Rate = k () (%) = % k or .25 k.

Thus, for this reaction, when the pressure of the reactants
is halved, the rate is % of the original rate,

{d) Product is formed when an atom of H collides with
an atom of I, thus the rate of the reaction will increase
with a rise in temperature because the atoms will move more
quickly creating a greater chance for collisions.

(e) By definition, a catalyst will increase the rate
of the reaction by lowering the amount of energy needed for
the reaction to proceed.

(£) When neon gas is added to increase the pressure
in the l-liter box, the rate of the reaction does not change
because the concentrations of H: and I: remain unchanged.
When the pressure in the system is doubled by decreasing
the volume by &% the rate is increased because the con-
centrations of H: and I. are increased, If one starts
out with one mole per liter of Hz at 1 atm and then
increases the pressure to 2 atm by adding neon, the con-
centration of H: is still 1 mole per liter, When the
pressure in a container containing 1 mole per liter of
H; is increased from 1 to 2 atm by halving the wvolume
of the container, the concentration of H:; is now 1 mole
per 5§ liter or 2 moles per liter. Thus when neon is
added to the system in this problem, the rate is un-
changed.



* PROBLEM 459

Interpret the following: The intensity of the deep purple
color of an acid KMnO, solution can be used as an indicator
of the extent to which oxidation has taken place, Often
there is a considerable time lapse before any visual
evidence of reaction is noted; but once begun, the process
proceeds vigorously. If, on the other hand, a small amount
of the essentially colorless MnCl: salt is dissolved in
this solution, the process is immediately vigorous, no
latency period being noted.

L}

Solution: The presence of the Mn®* in the solution is the
key to the reaction. When MnCl, is dissolved in the solution,
the reaction is vigorous since the salt immediately dis-
sociates to produce Mn®+ ions.

KMnO, also immediately dissociates into K* and
MnO,~. With KMnO., howeveri a latency period is noticed
sincé it takes time for Mn*‘* to be produced from the
reduction of the MnO.~ ion.

The fact that once Mn’* does exist, whether from
MnO,~ or MnCl:, the reaction proceeds vigorously suggests
that #n’* is a catalyst. Thus, Mn’* increases the rate of
the reaction without being consumed, Because Mn’* is also
a reaction product, the reaction is autocatalytic.

HALF-LIFE

* PROBLEM 460

—
What is the half-life of an unstable substance if 75% of
any given amount of the substance decomposes in one hour?
—

Solution: The half-life is defined as the time it takes
or one half of the amount of a substance to decompose.
When given the time elapsed and the percent of decompo-
sition, one can find the half-life., One knows that & of
the substance decomposes in the time equal to the half-
life. This leaves ) of the substance, % of this decom-
poses in the next span of time elapsed equal to the half-
time. This leaves % of the substance. 75% of it has de-
composed after two half-lifes have elapsed. Thus 2 half-
lifes equal one hour or the half-life of the substance

is % hour.



o PROBLEM 461

For the first order decomposition of azomethane at 600°K,
it takes 30 minutes for the original concentration to

decrease to half its value. After 60.0 minutes have
elapsed, what percentage of the azomethane originally
present remains?

Solution: The decomposition is first order which means
rate = k [A], where k is a constant and [A] is the con-
centration of azomethane. The half-life is independent of
time, i.e., it is a constant and is defined as the time
necessary for half the particular reactant present to
decompose. Thus, if you knew the half-life of azomethane,
you could calculate the percentage of azomethane that
remains after a certain period of time. The half-life of
azomethane is 30 minutes. Thus, after 30 minutes, you
have half of the original material left. After 60 minutes
half of this original material is left or % of the original
material remains.

* PROBLEM 462

In the reaction Nz20s + N204 + &0:, the N:0s decomposes

by a first-order mechanism, At 298°K, the half-life is
340 minutes. Find the value of the reaction rate constant.
Calculate the number of minutes required for the reaction
to proceed 70 percent towards completion.

Solution: Half-life may be defined as the time necessary
for half the particular reactant present initially,in this
case N;Ds;, to decompose. For a first order reaction, the
rate constant can be expressed in terms of half-life, t‘l'

Namely, t" = '—6{-3—, where k is the rate constant, (Caution:

This expression is only true for a first order reaction.)
Solving this expression for k to obtain

.693 _ .693 _ B
k = —-éli—- = 5710 2.04x 10 min™" .

To find the amount of time required for the reaction
to proceed to 70% completion, use the fact that

t -'2—'-%'1-3- log %‘» in a first order reaction, where

t = time, k = rate constant, C; = initial concentration and
C = existing concentration.

Suppose the initial concentration is X, then at 70%
completion, the existing concentration is .30 X, Having
calculated k, substitute to find t = minutes.



--2.303 c -2.303 30X
R s B R o [

= (1129)(.523) = 590 min.

® PROBLEM 463

The half-life for the first order reaction:
S0:Cl; + S0; + Cl;

is 80 minutes. In what period of time would the con-
centration of S0:Cl: be reduced to 1.0% of the original?

Solution: 1f a reaction is first order, it means that the
Trate of the reaction is proportional to the concentration
of a single reactant. For example, if substance A decomposes
into the products B and C,

A+B+C,

the rate is proportional toc the concentration of A which is
present at any time.

Rate = k [aA],

where k is the rate constant for the reaction and [A] is
the concentration of A.

The rate at which the reaction proceeds is equal to
the decrease in concentration of A with change of time.
This can be written in the integrated form

2,303 log &3—; = - kt,

where [A] is the concentration of A after time t has elapsed,
{Az] is the original concentration of A and k is the rate
constant for the reaction. In this problem, the final ratic
of [A] to [As]is given as 1.0% or 0.010. Therefore, this
equation can be used to find the time it takes for this
process to occur, once one has calculated the rate constant
k. The rate constant can be found if one remembers the
relationship between the half-life of a reaction and k.
Namely,

L

£ = 0.693
Iy 13
where t,’ is the half life and k is the rate constant. The

t,’ for this reaction is given as 8.0 minutes, therefore this
relation can be used to obtain k.
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0.693 :
k = B0 minutes ~ 0,087 /minute

Once k is known, it can be used in the original rate
equation to determine the time it takes for this reaction
to proceed until the concentration of A is 1.0% that of
the original concentration.

2,303 leg {%&I = - kt. Substituting,

2.303 log 0.010 = - 0.087/minute x t

&= 2.303 log 0.010 _ (2.303) (- 2
- ﬁ.ﬁﬂfsmin - 0.0 min

= 53 minutes.

® PROBLEM 464

At a certain temperature, the half-life for the decomposition
of S0;Cl; is 4.00 hours. (a) In what period of time would

the concentration of S0:Cl: be reduced to 10% of the origi-
nal? (b) Starting with 100 mg of S0,Cl:;, what weight would
be left at the end of 6.50 hours? The reaction is first
order, therefore the eguation in[A]/[A;] = - kt can be

used. [A] is the concentration of A at time t, [Ag]

is the original concentration of A and k is rate constant,

Solution: {a} When the concentration of A is 10% of the
original, the ratio of [A)/[A.,] equals .10, Therefore, one
can use the equation given to solve for t after first
determining k for the reaction. k is determined from the
half-life in a first order reaction. The relation between
k and tk (half-life) is

€ = 0.693

| b 13

i One is given the t%' Solving for k:

_ 0.693 _ 0.693
©y

One can now solve for t:

= ,173 hr!

k rs

in{al
Ay

in .10 = - ,173 hr~! t

= = kt
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¢ = —tn .10 _ _ - 2.303
= = - -

= 13,3 hrs.
(b) One can solve for the [A] after 6.5 hours by use
of the egquation:

enfal _ _
oo kt

One is given that there is originally 100 mg of A.
1l g = 1000 mg, thus 100 mg = 0.1 g,[A;] must be in
moles/liter, One finds the number of moles of 50,Cl,
in 0.1 g by dividing 0,1 g by the molecular weight of
S0:C1; (MW = 135).

= Ho. of moles 0.1 -+ moles
[2e] W'gﬂ@'““m Titer
er

Solving for [A] using the value of k found in part a:

tn (a) = - (.173 hr~') (6.5 hr)
7.41 x 10" moles/liter

tin [A] - in[7.41 x 107" moles] = = (.173 hr™') (6,5 hr)
tn [A] = - (1.12) + &n (7.41 x 107%)
tn (Al =-1.12-7.21
tn [A) = - 8.33
[A] = 2.41 x 10™" moles

One can find the number of grams by multiplying the
number of moles by the molecular weight.

weight = 2.41 x 10™" moles x 135 g/mole
= ,0326 g = 32,6 mg
® PROBLEM 465

—
The ketone acid (CH,CO;H);CO undergoes a first-order
decomposition in aqueous solution to yield acetone and
carbon dioxide:

{CH2COzH) 2C0 + (CH,)2C0 + 2C0z

(a) Write the expression for the reaction rate. (b) The
rate constant k has been determined experimentally as
5.48 x 10-%/sec at 60°C, Calculate t, at 60°C, (c) The

rate constant at 0°C has been determined as 2.46 x 107%/sec,
Calculate tﬁ at 0°C, (d) Are the calculated half-lives in

accord with the stated influence of temperature on reaction
rate?

443



Solution: (a) For a chemical decomposition, the rate of
the reaction is equal to the product of the rate constant
(k) and the concentration of the compound decomposing. Thus,

Rate = k [(CH;CO:H),CO0]

{b) Because the rate is only proportional to
[(CH:CO:H) :C0], the reaction is first-order. For a first-
order reaction,.the half-life (tk) is related to k by the

following equation:
e = 0.693
¥~ Tk
Solving for thl

t, = 0893 _ 12.65 sec.

5.48 x 10™%/sec

(c) One can solve for tk at 0°C using the same equation.

0.693

tll —_— = 2,82 % 10" sec.
2.46 x 10~ %/sec

{d) In general, the speed of a chemical change is
approximately doubled for each ten degrees rise in tem-
perature. The temperature rises 60°, from 0°C to 60°C,
therefore, the rate should double six times or the ratio
of the €y at 0°C to the tll at 60°C is 2%, 2% = B4,

t, 0°

2.82 x 10" sec 3
g < q7oebses o = 2423 % 10

L]
This is much greater than the expected ratio of 64.

o PROBLEM 466

When heated to 600°C, acetone (CH;COCH,) decomposes to
give CO and various hydrocarbons. The reaction is found
to be first order in acetone concentration with a half-
life of B8l sec. Given at 600°C a l-liter container into
which acetone is injected at 0.48 atm, approximate how
long would it take for the acetone pressure to drop to
0.45 atm?

Solution: When a reaction is said to be first order in

a particular reactant it means that the rate of the re-
action is proportional to the concentration of that re-
actant., Thus the rate law for this reaction can be written:

Rate = k [CH,COCH,;]
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where k is the rate constant and [] indicate concentration.
The rate constant is related to the half-life (tk) by the

following equation:
€ = 0.693
X 13

Solving for k: ty = Bl sec

8l sec = E;%EE

k = 8.56 x 10~} sec™}

To solve for the time it takes for a reaction to
proceed to a certain degree one uses the egquation:

din[a] = - kx at

where din{A] is the natural logarithm of the original con-
centration subtracted from the natural log of the final
concentration of acetone, k is the rate constant and dt

is the time elapsed. Because acetone is a gas in this ex-
periment the pressure is proportional to the concentration.
Therefore one can let [A] = 0.48 and [AJgy .y =

0.45. Solving for dt:

original

in 0.48 -~ &n 0.45 = (- 8,56 x 10™° sec~!)(dt)
(-.7384) = (=.799) = (- 8.56 x 10~? sec—')(dt)
(-.734) - (-.799) = dt

- 8,56 x 10~? sec~!
- 7.5 sec = dt

Therefore 7,5 sec have elapsed since the beginning
of the reaction.

THE ARRHENIUS EQUATION; RELATING TEMPERATURE
AND REACTION RATE

® PROBLEM 467

Using a specific case, show that the effect of a 10°K
rise in temperature will have a greater effect on the
rate constant, k, at low temperatures than it does at
high temperatures.

Solution: The best way to demonstrate this fact is to
use the natural logarithm form of Arrhenius' eguation,
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which gives an indication of the effect of temperature
on reaction rate. The expression may be written ink =
inA - Ea/2.303 RT, where k is the rate constant, A = the

Arrhenius constant, Ea = activation energy, R = universal

gas constant (8.314 J mol™! deg™!) and T = temperature in
Kelvin (Celsius plus 273). For a low temperature, consider
room temperature (T = 300°K). For a first-order reaction,
A might be 1.0 x 10'* sec™' and E might be 80 k J/mole.
Thus, at T = 300°K, you have log k = log {1 x 10'*) -
80,000/(2.303) (8.314) (300) = ,07. Thus, k = 1.2 sec~'.

If you increase the temperature 10°K to 310°K, you find

by exactly the same method of calculation, that k =

3.3 sec~!. Thus, at a temperature of 10°K higher (in a low
temperature range), k was increased nearly three times.

Now consider a higher temperature range, say T =
900°K. For this, log k = (1 x 107'*) - 80,000/(2.303)
(8.314) (900) = 9.358. Solving log k = 9.358, k = 2,28 x
10®. Again, let us increase the temperature by 10°K to
910°K. Using the same ty?e of calculations, you find
that k becomes 2.56 x 10°. The percent change =

2,56 = 10° - 2,28 x 10°

736 % 107 = 100 = 12,28%.

Thus, at the higher temperatures, the rate constant was
increased only 12% as compared to 300% at the low tem-
peratures.

® PROBLEM 468

What activation energy should a reaction have so that
raising the temperature by 10°C at 0°C would triple the
reaction rate?

Solution: The activation energy is related to the tem-
perature by the Arrhenius equation which is stated

k = e~ E/RT

where A is a constant characteristic of the reaction; e
is the base of natural loragithms, E is the activation
energy, R is the gas constant (8.314 J mol~' deg™!) and T
is the absolute temperature. Taking the natural log of
each side:

in k = in A - E/RT

For a reaction that is 3 times as fast, the Arrhenius
equation becomes

3k = ae~ E/R(T + 10°)



Taking the natural log:
tn 3 + tn k = &n A - E/R(T + 10°)

Subtracting the equation for the final state from the
equation for the initial state:

tn k = n A - E/RT
—(1n3+1nk-ma-z£st!1'+1oz!
- in 3 = - E/RT + E/R(T + 1

Solving for E:

=i n 3=~ E/RT + E/R(T + 10} R = 8,314 J/mole °K
T=0 + 273 = 273

- tn3=-E/8.314 J/mole-K) (273K) + B/(B.Sl#sJ/?ole—K}
(283K

- 1.10 = - E/2269.72 J/mole + E/2352.86 J/mole
(2269.72 J/mole) (2352.86 J/mole)x =~ 1.10 =

(- E/2269.72 J/mole + E/2352.86 J/mole) (2269.72 J/mole)
(2352.86 J/mole)

- 5,874 x 10° J*/mole? = (- E)(2352.86 J/mole)
+ E (2269.72 J/mole)

- 5,874 x 10° J%/mole? = - 8,314 x 10' J/mole x E

7.06 x 10" J/mole = E

® PROBLEM 489

It has been suggested that a 10° rise in temperature
results in a twofold response in the rate of a chemical
reaction., What is the implied activation energy at 27°C?;
at 1000°C?

Solution: The activation energy, E,, is the difference

between the heat concentration of the active molecules and
the inert molecules. The activation energy can be related
to the rate constants of the reaction at two different
temperatures by one form of the Arrhenius egquation:

E
@ 00 8= - iy (k- 4

Tz ET
(where R = universal gas constant; k; is the rate constant
at temperature T,; k; is the rate constant at T;:).

This equation can be rewritten as
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- 2.303 R k
(ii) Ea I_-I log Ei'
T T2
Thus to solve for E,» you find T1, Tz, and k2/k: and

substitute. Let T, = initial temperature. If there is a
10° rise in temperature, then T: = T; + 10°K. You are told
that when the temperature is increased, the original rate
is doubled. Thus, if k; = original rate, k: = 2k,;. Thus,
log k2/k; = log 2 = ,301, For the case, T: = 27°C = 300°K,
Tz = 310°K you have

1 k cal
- 2,303 R ky ~ 2.303 (1.98?1[m
Ba® T 1 9k T (.301)
[1— -L ' 1.1
T: T 310~ 300

= 12,8 k cal/mole

For the case with T, = 1000°C = 1273°K, T; = 1283°K.
You have,

Ea - = 2.303 (1.987)( 1 k _cal/1000 cal) (.301)

1 _ 1
T783 1773
= 226 k cal/mole

(In both cases, 1 k cal/1000 cal is a conversion factor.)

® PROBLEM 470

(1) A reaction proceeds five times as fast at 60°C as it
does at 30°C. Estimate its energy of activation, (2) For
a gas phase reaction with EA = 40,000 cal/mole, estimate

the change in rate constant due to a temperature change
from 1000°C to 2000°C.

Solution: The actuation energy E, can be related to the

rate constants k, (at temperature T;)} and k; (at temperature
T:) by the Arrhenius equation:

E
k2 _ _ a 1 _1
log §7 = -~ 7307 R a[-:, i‘Tl'
where R = universal gas constant.

(1) You are told a reaction proceeds five times as
fast at 60°C as it does at 30°C. Therefore, if k, = rate
constant at 30°C = 303°K with T, = 303°K, then k: = 5k,
at 60°C = 333°K with T: = 333°K. You are given R. Sub-
stitute these values into the Arrhenius equation, and



solve for Ep. Rewriting and substituting,

1k call
_ (- 2.303)(1.987)
E = 2.303 R log kf - 1000 cal log S

nw [ - 544
= (15.4 k cal/mole) (.699) = 10.8 k cal/mole.

[Note: 1 k cal/1000 cal is a conversion factor to cobtain
the correct units.] To answer (2) find k:/k: from the
Arrhenius equation. Rewriting and substituting,

E
k a 1 1
K = antilog [‘FID'TE [#- i?]]

il el - ]

= antilog 3.02 = 1.05 x 10%,

That is, the rate should be about 1050 times as great at
2000°C as at 1000°cC.

& PROBLEM 471

For the gas-phase decomposition of acetaldehyde,
CH3CHO + CH. + CO, the second-order rate constant changes
from 0.105 m~' sec~! at 759°K to 0.343 m~' sec™' at 791°K.
Calculate the activation energy that this corresponds to.
What rate constant would you predict for B36°K?

Solution: The rate constant is related to the activation
energy the Arrhenius eguation, which is stated

x = Ae~E/RT

where k is the rate constant, A is a constant characteristic
to the reaction, e is the base of natural logarithms, E is
the activation energy, R is the gas constant (8.314 J/mole °K)
natural log:
tnk = inA - E/RT
One is given k, R and T in the problem for two trials,
For 759°K: k = 0,105 m~! sec~!
a) &n(0.105) = in A - E/(8.314 J/mole °K) (759°K)
For 791°K: k = 0.343 m~! sec™!

b) &n(0.343) = tn A - E/(8.314 J/mole °K) (791°K)
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Subtract equation b from equation a to solve for E.

n(0.105) = gnA - E/(8.314 J/mole®K) (759°K)
- [#n(0.343) = 2nA - E/(8.314 J/mole°K) (791°K) ]

c)in(0.105)-%n(0.343)= -E/(8.314 J/mole®K) (759°K) +
E/(8.314 J/mole®K) (791°K)

- 2,25 - (- 1.07) = = E/6310.33 J/mole + E/6576.37 J/mole
(6310.33 J/mole) (6576.37 J/mole) (- 1.18) = E/6310.33 J/mole

+ B/6576.37 J/mole{6310.33 J/mole) (6576.37 J/mole)
- 4.8969 x 107 J*/mole? = - 6576.37 E J/mole

+ 6310.33 E J/mole

- 4.8969 x 107 J*/mole? = - 2.6604 x 10? JE/mole

g = —4.8969 x 107 J%/mole?

- 2. x 1 J/mole
E = 1.8407 x 10° J/mole

One can solve for k at 836°K by replacing the values
of this third trial for the values found at 791°K.

- -~ - 1.8407 x 10° J/mole
10(0.105) -tnk = - TESYIS7moTsHRT tTSIRT
+ 1.8407 x 10° J/mole
. J/mole®K) K
- 2,25 -ink = - 2.917 x 10' + 2.648 x 10!

-ink = - 4.4 x 107!

k = 1.55 m~! sec™!,

o PROBLEM 472

A chemist found the value of the specific rate constant for
the decomposition of nitrous oxide, 2NO + N: + 0:, at two
separate temperatures: k, = .14 liter/mole-sec at 970°K,
k; = 3.7 liter/mole-sec at 1085°K. (a) Calculate the
activation energy, Ea, for the reaction, (b) Calculatea
the A factor in the Arrhenius equation, (c) Calculate
the specific rate constant at B800°K.

—

Solution: This problem deals with the effect of tem-
perature on the kinetics of a reaction.



{a) E; is the activation energy, the difference
between the heat content of the active molecules and that
of the inert molecules. To find the value of E, for the
decomposition of nitrous oxide, use the Arrhenius equation:

- — 2.303 R k
E, T loq[ﬁ]
T2 T
where T = temperature in degrees Kelvin (Celsius plus 273°),

k = specific rate constant and R = universal gas constant.
Subgtitute known values to obtain (T; = 970°, T, = 1085°)

= {= 2.303)(1.987) (1/1000 3.7
R v v L [-rr]

= 59,2 k cal/mole
[Note: 1/1000 is a conversion factor of 1 k cal/1000 cal.]

(b) The Arrhenius equation can alsc be written in the
form

t Ea

nk = zna S where A is called the fregquency

factor. To find A, first solve the equation in terms of A.

- Ea = Ea
ll'lh Ink + RT or log A log k + 37307 BT °

Substitute for k and T and calculate

(59.2) 1000 cal
log & = log 3.7 + 1355 (11 k cal = 0,57 + 11.9 = 12.5.

Since antilog 12.5 = A, A = 3 x 10'? liters/mole-sec.
(Notice: k; and T2 values were used in the calculations but
k; and T, could have been used instead.)

(e} To find k at BOO solve the Arrhenius eguation for k

E
log k = log A - yygy gy -

Substitute in known values for A, E .+ R, and T to
obtain:

(59.2) | 1900 cal
log (3 x 1037%) - Lk call .55 - 16.2 = - 3.7

k.= antilog (- 3,7) = 2 x 10”* liters/mole-sec.
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CHAIN REACTIONS
® PROBLEM 473

—

Define the term "chain reaction®. Using a specific example,
distinguish between a chain-starting, a chain~propagating,
and a chain-terminating step. Discuss the energy absorbed
or released in the first and last of these.

Solution: In chemical kinetics, a chain reaction occurs
when an intermediate species that is consumed in one step
is regenerated in a later step. As a result, there is a
sequence of steps which endlessly repeat themselves, like
links in a chain, until the chain is ended or the starting
material exhausted. A specific example of a chain reaction,
is the formation of methylchloride from methane (CH,) and
chlorine gas (Cl:). Overall, the reaction is:

CHs + Clz+ CH,CL + HCl

methyl
chloride

The mechanism of this chain reaction is as follows:
(1) cl: - 2Cl*
(2)CH, + Cl* =+ CH3- + HCl
(3)CHsy*+ Cl; + CH3Cl + Cl-

A chain-starting step encompasses one or more stable
molecules and produces highly reactive species, such as
single atoms. In this example, (1) fits this description.

A stable Cl: molecule forms single chlorine radicals (Cl-+)
that immediately react in step (2). Cl: does not go to

Cl+ spontanecusly. Energy must be supplied in the form of
heat or light. Chain-starting steps generally require
energy. A chain-propagating step involves the reaction
between a molecule and one of the highly reactive species,
producing at least one highly reactive species. Reactions
{2) and (3) fit this description. In (2), the reactive
species CH;+, methyl radical, is produced via the reaction
between the molecule CH., and reactive species Cl- . In

(3), this species, i.e.,CHy* reacts with Cl: to produce an-
other reactive species, chlorine radical (Cl-). Note: this
chlorine radical can go back to react with CH, to repeat

the entire process, i.e., {2) and (3) over and over again,
until you have the chain-terminating step. Chain termination
occurs when one of the highly reactive species reacts with
another highly reactive species, or with the wall and no
energetic species result. In our example, such a step would
be the reaction of two chlorine radicals to produce chlorine
gas, Cl: + Cl+ + Cl:. Since Cl: is not a reactive species,
the chain is terminated. Notice that this is the reverse of
Cl; + 2Cl+, which required energy. Thus, a chain-terminating
step will generally release energy.



¢ PROBLEM 474

Given the consecutive reaction A . SE RSN C with
ki = k;. Draw a graph for the time variation of the con-
centrations of A, B, and C.

Concentration

Time

Solution: To draw this graph, you need to determine the
concentration with respect to time of each species in
this reaction. This will necessitate writing rate law
expressions for each of the species. The rate law states
that rate is equal to a proportionality constant k times
the concentration of one species or more than one species,
each raised to a power. The power is equal to the number
of moles reacting. You are told that

A-EL.p K .o with k; = k3

The rate at which A disappears can be written as

:_Qaéﬂl = k;[A]. A will disappear at a certain rate as

given by the rate constant. How long it takes to dis-
appear will reflect how much was initially present: the
concentration. The rate at which C appears may be written

as gaés}- k2[B]. C forms from B at a certain rate as

indicated by k;. Thus, the amount of B initially present
determines the time it take for C to appear. What about
the concentration of B? It increases with time as A dis-
appears, yet decreases as C appears. The net increase in
B will be the differences in these processes. Thus,

9.5%1 = ki[A] - k:[B]. If you start with pure A at t = 0,
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9—5%1 is positive, since k;[A] >> k2[B]. After a time, how-

ever, A is used up, so that Q&%l becomes negative. This

means the concentration of B will peak sometime along in
the reaction. At that instant,

a g = 0, so that k;[A] - kz:[B] = 0, which means (a] = El.
[B] ¥

Thus, the behavior of the system depends on k:/k;. As ki
grows small,B becomes less notable. But, you are told that
k; = k;, which indicates that ki:/k; = 1.

[c] will rise as [B] falls. Thus, you have the follow-
ing graph.

If all reactions proceed to completion C will be the
only species present at the conclusion of the process.

¢ PROBLEM 475

N;0: decomposes according to the following equation:
N20s + 2NO; + 40;. The rate expression =

:—!églgil = k [N20s)]. The following mechanism has been
proposed: N20s ¥ NOz + NO,
NO: + NO3 X' NO2 + 02 + NO
NO + NOy %7 2NO,

%hou ﬁhs rate of 02 formation is directly proportional to
N20s).

Solution: To relate O0: formation with the concentration
of N:0s investigate the mechanism of this reaction. In the
mechanism, oxygen (0:) is formed only from the second re-
ation, the rate being

95%31 = k,[NO2][NO:]. To relate d 2‘ to [N20s],

express [NO:][NOs;] in terms of [N20s].

This can be done from the first reaction, which is
at equlibrium. The equilibrium constant of this reaction,
k, measures the ratio of products to reactants, each
raised to the power of its coefficient in the chemical
equation. Thus,

Keq = %(’_’1 or [NO:1[NOs] = koo [N20s)



Recall, 9&%11 = k, [NO,1[NO;]. Thus [NO:1[NO)]
can be replaced by keq [N205], so that

dggzl . keq [¥205], which means 0; formation is

directly proportional to [N:0s].

® PROBLEM 476
|
You have the reaction HCrO: + 3Fe?* + 7Ht -+ cr't + 3Fe’t
4H;0 with the rate law expression: rate = k [HCroz]

[Fe®**+][H*]. Explain why the rate of reaction is not pro-

portional to the number of each species reacting according
to the stoichiometry of the balanced equation.,

Solution: Stoichiometry predicts only the amount of
products expected; it cannot predict when they will be
produced. The rate of production is dependent only on the
number of molecules in the activated complex and their
concentrations in the system. A reaction can occur only
when the species come in contact with each other. Thus,
the concentration reflects the probability of a collision
among the species. Stoichiometry cannot provide any in-
formation in these areas, and, as such, the rate of the
reaction is not necessarily reflective of the stoichio-
metry of the balanced equation,

® PROBLEM 477

—
The rate law for the reaction H:(g) + BrJg) + 2HBr(g) is

aluBr] _ _k[H;](Br;1"
ac 1+ k* [HBrl/[H:]

the reaction mechanism,which consists of chain-starting,
chain-propagating, and chain-terminating steps. Use steady-
state approximation.

Derive this law from

Solution: A chain-reaction comes about when an inter-
mediate species that is consumed in one step is regenerated
in a later step. As a consequence of this, a segquence of
steps is set up such that they endlessly repeat themselves
until the chain is terminated or the starting material is
used up. By various experiments and observations, the
mechanism has been found to be the following:

455



Chain-starting step : (1) Br,—)ﬂ-—-ﬂs:-
(2) Bre+ H,—XisHBr + He
Chain-propagating step :|(3) He+ Br,-j-‘-OHBr + Br.

(4) He+ Hﬁrl‘-ﬂh + Br.

Chain-terminating step : (5) ZBr--—k-Lan

To derive the rate law for this reaction, the formation
of HBr, use these individual reactions:

Notice, first, that only those reactions that dealt

with HBr in some way were included. In other words,(1) +

(5) did not have this molecule, so that they cannot be
included. The whole idea of writing the rate in this
fashion comes from the fact that when, say A + B + products,
rate = %‘E—AA = -—gg = k [AJ[B]. This is called the
expression for the rate law of a second order reaction, By
order,You mean the number of atoms or molecules whose con-
centrations directly determine the reaction rate. In
other words, for (2), dlHBrl/dt = kx:[Br][H:]. You can write
similar expressions for (3) and (4)., The overall rate of
HBr formation is the sum of the rates of formation of the
HBr in each of these reactions. In (2) and (3), you are
making HBr, so that their rate law expressions are added.
In (4), however, HBr is being eliminated, s¢ that you
subtract. To repeat, you now have

SLHBE) o x,(Br1(H:] + ks(H1[Br:] - ku(HI[HBR]

To obtain the desired formula, you need to find [Br]
and [H]. You can do this by writing overall rate expressions
for the formation of [H] and [Br]. To do this, use the same
reasoning employed for [HBr]. You find that

dlH] - x,(8r)(Ha] - ka[HI(Bra] - k. [H)[HBr]

Note: Only (2), (3), and (4) dealt with H, which
explains why only they are used., You subtract both (3) and
(4) from (2), since they consume H instead of producing it
as (2) does. For Br, you find

4iBr) . 2\ (Bral - ka(Brl[Ha) + ks[H1[Bra] +
ko [H][HBr] - 2ks[Brl?. Again, use the

same type of reasoning and technique to obtain this ex-
pression. You are told steady-state conditions exist. This
means that the concentrations of the reactive intermediates
that are regenerated do not change with time. This means,
therefore that d[Br]/dt = 0 and d[H]/dt = 0, since each

is being regenerated. Thus, you can equate the above ex-
pressions with zero. You obtain



dBr) . g o 2k,[Bra] - ka[Br(Ha) + ko[HI[Br] +
k.[#](HBr) - 2ks[Brl®.
ali) - o = xo(BrlHs) - Xs(8)(Bra) - k. [H](HBr].
These two equations can be solved simultaneously to

find [H] and [Br]. If you perform this operation, you find
(Br] = [ky/ks(Br1]"® and

o (ki/ko) [H3(Br, )" :
[u] k2 ijré;?j—:—izréﬁiﬁ—— . Recalling, now, that

alMBr) . k,(Brl(H:] + ka[H)(Bra] - ki [H][HBr], you can
substitute these values for [H] and [Br] to obtain

dalHBr] _ 2 k3 ka k&' k3 k7% [;](er]"
t ks ki' + [HBriler,]"!

Now, if you

let k = 2k; k! k3% and k' =

=T + You obtain

ki ku

dCHBr] _ x[H;1(Bz, 1"
at 1+ k" [HBr)/(H:]

-
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CHAPTER 14

THERMODYNAMICS |

|
Basic Attacks and Strategies for Solving Problems |
in this Chapter. See pages 459 to 502 for step-by- |
step solutions to problems. \

The key to all of the problems in this chapter is an understanding of the
First Law of Thermodynamics. The First Law says, simply, that energy can
neither be created nor destroyed. Therefore, in any reaction or process, the
energy must balance. This is true of bond energies in chemical reactions, of
energy changes associated with chemical reactions, and, with allowances, for
changes between mass and energy (i.e., E = mc?) in nuclear reactions.

In chemical reactions, there are two energies that are very common and
enter into almost all energy calculations associated with reactions. The first
is the internal energy, E. This is the bond energy associated with chemical
bonds plus the kinetic energy of molecular species. The second is the PV
energy. Since so many reactions take place at conditions that cause the system
to either expand or contract against the atmospheric surroundings, the effect
of PV work on the atmosphere becomes important. The enthalpy is the
thermodynamic quantity defined to include both the internal energy and the
PV work against the atmosphere.

H=E+PV 14-1

where H is the enthalpy, E the internal energy, and PV the pressure and
volume terms. For condensed phases (i.e., liquids and solids) the volume
change is often negligible and H ~ E, but for gases the difference is significant.
Only changes in enthalpy and internal energy have physical significance;
there is no absolute zero point for these quantities. Therefore, tabulation of
enthalpy is the difference between the state for which it is tabulated and some
reference state either implied or specified.
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Important definitions used in the calculations in this chapter follow.

AH ° = enthalpy change in a reaction (typically joules/mole)
AE”® = internal energy change in a reaction (typically joules/mole)

AH ° = enthalpy change for formation of a species from the elements
(joules/mole)

C, = heat capacity at constant pressure (typically joules/mole/°C)
C, = heat capacity at constant volume (typically joules/mole/°C)

The superscript ® indicates that the value is at some defined standard state.
Typically for gases, this is one atmosphere pressure at the specified tempera-
ture; for liquids and solids it is the pure species at the specified temperature.
If temperature is not specified, it is usually 25°C or 298K.

Since for any balanced reaction, the same number of moles of each
element exist in the products and reactants:

AH® =3 (AH®), ...~ = (AH®) 14-2

where AH is the enthalpy associated with forming a species from the
clements. It is simply the value of AH where all the reactants are elements.
Extensive tables of the values of AH  are found in handbooks. By convention,
AH is positive for endothermic changes (changes which consume energy) and
negative for exothermic changes (changes which produce energy).

Similarly, the First Law of Thermodynamics makes it possible to calcu-
late the energy change associated with a reaction from bond energies. The
energy, usually the enthalpy, is associated with a reaction.

AH® = Z (bond energies) ~ X (bond energies), ... 14-3

Heat capacities are defined as the energy change required to change the
temperature. Again, for liquids and solids, there is little difference in the heat
capacity at constant pressure or constant volume and often it is not specified.
However, gases expand appreciably when heated and the energy to push back
the atmosphere (PAV) is significant. For gases, therefore, it is important to
specify whether the heat capacity applies for a constant pressure or constant
volume process. For ideal gases there is a simple relationship between C, and
C.

v

C,—C, = nR (the universal gas constant) 14-4
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Heats of fusion and vaporization are heat changes associated with the
solid-liquid phase change and the liquid-vapor phase change, respectively.
The solid to liquid phase change and the liquid to vapor phase change are
always endothermic — i.e., energy must be supplied to cause the phase change
tooccur. Energy is required to break physical bonds between molecules. If the
phase change proceeds in the opposite direction, as in condensation or
freezing, the numerical value of the associated energy change is the same, but
the sign is opposite.
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2 x ang OH = 51 Kcal/mole + hH; HO-OH

51 Kcal/mole - 32.58 Kcal/mole
2

ﬂli"f OH =

8HZ OH = 18.42 Kcal/mole _ g 37 gcal/mole.

{b) CH;OH dissociates by breaking the C-0 bond:
CH,0H(g) ~ cHY(g) + OH (g)

Therefore, the bond energy of the C-0 bond equals

H' f the products
ﬁﬁaiss. *“31;a equals the sum of the AH's o P

minus the AH's of the reactants. Thus,
bond energy of C-0 = H} of CHY(g) + AH} of OH (g) =
ﬂﬂ; of CH,;0H(g).
bond energy of C-0 = 34.0 Kcal/mole + 9,21 Kcal/mole
+ 47.96 Kcal/mole

= 91.17 Kcal/mole,

* PROBLEM 481

Using the following table of bond energies, calculate the
energy change in the following:

(a) 2Ha(g) + 0z2(g) ~ 2H.0(g)

(b} CHy{g) + 20:(g) + CO2(g) + 2H;0(g)

(c) CHu(g) + Claz{g) + CHsCl (g) + HCllg)
(d) C:Hg(g) + Clz(g) + C:HsCl(g) + HCl(g).

Bond Enargles (in kcal per mole)

H-H 104 -0 83
H-F 138 c=0 178
H-C} 109 c-Cl 9
H=Br a8 C-F 105
M- m 5i-0 108
Li-H 58 8i-F 138
[= =] 58 c-c 83
CcH 87 c=C 146
o-H m CaC 109
o=0 118 N=N 25
P=C1 k]

Soclution: When using the bond energies to calculate the
net energy change in a reaction, the net energy change is
equal to the total bond energy of the bonds formed sub-
tracted from the bond energy of bonds broken, This method
is illustrated in the following examples.
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¢ PROBLEM 484

How many calories of heat must be added to 3,0 liters of
water to raise the temperature of the water from 20°C to
8p°c?

Solution: A calorie is defined as the amount of heat
necessary to raise the temperature of one gram of water
one degree Centigrade. One can find the mass of 3.0 liters
of water by using the density. The density of water is
1 g/ml. 1 liter = 1000 ml. Therefore, 3.0 liters = 3000 ml.
Mass = density x volume
Mass = 1 g/ml x 3000 ml = 3000 g

The temperature change is found by subtracting 20
from 80, which is 60°C.

One can find the calories necessary toc raise 3000 g
of water 60°C by multiplying 1 cal/g°C by 3000 g by 60°C.

No. of calories = 1 cal/g®C x 3000 g x 60°C
= 180000 cal. = 180 Kcal.

® PROBLEM 485

Calculate the quantity of heat required to raise the
temperature of one gallon of water (3.78 liters) from
10° to BO°C.

Solution: The unit of heat is called the calorie. It is
defined as the quantity of heat necessary to raise the
temperature of one gram of water one degree centigrade.

In this problem, one is told that 3.78 liters of water are
heated from 10°C to B0O°C. If one subtracts the final tem-
perature from the original temperature, one can find the
number of degrees the temperature of the water is raised.

number of °C the temperature is raised =
final temperature - original temperature
no. of °C the temperature is raised = 80°C - 10°C = 70°C.

One must now determine the number of grams in
3.78 liters of water. Because 1 milliliter of water weighs
one gram, one must determine the number of milliliters in
3.78 liters of water. There are 1000 milliliters in
1 liter; therefore, liters can be converted to milliliters
by multiplying the number of liters present by the factor
1000 ml/1 liter.



3.78 liters x 1000 ml/1 liter = 3780 ml

Because number of ml = number of grams for water,
there are 3780 g of water present in 3.78 liters. One now
knows that 3780 g of water have been raised 70°C in tem-
perature. Remembering the definition for calorie, one can
find the number of calories absorbed in this process by
multiplying the number of grams of water by the number of
degrees the temperature was raised by the factor
1 calorie/lg ~ 1°C, the specific heat of water.

number of calories absorbed = 3780 g = 70°C=x
1 calorie/lg - 1°C
= 265,000 calories
There are 1000 calories in 1 kilocalorie, so that
calories can be converted to kilocalories by multiplying
the number of calories by the factor 1 Kcal/1000 cal.
265,000 cal = 1 Kcal/l1000 cal = 265 Kcal.

265 Kcal are absorbed in this process.

® PROBLEM 486

A piece of iron weighing 20.0 g at a temperature of 95.0°C
was placed in 100.0 g of water at 25.0°C. Assuming that no
heat is lost to the surroundings, what is the resulting
temperature of the iron and water? Specific heats: iron =
.108 cal/g-C%; water = 1.0 cal/g-C%.

Solution: The heat lost by the iron must be equal to the
heat gained by the water, One solves for the heat lost by
the iron by multiplying the number of grams of Fe by the
number of degrees the temperature dropped by the specific
heat of iron. The specific heat of a substance is defined
as the amount of heat energy required to raise the tem-
perature of 1 g of a substance by 1°C. The specific heat
for iron is .108 cal/g°C.Let t = the final temperature of
the system.

amount of heat lost by the iron = ,108 cal/g-°C x 20.0 g
=x (95.0°C - t)

The amount of heat gained by the water is the specific

heat of water multiplied by the weight of the water
multiplied by the rise in the temperature. The specific heat
of water is 1.0 cal/g-C°®. Let t = final temperature of the
system.

amount of heat gained by water = 1.0 cal/g-°C x 100 g

x {t = 25°C)



Solving for t:

amount of heat lost by the iron = amount of heat gained by
the water. Therefore,

(.108 cal/g°C) (20.0 g) (95°C-t)=(1 cal/g°C) (100 g) (t-25°C)
205.2 cal - (2.16 cal/°c)t = (100 cal/°Clt - 2500 cal
2705.2 cal =(102.16 cal/°C)t

2705.2 cal _ _ 4
. ca

26.48°C = t.

o PROBLEM 487

A container has the dimensions 2,5 m x 50 cm x 60 mm.

If it is filled with water at 32°F, how many kilocalories
will be necessary to heat the water to the boiling point?
(212°F)

Solution: A kilocalorie is defined as the amount of heat
necessary to raise the temperature of 1 kg of water 1°C.
Thus, to solve for the number of kilocalories necessary,

one must first solve for the number of grams present and

the number of °C that the temperature is raised., One

cubic cm of water weighs 1 gram. Thus, if one solves for

the volume in terms of cubic centimeters, the weight is then
quickly determined. One can solve for the volume in cubic
centimeters after converting the lengths of dimensions to
centimeters. 1 m = 100 cm, therefore 2.5 m = 250 cm.

I1f 1 em = 10 mm,then 60 mm = 6 cm.
Solving for the volume:
volume = 250 cm % 50 cm x 6 cm = 7,50x 10" cc.

Therefore, the weight of the water is 7.5 x 10* g.
1 kg = 1000 g, thus 7.5 x 10" g = 75 kg,

To convert from °F to °C one uses the following
formula:

°c = 5/9 (°F - 32)

Solving for °C when t = 32°F:

°c = 5/9 (32 - 32) = 0°C.

When t = 212°F,

°Cc = 5/9(212-32) = 5/9(180) = 100°C,



Therefore, the change in temperature is 100° - 0°
or 1l00°C.

Solving for the number of kilocalories needed:

no. of Kcal = %E‘-%;-l x 100°C x 75 kg = 7.5 x 10° Kcal.

¢ PROBLEM 488

The following reaction using hydrogen and oxygen is carried
out in a bomb calorimeter: 2H;(g) + 0:(g) = 2H:0(1).

The following data are recorded: Weight of water in
calorimeter = 2,650 kg., Initial temperature of water =
24.442°C., Final temperature of water after reaction =
25.635°C., Specific heat of reaction vessel is

0.200 Kcal/°C-kg, the weight of the calorimeter is 1.060
kg, and the specific heat of water is 1.00 Kcal/*C-kg,
calculate the heat of reaction. Assuming the 0.050 mole
of water was formed in this experiment, calculate the
heat of reaction per mole of liquid water formed. Neglect
the specific heat of the thermometer and stirrer.

Solution: The heat emitted during the reaction must be
equal to the heat absorbed by the system, including the
water and the reaction vessel. Therefore, the heat of re-
action can be found by calculating the heat absorbed by
the water and the heat absorbed by the reaction vessel.

1) To find the heat absorbed by the water one must
be concerned with the specific heat of water, the amount of
water present and the number of degrees the temperature
is raised. The specific heat is defined as the number of
kilocalories absorbed when a kilogram of mass is raised
one degree. The specific heat of water is 1 Kcal/kg-*C.
To find the total heat absorbed by the water, the weight
of the water and the number of degrees that the temperature
is raised must be multiplied by the specific heat.
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Number of Kcal absorbed by water = 2.650 kg x 1 kg/'c - kg
x (25.635° - 24,442°C)
= 3,161 Kcal,

2) To determine the number of Kcal absorbed by the
reaction vessel a similar procedure is used., The specific
heat of the vessel is multiplied by the weight of the

vessel and the number of degrees the temperature was
raised.

Number of Kcal absorbed by the reaction vessel =
= 1.060 kg = 0.200 Kcal/kg-° = (25.635° - 24.,442°)
= 0,253 Kcal.

3) The heat of reaction is the sum of the heat
absorbed by the water and the reaction vessel.

heat of reaction = (3,161 + 0.253)Kcal = 3,414 Kcal.

A ratio can be set up to determine the heat of reaction per
mole of Hz0(t) if 3.414 Kcal is the heat of reaction of
0.05 mole of water. The heat of reaction of 1 mole of water
will be related to one as 3.415 Kcal is related to 0.05
moles. Let x = the heat of reaction of 1 mole of water.

3.415 Kcal _ x
0.05 mole I mole

x = 68,3 Kcal.

Therefore the heat formed when one mole of water is
formed is 68.3 Kcal.

ENTHALPY

® PROBLEM 489

Determine AH® for the following reaction of burning ethyl
alcohol in oxygen:

C:HsOH(L) + 302(g) -+ 2C0:{g) + 3H.0(L)

dﬂg of C,H,0H(L) = = 65.9 Kcal/mole
AH; of C0;z{g) = - 94,1 Kcal/mole
AH; of H;0(k) = -~ 68,3 Kcal/mole

—
Solution: The heat reaction (AH®) may be found from the

heats of formation (8HZ ) by subtracting the sum of the heats
of formation of all reactants from the sum of the heats of forma-
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AH® = [2x(-267)+(-94.1)]-[3x(-197)+-26.4)]

= =~ 10.7 Kcal.

b) Fe;0.(s) + CO(g) + 3FeO(s) + CO;{g)
4H® = (3xAH® of FeO+ AH® of COi) - (4H° of FesO. + AH® of CO)
AH® = (3x(- 63.7) + (- 94.1)) = ((- 267) + (- 26.4))

= 8.2 Kcal.

c) Fed(s) + CO(g) - Fe(s) + CO:l(g)
4H® = (AH® of Fe + 4H® of CO:z) - (4H® of FeD + AH® of CO)

The 4H? of any element is 0. Thus,the AH® of Fe is O,
AH® = (0 + (- 94.1)) - ((- 63.7) + (- 26.4))

= - 4.0 Kcal.

® PROBLEM 401

Given the following reactions:
5(s) + Oz(g) =+ 50:(g) AH = - 71.0 Keal
502 (g) + %02(g) + S0i(qg) AH = = 23,5 Keal
calculate AH for the reaction:
S(s) + 130,(g) + s01(q)

Solution: The heat of a given chemical change is the same
whether the reaction proceeds in one or several steps;

in other words, the energy change is independent of the
path taken by the reaction. The heat for a given reaction
is the algebraic sum of the heats of any sequence of re-
actions which will yield the reaction in guestion. For this
problem, one can add the 2 reactions together to obtain
the third. The AH is found for the third reaction by adding
the AH's of the other two.

AH = - 71.0 Kcal
+ AH = - 23,5 Kecal
- 54.5 Kecal

S5(s) + 0z2(g) =+ S0:(g)
+ S02(g) + %0.(g) + SO;(qg)
S{s} + 0,(g] + S0,(g) + %0:({g) =+ S0,(g) + S0:(g)

This equation can be simplified by subtracting 50:(g)
from each side and adding 0; and &§ O: together. You have,
therefore

S(s)+[02(g)+40; (q)] +50:2 (g) -S02 (g) +50: (g) +S0: (g} -S0: (g}
or S5(s) + 1%0:(g) =+ S0:iq)
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The 4H for this reaction is - 94.5 Kcal, as shown
above.

* PROBLEM 492

9 = - © - - =
Given that 8H3, () 94.0, BB, () 26,4, 8H3 o o)

- 68.4 and n“a:otgl = = 57,8 in Kcal/mole, determine the

heats of reaction of (1) co(g) + %0:(g) + CO:(g},
(2) Ha(g) + %02(g) = Hz0(L) and (3) H,0(L) - H20(g).

Sclution: To solve this problem, you need to know what
heat of reaction means and how to determine it guantitati-
vely. The heat of reaction may be defined as the heat
released or absorbed as a reaction proceeds to completion,
It is measured gquantitatively from the heats of formation
of products minus heats of formation of reactants. Namely,

o o ° -
heat of reaction, A&H a“products aH;eactants‘ (Note:

By convention, the AH® of any element is defined as being
equal to zero.) You proceed as follows:

(1) AH® = AHS

Co:(g) ~ *Heo(g) " 43, (g)

- 94 = (- 26.4) - K(0) = - 67,6 Kcal/mole,

(2) 8K = &HG gy = BHR. (o) = WAHG. (o)

- 68,4 - 0 - 5(0) = - 68,4 Kcal/mole,

= el - -]
(3) &H® = 8Hy 4(g) ~ 2HR,0(2)

- 57.8 - (- 68,4) = + 10,6 Kcal/mole,

e PROBLEM 493

You are given the following reactions at 25°C:
2MaHCO, (8) + Na,CO;(s) + COz(g) + H0(R), AH =

30.92 Kcal/mole. AHQ, oy (g) = = 270.3, 6H?:O:(q) -

- 94,0 and bHEIO‘L) = - 68,4 Kcal/mole, what is the

standard enthalpy of formation for NaHCO,(s)?

Solution: The AH® for a reaction is an indication of the
amount of heat released (or absorbed) when the reactants
are converted to products. In general, AH®° for a reaction
will be the sum of the heats of formation of products
minus the sum of the heats of formation of reactants, each
of which is multiplied by its coefficient in the equation.
Because you are given this sum and the AH® (heats of
formation) of all products, the standard enthalpy of
formation of NaHCO, can be found, Proceed as follows:
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- -] o - -3
8H® = AHQ, co,(s) * %830, (q) * YHf.0(n) T 2MNanco, (s)
Substituting known values,

30.92 = (= 270,3) + (- 94.0) + (- 44,8) - znﬁgaHCO,(s}'

Solving for ﬁH§aHCDg(sJ' you obtain
“HﬁaHCD;(sJ = (= 270.3 - 94.0 -~ 44.8 - 30.9)/2

= - 440.0/2 = - 220.0 Kcal/mole,

which is its standard enthalpy of formation.

* PROBLEM 494

Calculate the standard enthalpy change, 4H% for the
combustion of ammonia, NH;{g), to give nitric oxide, NOlg),
and water H,O0(L). The enthalpies of formation, MIE, are

- 68.32 Kcal/mole for H:0(L), - 11.02 Kcal/mole for WH;(g),
and 21.57 Kcal/mole for NOl(g).

Solution: The enthalpy change, AH, refers to the change
In heat content between the products and the reactants of
a chemical reaction. The symbol AH® is the enthalpy change
for a reaction in which each reactant and product is in
its standard state at a specified reference temperature
(the common reference temperature is 25°C).

The standard enthalpy of formation, AHZ, of a sub-

stance is defined as the change in enthalpy for the re-
action in which one mole of the compound is formed from its
elements at standard conditions.

For any chemical reaction, the change in enthalpy,
AH, may be expressed as

BH eaction = IHproduct.s - EHreactants

{where the symbol }H means the summation of the enthalpies
of each substance).

To solve this problem, one must first write and
balance the equation for the combustion of NH;(g):

4 NHs(g) + 502(g) =+ 4NO(g) + & H,0(1)

From the balanced equation, one knows that 4 moles of
NH; (g) reacts with 5 moles of 0;(g) to form 4 moles of
NO{(g) and 6 moles of H;O(&). For the combustion of 4 moles
of NH;(g):

4 4 |- 11.02 55%%] = - 44,08 Kcal

© AR Ny (@) T o

473



Heat of formation may be defined as the heat absorbed
or evolved in the synthesis of one mole of a compound from
its elements, all components being in their standard states.

The heat of reaction is the sum of the heats of
formation of the products minus the sum of the heats of
formation of the reactants. In other words,

anreaction = I'!‘Hfe:nv.-n'l.al:j.on of products
- JaH :
formation of reactants
Therefore, for the hydrolysis of urea to CO: and NHj
o o - o i1
bW, caction = [‘m £,co, 20 NH,) [mf,ﬂgu-co-m:; + bHg H;o]

Given these values, one can substitute to obtain:

AH = [(- 98.69 - 2 x 19.32) - (- 76.30 - 68.32))

reaction
From this equation one obtains

AH = 7.29 Kcal/mole.

reaction

® PROBLEM 496

Using the data from the accompanying figure, calculate
the heat of reaction for the following process at 25°C:

a) CaCls (s) + NazCO;(s) = 2NaCl(s) + CaCO;(s)

b) H;50,(1) + 2NaCl(s) — Na;SO, (s) + 2HCl(g)

Standard Heats of Formation, AH",
in keal/mole at 25°C.

Substance AH®

CaCl2 (s) -190.0
Nazcoa (s) | -270.3
NaCl (s) -98.2
CalCO3 (s) -288. 4
H2w4 1)) -193. 9
HCI () -22.1
N:tzS)4 (s) | -330.9




Solution: Calculate the amount of heat released (or

sOr ) from the heats of formation. 1In general, AH for
a reaction will be the sum of the heats of formation of
products minus the heats of formation of reactants, each
of which is multiplied by its coefficient in the equation.
Once AH is determined, AE can be found from AE =4H - (An)RT,
where &n = change of moles, R = universal gas
constant and T = temperature in kelvin (Celsius plus 273°)

Proceed as follows:
(a) caCl, (s) + Na,CO, (s) - 2NaCl(s) + cacCo, (s)
Thus,

- o ° o ARO o
AH 288 Nacl(s) * AH CaC04(s) aH CcaCl,(s) - AR Na,C0,(s)

= 2(=98.2) + (-288.4) ~ (-190,) - {270.3)

= -24,5 Keal/mole,

AE = AH - AnRT. But, in this reaction, no gases
appear. This means AnRT becomes zero. As such, AE = AH =
=24.5 Kcal/mole.

(b) H,SO, (1) + 2NaCl(s) + Na, 50, (s) + 2HCl(g)

AH = AH® + 2AH° - AH° °
Na, 50, (s) HC1(g) 8,80, (1) = 208°y,01 (g)

= (~330.9) + 2(=22.1) - (-193.9) - 2(-98.2) = #15.2 kcal/mole

AE = heat of reaction = AH - (An)RT.
A gas, HCl, is involved in this reaction.
&n = moles products - moles reactants = 2 - 0=2

T = 25 + 273 = 298°K;R is in terms of cal. and AH in terms
of Kcal, so that you must use the conversion factor of
1Kcal/1000 cal.

Thus, AE = =15.2 - (2)(1.987)(298) (1/1000)
= = 15.2 - 1,2

= - 16.4 Kcal/mole.

® PROBLEM 497
—————

Using the data from the accompanying table find the enthalpy
change for the combustion of a mole of C;H,(g) to form CO;(g)

and H:0(g) at 298°K and 1 atm standard state conditions.
—
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Solution: When a chemical reaction occurs heat is usually
absorbed or given off to the environment. This means

that the enthalpy or heat content of the system will also
change. If one knows the enthalpy change cf the combustion
of each reactant and product, one can find the change in
enthalpy of a reaction. The reaction in this problem can
be written as

Ca:Hy (g) + 302(g) + 2C0,(g) + 2H:0(g)
For the reaction,

AH = JAH

combustion products ~ EM{):‘em: tants.

Remembering that the enthalpy change for the formation of
gegnhzgfnnt (i.e. 0,) in its standard state is zero, one

4H = 28H + 28 -4H - 384
combustion co, 0 CH, 0,

= 2(-394) + 2(-242) - (52) - 3(0)
= =1324 KJ

Enthalpies of formation in
kilojoules per mole from

the elements for various
compounds at 298°%k and 1 atm
pressure

Compound | AH

CZH 4 (g) + 52

co, (@ -394
H,0 (8) -242
0, (8 0

o PROBLEM 498

Calculate the quantity of heat required to (a) convert a
liter of H:0 at 30°C to a liter of water at 60°C, and
(b) heat a 1 kg block of aluminum from 30° to 60°C,
Assume the specific heat of water and aluminum is, re-
Lspactively, 1 cal/g°C and ,215 cal/g°C.

Solution: When heat is added to a mass of unspecified
substance, the temperature will rise. The quantitative
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relationship between the guantity of heat, expressed in
kilocalories, and the rise in temperature - provided

there is no phase

change - is:

gquantity of heat = mass x specific heat x AT,

where AT is the change in temperature and the specific
heat equals the amount of heat required to raise the
temperature of 1 g of any substance by 1°C,

(a} To find the mass of H:;0, remember that density =
mass/volume, and the density of H:0 is one, Thus, mass =
(1 liter H:0) (1000 ml/liter) (1.00 g H20)/ml. H:20),

Therefore,

quantity of heat = (mass)(specific heat){(a T)

specific

mass
= 1000 g
heat = 1 cal/g’C
aT = (60 - 30)%

= 30%

= (1L H;0)(1000 m /L) (1 g/ml)

quantity of heat = (1000 g)(1 cal/g°c)(30%%)

30,000 cal = 30 Keal

(v) A similar calculation can be used to determine the
amount necessary to raise the temperature of the aluminum

from 30 to 60°C.

specific

mass = (1 kg Al)(1000 g/kg)
heat = .215 cal/g°C
AT = (60 - 30)%
= 30%

= 1000 g

quantity of heat = (1000 g)(.215 cal/g%c)(30°)

= 6450 cal = 6.45 Keal.

® PROBLEM 499

In a pound-for-pound comparison, which would you prefer
as a rocket fuel, hydrogen (H:) or dimethylhydrazine
(CHy) 2NNH2? H2(g) + %0:2(g) + H20(%), &H = - 68,3Kcal/mole
(CH3) 28NNH> +40:(g). = N2(g) + 4H:20{(g) + 2C0:(g), AH =

- 404,9 Kcal/mole.
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Solution: The material that is the better fuel will
Telease more energy per unit weight in its reaction with
oxygen. Calculate the energy released per unit weight for
H: and (CH3)zNNH;., You can do this by using the heats of
formation and enthalpy changes given. Calculate the total
mass or weight of materials from moles that react and
divide the AH by it to obtain the amount of energy re-
leased per unit weight.

For hydrogen:

1 mole of H; reacts with % mole of oxygen (1 mole
H;) (1.008 g H/mole Hz) + (% mole 0:) (16,00 g 0:/mole O:}=
1.008 g + 8.00 g = 9.01 g. AH = - 68,3 Kcal. Thus,

- 68.3
-wr— 7.58 Kcal/g.

For dimethylhydrazine:

[1 mole (CHi):NNH;][60.10 g (CH,).NNH:;/mole
(CH;) ;NNH2] + (4 moles 0;) (16.00 g. O, /mole 0;) =
60.10 g + 64.00 g = 124,10 g. AH = - 404.9. The amount
of heat released per unit weight with (CH;) ;NNH: + O;=

- 404.9 Kcal

= = 3,26 Keal/g.
Toe /5

Hydrogen yields over twice as much energy per gram
of fuel mass, and is thus preferable in this respect.

® PROBLEM 500

Calculate an; for the combustion of methane, CH.. The
balanced reaction is

CH. (g) + 202(g) + CO2{g) + 2H,0(%)
AHY in KCal/mole=-17.89, 0 , =-94.05 , 2(-68.32)

Solution: nﬂ; is the Standard Enthalpy Change of Reaction.
Standard conditions are defined as 25°C and 1 atm.

Enthalpy is the heat content of a system. If the
overall change in enthalpy is negative, then heat is
given off to the surroundings and the reaction is called
exothermic. When the change is positive, heat is absorbed
and the reaction is endothermic. Endothermic compounds
are often unstable and can sometimes explede. An endo-
thermic compound, however, is a more efficient fuel
because, upon combustion, it yields more heat energy.

AH; is calculated using the enthalpies of
formation, an;. The sum of enthalpies of formation of
products minus the sum of the enthalpies of formation of
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The question asks for AH by unit weight and volume.
Therefore,AH by unit weight =

AH® - 526 KJ _ _
mol.wt.CO + mol.wt.H: 30 g = - 17.5 X/g.

The sum of the molecular weights of CO + H: is 30.
To find AH by molar volume, note that two molar volumes
are involved, one from H: and one from CO, which means

AH

8H by volume = C— o Volumes

- 526 KJ
= ¥ molar volumes = 263 KJ/molar volume.

An analogous method is used for methane. The reaction
is CHy + 0; + CDz(g) + 2H:0(g).

AH® = = 394 + 2(- 242) - (- 75) = - 803 KJ

The molecular weight of CH, = 16, Therefore,

- B03 KJ
= = = 50,2 ¥KJ/q.
AH per unit weight TEg /9
The only molar volume is that of methane. Then
AH <« - 803 KJ
molar volume 1

The comparative heats can thus be related as

263 _ ;gj by volume and l;.ﬁé = .'.%2 by weight.

e« PROBLEM 502

A common rocket propellant is a mixture of one part liquid
hydrazine (N:H,) as fuel and two parts liquid hydrogen
peroxide (H;0,) as oxidizer, These reactants are hypergolic,
that is, they ignite on contact. The reaction proceeds
according to the eguation

N:H, (L) + 2H20: (L) + Na2(g) + 4H:0(g).
If reactants are mixed at 25°C, what is the heat of reaction?
v

Solution: We will make use of the following expression for
the heat of reaction at 25°C (298°K), "5“593:

ﬁH§98 = sum of heats of formation of products
- sum of heats of formation of reactants.

Denoting the heat of formation of species s by an; s this
r ’
becomes
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AE® = AH® - AnRT AH® = - 279.40 Kcal
An«= 5 moles
R = 1.99 cal/mole-°K
T = 298°K

1000 cal

a - (- 5 mole

AE® = - 279.4 Kcal x [

x 1.99 cal/mole °K » 298°K)

= - 279,400 cal + 2965 cal
= - 276,435 cal = - 276.4 Kecal.

(b) H2S5(g) + 1%0:(g) = SO:(g) + H,0(%)
4H® = - 134.0 Kcal

4H® should be expressed in calories

AH® in cal = - 134.0 Kcal x 1000 cal/l Kcal
= - 134,000 cal

in = (no. of moles of 50;)- (no. of
moles of H:S + no. of moles of 0;)

An = (1 mole of SO;) - (1l mole of H3S + 1 % moles of 03)
= (1) = (1 + 1%) = - 1.5 moles

R = 1.99 cal/mole °K

T = 298°K

AE® = AH® = AnRT
= - 134,000 cal - (- 1.5 moles x 1.99 cal/mole®K x 298°K)
= = 134,000 cal + 890 cal

= - 133,110 cal = - 133.1 Kcal.

s PROBLEM 508

Calculate AH for the reaction at 25°C.

co(g) + kOz(g) + CO:ilg) AE = - 67.4Kcal.

Solution: The change in enthalpy (AH) is defined by the
first law of thermodynamics as the sum of the change of the
internal energy (AE) and the work done by a particular
system. Work is defined as the product of the pressure (P)
and the change in volume (AV) of a system, where only
pressure-volume work is done. Much of the experimentation
done by chemists is pressure-volume work because the work

489



is usually done in an open container in the laboratory.
The pressure, in this case, is constant and the volume of
the materials is allowed to change.

AH = AE + PAV

In this problem, one is given AE but not P or AV,
so that one must calculate PAV in some other way. The
Ideal gas Law is defined as:

PAV = AnRT,

where P is the pressure, AV is the change in volume, An

is the change in the number of moles reacting, R is the gas
constant (1.99 cal/mole-°K), and T is the absolute tem-
perature. Here, one knows R and can calculate T and An.
Therefore, AnRT can be substituted for PAV in the equation
to find AH. An is found by subtracting the number of moles
reacting from the number of moles formed as products. Here,
1 mole of CO and 0.5 mole of 0 form 1 mole of CO:.

An = 1 mole COz - (1 mole CO + 0.5 mole 0:)
= - 0.5 mole.

The absolute temperature is found by adding 273 to
the temperature in °C.

T = 25 + 273 = 298°K.
Therefore, AnRT = (- 0.5 mole) x 1,99 cal/mole-°X x 298°K
= - 0.3 Kecal.
One is now ready to find AH, via substitution.
AH = AE + AnRT
AE = - 67.4 Kcal
ARRT = - 0.3 Kcal

4H = - 67.4 Kcal + (- 0.3 Kecal) = - 67,7 Keal.

® PROBLEM 509
I

The equation for the burning of naphthalene is

CioHe(s) + 1202(g) + 10CO; + 4H;0 (2). For every mole of
CioHs burned, - 1226.7 Kcal is evolved at 25° in a fixed-
volume combustion chamber. AH® for H;0(L) =

- 64.4 Kcal/mole and H:0 (g) = - 57.8 Kcal/mole, Calculate
{a) the heat of reaction at constant temperature and

{b) AH for the case where all of the H;0 is gaseous,.

Solution: This problem deals with the heat evolved



when a compound is heated with oxygen to form carbon
dioxide and water (the heat of combustion)}. The heat of
reaction, or combustion in this case, AH, is given by
the formula AH = AE + AnRT, where AE = amount of heat
released per mole, An = change in moles, R = universal
gas constant and T = temperature in Kelvin (Celsius plus
273°). Thus, to answer (a) substitute these values and
solve for AE. An is moles of gas produced - moles of gas
reacted, which is 10 moles- 12 moles= -2 moles based on
the coefficients in the equation. T = 25° + 273 = 29B°K.
Use R in terms of kilocalories. As such

AH = = 1226.7 kcal + (~ 2 moles) (1,987 cal/mole °K)
(298°K) {1 Kcal/1000 cal)

= - 1226.7 - 1.2 = - 1227,% Kcal/mole.

To find (b), note that the reaction is the same,
except that H;0 is gaseous not liquid, You have, there-
fore, 4H;0(1lig) -+ 4H,0(g). The 4H, change in enthalpy,
for this conversion is 4AH®(liqg) -4H°A(g) of H:0 =
4(- 57.8) - 4(- 68,4) = 42.4 Kcal/mole, It follows,then,
that the resulting

AH = - 1227.9 + 42.4 = - 1185,5 Kcal/mole,

e PROBLEM 510

In the reaction, CaCO:{s) -+ CacCo(s) + CO:(g) at 950°C
and CO: pressure of 1 atm, the AH is found to be

176 kJ/mole. Assuming that the volume of the solid phase
changes little by comparison with the volume of gas
generated, calculate the AE for this reaction.

Solution: To solve this problem, you must know that AE,
e change in energy, can be related guantitatively to
the change in enthalpy, AH, the pressure (P) and the
change in volume (AV), by the formula AE = AH - PAV.
This egquation means that if heat is added to a system at
constant pressure, part of it goes inte increasing the
internal energy of the system (AE} and the rest is used
to do work on its surroundings, PAV. Therefore, the total
of both AE and PAV is the heat content of the system, AH.
To solve the problem, therefore, you need only substitute
in the wvalues for P, AV and AH.

8v = vproducts - vreactants

There is little change in the volume of the solid
by comparison with the gas. This means, therefore, that

AV is approximately equal to vgas‘ vgas can be found from

the equation of state; PV = nRt or V = nRt/P, where n =
number of moles, P = pressure, R = universal gas constant
and t = temperature in Kelvin (Celsius temp + 273 ). From
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the reaction, 1 mole of CO; gas is produced, thus n = 1,
R is defined as being equal to 8.31 J mol™! deg-'. You
are given P and t. Therefore

v = L(8.31) (1223)

= 10,2 kJ
Recalling, AE = AH = PAV, you have

AE = 176 - 1(10,2) = 166 kJ,

® PROBLEM 511

You have the reaction H;0(i) -+ H;0(g). For both states,

1 mole of water is at 100°C and 1 atm pressure, The volume
of 1 mole of water = 18 ml, AH = 9710 cal/mole and there
are 24.2 cal/liter-atm, Calculate the work done in this
conversion and the value of AE,

Solution: 1In the conversion from liquid water to steam,
the pressure and temperature remain constant, work (w) =
P (pressure) times AV(change in volume), You are given
the pressure.

To find the volume, note AV = volume of gas - volume
of liquid. Thus, to find the work done in the conversion,
find the volume that the steam occupies. This can be done
by using the equation of state, which indicates PV = n RT,
where P = pressure, V = volume, n = moles, R = universal
gas constant and T = temperature in Kelvin (Celsius plus
2739), You know all values, except V, Substituting and re-
writing,

n RT _ (1){.0821) (373) _
V= g e 30,62 liters.

This is the volume of the steam., The volume of the
liquid = 18 ml or .018 liters, Thus, AV = 30,62 - ,018B =
30,602 2 and w = work = (1 atm) (30,602 liter) =
30.602 liter-atm, 24,2 cal, exist per liter-atm. Thus,

w = work = 24,2 cal/liter-atm = 30,602 liter-atm =
740,56 cal, To find AE, remember that AE = AH - PAV,
where AE = change of energy, AH = change of enthalpy
and PAV = work, which was calculated. You are given AH,
therefore

AE = 9710 cal - 740.56 cal = 8969 .44 cal.

® PROBLEM 512

A chemist expands an ideal gas against a constant ex-
ternal pressure of 700 mmHg, and finds its volume changes
from 50 to 150 liters. He finds that 1.55 Kcal of heat
have been absorbed in the process. Determine the internal
energy change that took place. 24.217 cal = 1 liter-atm,
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Solution: The internal energy change of a system at
constant pressure is given by the formula AE = AH -~ PAV,
where AE = change in internal energy, AH = enthalpy or
heat absorbed or released, P = pressure and AV = change
in volume.

In this problem, AV = 150 - 50 = 100 liters. The
pressure, in atms, = (700 mm) (1 atm) /(760 mm) = ,921 atm,
To convert, liter-atm to kilocalories, multiply by 24,217
cal./liter-atm and then multiply by Kcal/1000 cal,
Therefore,

AE = 1,55 Kecal - (.921 atm) (100 £) (24,217 cal/liter-atm)

(Kcal/1000 cal)
= 1,55 - 2,23 = - ,68 Kcal.

o PROBLEM 513

Exactly one mole of gaseous methane is oxidized at fixed
volume and at 25°C according to the reaction

CHy (g) + 20;(g) = CO:{(g} + 2H,0(1L).

If 212 Kecal is liberated, what is the change in enthalpy,
AH?

Solution: We must first find the change in internal
energy, AE, before applying the equation,

AH = AE + ARRT,

to find the enthalpy change (An = number of moles of gaseous
products - number of moles of gaseous reactants, R =
1.987 cal/deg-mole, T = absolute temperature).

Since heat was evolved (exothermic reaction}, AE
must be negative. Furthermore, since no useful work was
done (AV # 0 if work is done), AE is equal in magnitude to
the quantity of heat evolved. Thus AE = - 212 Kcal. Since
there is one mole of gaseous product (1 CO:2(g)) and three
moles of gaseous reactants (20;(g) + 1 CH.(g)}, &n =
1 - 3=~ 2 mole. The absolute temperature is T = 25 + 273 =
298°K. Hence

AH = AE + AnRT
= - 212 Keal + (- 2 mole) (1,987 cal/deg-mole) (298°K)
= - 212 Kecal - 1180 cal

= - 212 Kcal - 1.180 Kecal

ie

213 Kcal.
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® PROBLEM 514

. I
For the following exothermic reaction at 25°C,

CeHe (L) + 74 02(g) + 6COa2(g) + 3H.0(1),

the change in energy, AE, is - 780 Kcal/mole. Find the
change in enthalpy, AH.

—

Solution: The solution is based on the following
equation for the enthalpy change

AH = AE + AnRT,

where An is the number of moles of gaseous products minus
the number of moles of gaseous reactants, R is the gas
constant (1.987 cal/deg-mole), and T is the absolute tem-
perature. Since there are 6 moles of gaseous products
(6C02(g)) and 7% moles of gaseous reactants (7%0:(g)),

An = 6 - 7% = = 1.5. The absolute temperature is T =

25° + 273 = 29B°K.

Hence, AH = AE + AnRT

= - 780 Kcal + (- 1.5 mole) (1.987 cal/deg-mole)x
(298°K)

= - 780 Kcal - 888 cal

= - 780 Kcal - 0,888 Kcal

e

- 781 Keal.

HEATS OF FUSION AND VAPORIZATION
® PROBLEM 515

It is known that the heat of vaporization of water is 5 times
as great as the heat of fusion. Explain this fact.

Solution: The heat of vaporization is the quantity of heat
necessary to vaporize 1 g. of a liquid substance at its
boiling point at constant temperature. The heat of fusion
is the quantity of heat necessary to liquafi 1 g.of a
solid substance at constant temperature at its melting point.
With this in mind, let us consider what goes on in each of
these phase changes. The volume-increase of the gas in
going from a liquid state to a vapor state is much greater
than the volume-increase accompanying a solid to liquid
transformation. When you increase volume, work is required
to overcome the existing external pressure that hinders the



Total amount of heat absorbed = 3200 cal + 40 t cal
= (3200 + 40 t) cal.

To find the amount of heat lost by the 100 g of
water at 60°C, when it is cooled to a new temperature, t,
the specific heat of water is also used. Here, it means
that for every gram of water that is lowered one degree,
1 calorie of heat is released. Therefore, to find the
amount of heat released by this water, the specific heat
will be multiplied by 100 g, the amount of water present,
and by 60-t°, which is the number of degrees that the tem-

perature will drop.
(60-t)° x (1 cal/g~degree) = (100 g) = (6000 - 100t)cal.
To calculate t, one must set the amount of heat
absorbed by the ice equal to the amount of heat lost by
the water at 60°C.
amount of heat absorbed = amount of heat lost
amount of heat absorbed = (3200 + 40 t) cal
amount of heat lost = (6000 - 100 t) cal
(3200 + 40 t) cal = (6000 - 100 t) cal
140 t = 2800 t = 20°

Therefore, the final temperature is 20°C,

® PROBLEM 519

Determine the guantity of heat required to convert 10 g of
ice at 0°C to vapor at 100°C. For water, heat of fusion =
80 cal/g, heat of vaporization = 540 cal/g, and specific
heat = 1 cal/g -°C.

Solution: Heat is absorbed when ice is transformed from
the solid to the liquid state. The heat absorbed when 1 g
of solid melts is called the heat of fusion. The heat of
fusion for water is 80 cal/g. In calculating the amount of
heat needed to raise the temperature of the liguid water,
the specific heat must be used. The specific heat is de-
fined as the number of calories of heat necessary to raise
the temperature of a gram of a substance 1°C, The specific
heat of water is 19, thus 1 calorie is needed to raise the
temperature of 1 gram of water 1°C. The gquantity of heat
necessary to convert 1 g of a liguid into a vapor is termed
the heat of vaporization. For water, 540 calories are ne-
cessary to change 1 g of liquid water at 100°C into vapor
(steam) at 100°C.

In this problem three steps are involved.



Therefore, 7200 calories are needed to melt 10 g of
ice, heat it to 100°C and vaporize it to steam.

e PROBLEM 520

500 g of ice at 0°C is added to 500 g of water at 64°C.
When the temperature of the mixture is 0°C, what weight
of ice is still present? Heat of fusion of H:0 = 80cal/g.

Solution: The amount of heat used to melt the ice is
equal to the amount of heat lost by the water. The amount
of heat lost by the water is determined by using the
specific heat of water. The specific heat of water is

1 cal/g-degree. This means that for each gram of water
cooled 1ldegree, 1 calorie of heat will be evolved. Here,
500 g of H,0 is lowered 64° - 0° or 64°, The heat evolved
by the water can now be found.

no. of calories evolved = 1 cal/g-degree x 500 g x 64°
= 32000 cal.

The heat of fusion is the gquantity of heat necessary
to ligquefy 1 g of a solid substance at constant temperature
at its melting point. Therefore, if the heat of fusion of
water is 80 cal/g, then it takes 80 cal to melt one gram
of ice. You found that 32000 calories are absorbed by the
ice. The weight of ice melted by 32000 cal is found by
dividing 32000 cal by 80 cal/g.

no. of grams of ice = %ggggisgi = 400 g

Thus 400 g of the ice is melted. Originally, there
was 500 g of ice, therefore 100 g of ice is left.

& PROBLEM 521

Determine the heat needed to raise 60 g of Pb from 20°C
to 360°C, given its specific heats are 0.0306 (solid) and
0.0375 (liquid). Its heat of fusion is 5.8B6 cal/g; its
melting point is 327°C.

Solution: There are three heats involved in finding the
amount of heat absorbed in raising the temperature of Pb
from 20°C to 360°C. First, the amount of heat absorbed in
raising the temperature of the solid from 20°C to 327°C
(its melting point); then, the amount of heat absorbed in
melting the compound; last, the amount of heat absorbed in
raising the temperature of the liquid from 327°C to 1360°C.
The heat absorbed in these three processes are added to-
gether to find the amount of heat needed to bring Pb from
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various
substances al the
temperatures indicated.

H,O() o2 239°K  33.30
H,Ol) at 271°K  37.78
H,00) ot 273°K  75.86
H,0() at 298°K 7523
H,0{) os 373'K 7590
H,0(g) at 383°K 3628

Solution: Enthalpy is an indication of the changes in
heat content of a system due to changes in the system, To
solve this problem, one must be aware that in going from
ice at - 10°C to water at 15°C, three things happen:

(1) the ice is heated, (2) the ice is melted, (3) the
liguid is heated, For the heating processes, (1) + (3),
the change in enthalpy is quantitatively related to the
heat capacity, cp, and the change in temperature, AT by

the relation is AH = C_AT. C_, the heat capacity, is de-

fined as the amount of heat regquired to raise one mole of
material by one degree. The melting process, (2}, is ex-
pressed in terms of the molar heat of fusion, which is the
amount of heat necessary to melt one mole of scolid. The
summation of the heat involved in all three processes will
give the change in enthalpy. Because each step is defined
in terms of moles, one must first calculate the number of
moles involved. The molecular weight of H.0 is 18, There-
fore, there are 100/18 or 5.55 moles of H:0 in 100 g.
Thus,

(1} To heat ice, one needs,

(5.55 moles) (37,78 J mol~! deg~') (10 deg) = 2,100 J
(2) To melt ice, one requires

(5.55 moles) (6.02 kJ/mole) (1000 J/kJ)} = 33,400 J
(3) To heat liquid, one needs

(5.55 moles) (75.86 J mol™ ' deg~!) (15 deg) = 6,300 J.
The total increase in enthalpy is

AH = 2,100 + 33,400 + 6,300 = 41,800 J,



CHAPTER 15

THERMODYNAMICS I

Basic Attacks and Strategies for Solving Problems
in this Chapter. See pages 503 to 538 for step-by-
step solutions to problems.

The Second Law of Thermodynamics is not nearly as easy to state as the
First Law, but is nonetheless very important in understanding how spontane-
ous changes occur. For example, the First Law is satisfied when water falls
over a waterfall and the temperature increases to account for the change in
potential energy from the top to the bottom of the waterfall. But the First Law
would also be satisfied if the water went up the waterfall and was simulta-
neously cooled. Experience, of course, indicates that this does not happen; the
Second Law of Thermodynamics provides a formal explanation.

The Second Law of Thermodynamics states that the change in entropy,
defined as

AS = Ag/T 15-1

is positive when contributing to spontaneous change. In Equation 15-1, ASis
the entropy change, Aq is the change in heat (positive, by convention, for heat
entering the system and negative for heat leaving), and T is the absolute
temperature. Unlike enthalpy, there is an absolute zero for entropy —the
elements at OK. Therefore, absolute values of entropy are tabulated for
various compounds — usually at 298K. But entropy change for a reaction is
calculated in the same way as the enthalpy changes.

AS°, =35 . ~%S° .. 15-2
A very important thermodynamic quantity involving both entropy and
enthalpy is called the Gibbs Free Energy (G) or, sometimes, simply the free

energy. It is defined as
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The resulting mole fractions (V, = n/n,) are:

Ny, = .236
Ny, = .709
Ny, = 055
z = 1.000
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Step-by-Step Solutions to
Problems in this Chapter,
“Thermodynamics II”

ENTROPY
® PROBLEM 523

For the following reaction at 25°C

CuO(s) + Hzlgl + Cu(s) + Hzolgl

Values of 5°, the absolute entropies for the substances
are:

CuO(s) = 10.4 cal/mole
H,y(g) = 31.2 cal/mole
Cu(s) = B.0 cal/g-atm
Hy0lg) = 45.1 cal/mole

Assuming standard conditions find out if the reaction will
proceed spontanecusly.

Solution: Entropy change is often used to predict the
spontaneity of a reaction. A process will occur spontan-
eously if there is an increase in entropy i.e. 45° is posi=-
tive.

AB® = s?products] - s?reactants)
For the above reaction
85% = Scu(s) * Shy0(e) T Stuo(s) ~ S, (g)
= (8 + 45.1 - 10.4 - 31.2) cal/deg-mole
= +11.5 cal/deg-mole

AS® is positive thus this is a spontaneous reaction.



¢ PROBLEM 524

When mercury is vaporized at its boiling point at standard
pressure, the entropy change is 20.7 cal/mole-°K, Determine
the boiling point of Hg if the heat of vaporization is

65 cal/g.

Solution: When a process occurs at constant temperature,
the change in entropy, 45, is egual to the heat absorbed
divided by the absolute temperature at which the change
occurs, i.e.,

AS = é% [

where AH is the heat of vaporization {(in this case) and T
is the absolute temperature, T will be equal to the boiling
point of mercury in this problem.

Using this eguation, one can solve for T after either
converting 4H to cal/moles or converting AS to cal/g. Here,
one will convert AH from cal/g to cal/mole by multiplying
AH by the molecular weight of Hg. (MW of Hg = 200.6.)

AH in cal/moles = 65 cal/g x 200.6 g/mole
= 13039 cal/mole

One can now solve for T.
T = i_g 4H = 13039 cal/mole
45 = 20.7 cal/mole-°K

13039 cal/mole

= -]
T 20.7 cal/mole="K 630°K

T in °C = 630 - 273 = 357°C.

® PROBLEM 525

Calculate 45 for the conversion of one mole of ligquid water
to vapor at 100°C. Heat of vaporization = 540 cal/g.

Solution: When a process occurs at constant temperature,

e change in entropy (4S) is equal to the heat absorbed
divided by the absolute temperature at which the change
occurs.

as-“—g

In this problem, one is given 4H and one can find T.



The absolute temperature is calculated by adding 273 to
the temperature in °C.

T = 273 + 100 = 373°K
Because one mole of water is reacting here, and the
heat of vaporization is given in cal/g, one must multiply
the AH given by the molecular weight of water to find the
AH in cal/mole.
The molecular weight of water is 18,
AH = 540 cal/g = 18 g/mole = 9720 cal/mole

One can now calculate AS.

as = 42 AH = 9720 cal/mole
T = 373°K

S = ﬂ}gj_g;_lm = 26,1 cal/mole-°K

The change in entropy, when one mole of water is
vaporized at 100°C, is 26.1 cal/mole-°K.

® PROBLEM 526

A chemist knows that the AH® = 485 kJ for the reaction
2H; (g) + Oa2(g) + 2H,0(g) and that AH® = - 537 kJ for

Hz(g) + Fz(g) - 2HF(g). With this information, he calcu-
lated the AH®° for 2H,0(g) + 2F,(g) = 4HF(g) + 0:(g) and
predicted whether AS® was positive or negative, How?

Solution: Hess' Law states that the net heat change
resulting from a particular chemical reaction is the same,
independent of the steps involved in the transformation.
Thus, AH® of the sum of two reactions equals the sum of
the AH®'s of each reaction, The chemist knows that

(i) 2Hp(g) + 02(g) + 2H;0(g) AH® = 485 kJ
(ii) Ha(g) + Pz2{(g) + 2HF(q) AH® = - 537 kJ

By doubling (ii) and adding to (i), the chemist
obtains the desired equation

2H:0 + 2H: + 02 AH® = +4B5 kJ

2(Hy; + Py + 2HF)  AH® = -2(537)kJ
2H;0 + 2F; =+ 4HP + 02

The AH® for this reaction, according to Hess' Law,
equals



The reaction with the more negative free energy change
will be the more efficient, since it proceeds spontaneously
as written. We will require the following standard free
energies of formation:

AG = - 27,2 Kcal/mole

°
H20: (R)

agﬁznu) = = 56,7 Kcal/mole

ﬁcﬁztg} = AGaz (q) = 0 Kcal/mole

For the first process

Hz (g) + Oz21(g) + H:02(2),

the standard free energy change is

o L] - o
be® = 5Gproducts Ie“';mai::i::mt:a

= 86, 0,(0) "~ l““ﬁztgi * “Géatgll

= - 27.2 Kcal/mole - (0 Xcal/mole + OKecal/mole)
= - 27.2 Kcal/mole

For the second pra.ess,

2H,0 (&) + Oz2(g) =+ 2H:20:2(%),

the standard free energy change is

AG® = AG? - 4G

-1
products reactants

o -
zaGHan (&) [236:130 () M aG?Z)z {g) ]

2(-27.2 kecal/mole)=(2 x (~56.7)
kcal/mole + O kcal/mole)
= 59.0 Kcal/2 moles H,0: produced.

= 29,5 Kcal/mole.

Since the first process proceeds spontaneously as
written (negative AG®°) and the second process requires energy
to proceed as written (positive 4G®), the first method for
preparing H:0: is more efficient than the second.



® PROBLEM 530

Determine AG® for the reaction
4 NH,(g) + 50:(g) ~ 4NO(g) + 6H20(%)

AG% of NH;(g) = - 4.0 Kcal/mole
nc; of NO(g) = 20,7 Kcal/mole

M‘;; of H20(k) = - 56,7 Kcal/mole

Solution: The change in free energy (AG°) may be found by
subtracting the sum of free energies (ﬂG;] of the reactants

from the free energies of the products. The free energy of
formation of pure elements is always 0., When more than 1
mole of a compound is either reacted or formed, the mg

of that compound must be multiplied by the stoichiometric
coefficient for the specific compound,

AG® = (4 moles x AG‘t' of NO(g) + 6 moles x M:% of H,0(R))
- {4 moles x 56% of NH;(g) + 5 moles x aGg of 0;)
G° = (4 moles x 20.7 kcal/mole + 6 moles x (-56.7 knal/hols))

(4 moles x (=4.0 kcal/mole) + 5 moles x O kcal/mole)
= =241.4 kecal,

o PROBLEM 531

For sublimation of iodine crystals,
12 (s) ¥ I:(q),

at 25°C and atmospheric pressure, it is found that the
change in enthalpy, &H = 9.41 Kcal/mole and the change in
entropy, AS = 20.6 cal/deg-mole. At what temperature will
solid iodine be in equilibrium with gaseous iodine?

Solutéom Use the fact that the system is in a satate of
equ rium, The change in Gibb's free energy is related
to AH and AS by the equation

AG = AH - T&S,

where T is the absolute temperature of the system. At

equilibrium, 4G = 0 and T is the equilibrium temperature,
Tmn. Hence
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AG = AH - TAS,

O=488-1T 1 As,

equi

AH

or, Tequil =75 *

Therefore,
4H _ 9.4]1 Kcal/mole 9410 calémole
Tequil = 35 - 70.8 cal/deg-mole ~ 20,8 cal/deg-mole

= 457 K,

or, = 457 - 273 = 184°C,

Tequil

® PROBLEM 532

At the melting point of a solid (or the freezing point of
a liquid), the free energies of the sclid state and the
liquid state are equal, 4G = 0, Likewise, at the boiling
point of a liguid, where there is an equilibrium between
the ligquid and vapor phases, the free energy is equal in
the two states. Calculate the change in entropy for the
following process at 0°C if the heat of fusion of H:0 =
80 cal/g. H;0(s) = H,0(1).

Solution: The free energy, AG, can be expressed as AG =
- , where AH, in this case, is the heat of fusion,

T is the absolute temperature and AS is the change in the
entropy. One is given that AG = 0 for this process and
thus, AH - TAS = 0. One is told that the process takes
place at 0°C. To use the free energy equation, the tem-
perature must be in °K., To convert from °C to °K, add
273 to the temperature in °C.

T = 0° + 273 = 273°K

4H is given as 80 cal/g. When solving for the entropy,
convert AH to cal/mole. There are 18 g of H:0 in one mole,
thus the AH can be converted by multiplying it by 18 g/mole

AH = B0 cal/g x 18 g/mole = 1440 cal/mole

It is now possible to solve for AS.

0 = AH - TAS AH = 1440 cal/mole

0 = 1440 cal/mole - 273°K x AS

- 1440 cal/mole = - 273°K = AS

- 1440 calqmnle = AS = 5,27 cal/mole-°K
- K
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® PROBLEM 533

2 moles of hydrogen chloride are to be made from 1 mole
each of hydrogen (H:) and chlorine (Clz) at 25° and 1 atm.

Calculate the AG for this chemical reactien.

-
STANDARD ENTHALPIES OF FORMATION, ENTROPIES OF CERTAIN SUBSTANCES
AH} AT 28°C AT 25°C AND t ATM
Compound AH} Substance  Sical deg-! mole- 1)
NOig) 21,600 keal/mole H: .21 ew
NO:Ag) L0891 0, 49.00
HF(g)  -642 Ch 5331
HClg) 22063 N, 4877
HBrig) -B68 HC1 4461

Hig} £20

Solution: Free energy (AG) may be expressed quantitatively
as AG = AH - TAS, where AH is the change in enthalpy, AS

is the change in entropy, and T is temperature in degrees
kelvin. Entropy measures the randomness of the system,
while enthalpy is the heat content.

The reaction may be written Hilg) + Clz{(g) + 2HCl(g)

Because free energy is defined in terms of AH, AS, and T,
you can see these values to solve for AG. The table of
standard enthalpies of formation, states that nli% HCl =

L3

- 22,063 kcal/mole., Two moles of HCl are formed, aH
for the reaction is2 moles x(-22,063) cal/ The 45 is

mole.,
the final minus the inital entropyj

s -5

£~ 5 = Sapc1 ~ Su, " Sa,
= 2(44.61) - 31,21 - 58,31
= 4,70 cal deg™’

Substituting into AG = AH - TAS;
G = -44,123 cal =~ (298)(4.70 eu) = - 45,523 cal.

® PROBLEM 534

—

Determine the entropy difference between solid and liquid
states for a substance melting at 100°C and having a heat
of fusion of 10,000 J/mol.

Solution: At the melting point, the liquid and solid
are in equilibrium, which means the change in free energy
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AH = T _AS or TMP = AH/AS. Because it takes 30.3 KJ/mole

to melt NaCl, this must be the heat content orlenthalpy.
The change of entropy was given as 28.2 J mol=' deg”
You have therefore,

. = 4H _ _ 30,300 J/mole = 1070°K.
Mp 85 38,2 7 mole~! deg™!

e PROBLEM 536

The density of ice at 0°C is ,917 g/cem® and has an entropy
of 37.95 J mol™! deg~', The density of liquid water at
this temperature is .9998 g/cm’ and has an entropy of
59.94 J mol~! deg~!., Given these data, calculate the
change of entropy 45, change of enthalpy AH, and the
change of energy AE for the conversion of one mole of

ice to liquid water at the normal melting point,

Solution: The solution of this problem involves the
ty to relate energy, free energy, entropy, and
enthalpy.

One must first calculate the change in entropy.
You are told the entropies of both ice and water. The
change in entropy is their difference or

= - - -1 -1
AS = sliq Sgo1ia = 59.94 37.95 = 21.99 J mol deg

To calculate the change in enthalpy at the melting
point use the fact that AG = 0 at the melting point of a
substance. AG = AH - T“pas, where AH = change in enthalpy,

T"p = temperature of melting point in Kelvin and A4S =

change in entropy. Since 4G = 0 at the melting point,

AH = T, AS,
Mp

From the previous calculation, you know 4S. Tup is
given. Thus,

BH = TAS
AR = (273,15K)(21.99 J mol™’ deg™!) = 6010 J/mole.

To calculate the AE for the conversion of one mole
of ice to liguid water at the normal melting point, employ
the equation AE = AH - PAV, where P = pressure, V =
volume. AH = 6010 J/mole., To determine PAV, note that AV

is vliq - vsolid' You are given the densities of ice and

water. Recalling that density = mass/volume, and that the
molecular weight (mass) of ice or water is 18.015 grams/mole,
you have for vliq' 18,015/.9998, For V id’ you have

sol
18.015/.917. Therefore
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- = 18,015 3£nole _ 18,015 g/mole
AV = Vy3q = Vsoria = 7 g/cm 917 g/cm?

= - 1,63 cm’/mole = - .00163 liter/mole,
Since one is asked to make these calculations for
1 mole of H20, the change in volume, AV, equals
- .00163 liter.
Because you are asked to calculate at the normal melting

point, the pressure must be 1 atm (by definition, the
"normal"™ is considered to be under a pressure of one atm.)

Therefore,
PAV = (1,00 atm)(-0,00163 liter) = -0.00163 liter-atm.
Since 1 liter-atm equals 101.3 J, PAV is equal to
(-0.00163 liter-atm){101,3 J liter~' atm™') = - 0.1651 J.
Therefore,

AE = AH - PAV = 6010 + ,1651 = 6010,1651 J.

® PROBLEM 537

Determine 4S®, AH®, and 4G® for the following reaction at
25°C,
co(g) + Clz(g) = COClz(g)

Use the following table.

Substance s M-lr'
co 47,3 -26. 4
CI2 53.3 0
COClz 69.1 -53.3

§° is expressed in cal/mole °K and
AHg isin kcal/mole.

Solution: The change in entropy (AS°) or randommess of
a reaction is obtained by subtracting the entropy (5°%)
of the reactants from the §° of the products. If more than
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one mole of a compound reacts or is formed in a reaction,
the 5° should be multiplied by the appropriate stoichio-
metric coefficient. Here, one mole of CO reacts with

one mole of Cl: to form one mole of COCl:.

A5° = S° of COCl; -~ (5° of CO + S° of Cli)
4§° = 69.1 - (47.3 + 53.3) = -31.5cal/mole-"K

The change in enthalpy (AH®) of a reaction is determined
by subtracting the enthalpy of formation (AR}) of the

reactants from the nn; of the products. 5H% of any pure

element is always 0. When more than one mole of a com—
pound either reacts or is formed in a reaction, the ﬁH%

must be multiplied by the corresponding stoichiometric
coefficient when calculating AH? _

4H® = LH} of COCla -|nn; of CO + H of Cl:

AH® = -53.3 kcal -(-26.4 kcal + 0) = -26.9 kcal.

The change in free energy (AG®) can be obtained if one
remembers how AG® is related to AS®, T and AH®.

Namely, AG®° = AH® - TAS®, where AG® is the change in free
energy, AH° is the change in enthalpy, 4S° is the change in
entropy and T is the absolute temperature. In this problem,
one has already obtained AH® and AS®, and one can quickly
obtain T. The absolute temperature can be found by adding
273 to the temperature in °C.

T = 25 + 273 = 298°K
In the previous part of this problem, one calculated AS° in
cal/mole-"K and AH® in kcal/mole. To use AS® and AH® in the
formula to find 4G°, one must have them both in the same
units. Thus, one should change the AS° term from cal to kcal
by multiplying it by the conversion factor 1. kcal/1000 cal.
One can now obtain AG®.

AG® = AH® - TAS®
AG° = -26.9 kcal = (298K) (=31.5 cal/°K) (1l kcal/1000 cal)

= -26.9 + 9.4 = -17.5 kcal.

* PROBLEM 538

Determine the free energy change, AG, for transforming
liguid water at 100°C and 1 atm. to vapor at the same
conditions. AH = 9720 cal (molar enthalpy of vaporization).

Solution: This problem deals with the energies of re-
actions: enthalpy, entropy and free energy. The entropy
of a system is a measure of the state of randomness. As
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more thermal energy is added to a system, the more random
it becomes. Entropy can be measured quantitatively.
Entropy or AS = qrev/T, where q_., is the amount of heat
added to the system that can be recovered if the reaction
were reversed. For example, the energy rieeded to melt ice
can be recovered by freezing the liquid back to ice,

Enthalpy may be defined as the heat content of a
system.

The concept of energy and entropy may be combined to
define the driving force of a reaction. This driving force
is referred to as Gibbs free ener (G) where AG = AH -
TAS, where AH is the enthalpy. This energy must be equal
to the heat content of the system {aH) minus the energy
necessary to increase the randomness, or entropy, of the
same system.

Therefore, to solve this problem, you need to sub=-
stitute into this equation the following values:
1 = 100°%C = 373%
q = aH = 9720 cal

Therefore,
as = 3 . 9720 cal
[+]
T 373 K
Now,

° 9720 cal
aG = 9720 cal = 373 K —?;q(— =0,
3

The answer is zero.

The system can derive no usable energy to perform
work from this change. For any system when 4G=0, the
system is at equilibrium.

EQUILIBRIUM CALCULATIONS

& PROBLEM 539

Calculate the equilibrium constant for the following re-
action at 25°C or 298°K

c(graphita} + 2H2(g) + CHu.lg)

AH® for this reaction is - 17,889 cal.

Solution: At equilibrium the equilibrium constant of any

—_—e

517



Ky _ AH® (1 _ 1
log g = o1y |77 ~ ™) ¢

where K; and K, are equilibrium constants, AH® = the
standard enthalpy formation, and T; and T:; are tem=-
peratures in Kelvin, Let X; = 1.6 x 10'? at T; = 298°K;
T, = 373%;and AH = - 113 J/mole, Substitute these values
into the equation and solve for K:, which will be the
solution to this problem., Thus

Kz _-113,000[1 _ 1]
1.6 x 1012 15.15 (8 ~ 373

log

Solving for K;, one obtains K; = 1,7 x 10°,

® PROBLEM 541

Given that k = 8,85 at 298°K and k = ,0792 at 373°K,
calculate the AH® for the reaction of the dimerization
of NO: to Nz0.. Namely,2NO:2(g) ¥+ N20.(g).

Solution: AH® is the standard enthalpy change, a measure
of the heat content of the system. It is quantitatively
related to the equilibrium constants of a system at dif-
ferent temperations by the van't Hoff equation:

k: _ 8H° [ 1 _ 1
log £ = rife (- 7

where k; and k, are equilibrium constants, and T; and T:
are temperatures in Kelvin, Given that k, = 8,85 at T; =
298°K and k:=0,0792 at 373°K, one can find AH® by the
substitution of these values in the egquation. Thus,

tos #4582 = 18255 [y - s3] -

Solving for AH®, one obtains

AH® = - 58,200 J/mole for the reactien.

® PROBLEM 542

— -

Ammonia is synthesized commercially according to the
equation

¥ Na2(g) + 1% Hz2{g) + NH.l(g),
under a constant total pressure of 50 atm. At 350°C

the equilibrium constant has been determined as 0,0278.
The heat of reaction for this process is AH =
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= 11.04 Kcal/mole, Determine the value of equilibrium
constant at 450°C,

Solution: For a reaction with equilibrium constant k,
at absolute temperature T; and equilibrium constant k: at
temperature Ta,

k2 ~__AH° [_l
. T2 T’

log Ky -
where R is the gas constant,
t T, = 350°C = 623°K, k; = 0.0278, and T, =

Le
450°C = 723°K. AH® = - 11,04 Kcal/mole = - 11,040 cal/mole.
Then

kz o - a° (1 _1
log i} = 7303 & n'r_a'ﬁ]

k = 11,040 cal/mole 1 _ 1
log [ro‘%'n:] T e e reaes | rriex - wobx
= - 0.535,

Solving for k2,

log [ﬁ‘llf'%w = - 0.535

Sadyy = 1070013 = 0,292

k2 = 0,0278 x 0,292 = 0,00812,

Thus, the value of the equilibrium constant at
450°C. is 0.00812,

& PROBLEM 543

Calculate the enthalpy change, AH®, for the reaction

Nz(g) + Oz(g) = 28O (g},

given the equilibrium constants 4,08 x 10~* for a tem-
perature of 2000°K and 3.60 x 10~* for a temperature of
2500°K.

Solution: The effect of temperature on chemical equi~

rium is determined by AH®(enthalpy or heat content);
over moderate ranges in temperature, AH® is relatively
independent of temperature.

I1f, as in the case of this problem, AH®° is in-
dependent of temperature then,



(1) AG® = = RT ln k, where
4G° = standard free energy change,
R = gas constant,
T = absolute temperature
and k the equilibrium constant.

(2) AG°® = AH® - TaS®

(3) AH® - TAS® = - RT ln K or

o -]
- [w—mﬁl = ln k, where AS°® = the change in

entropy or randomness of system.
- M.la AS®

BT +T-1nk

For two different temperatures, T, and T, egquation
(4 )becomes

~ _ [-_ane .as°) _ {- sue  as®)
in ks - 1n k; = [ RT: *T] { "RT, | R or
k2 , = 8H® . AHO
In ki RT: * RTy
k AH®(T: = T .
in i—i W or, finally,
k: _ _AH® (T; = T))
log §o = 12.303) R 1 T
s,  log X2500°K _ )oq 3:60 x 107
E2uoo°x 4,08 x 107"
- AH® (2500 - 2000)°K
(2.303)(1.987 cal®k~Imole™>)(2500)°k(2000)%K
s} [+
log 8.82 = 945 = aH” (500°K) 3 =T -3
(2.303)(1.987)(5 x 10°)cal® *mole™ °Kk
6
0 2,303)(1.98 x 10°) _ 40

(500) mole cal”

aH® = 43,240 cal/mole.



¢ PROBLEM 544
-

For the reaction PbsO4 (s) + Pb*t + s0l=, 8H =
+ 2990 cal/mole. Will the solubility of PbSO. increase
or decrease with increasing temperature? Ksp = 1,8 x

10”® at 25°C. Find its kgp 2t 55°C,

Solution: Whether the solubility of a salt increases

or decreases with an increase in temperature can be

determined by an investigation of its AH, the enthalpy

ihinqe. The formula for the temperature dependence on
s

AH® As®
log X = s—=px 3 * 7303 R *

A positive AH®° suggests that solubility increases
with increasing temperature. When AH® is positive, the
first term remains a negative value., When T increases,
the first term becomes a smaller negative number. Thus,
k increases. Since k measures solubility, the solubility
increases. To find the ksp of PbSO, at 55°C, use the

fact that

k2 - AH® { 1 1}

1og 4T = 7303 R |T: ~ ™%

where k: = solubility constant at the temperature in
Kelvin (Celsius plus 273°) of T:; ki = solubility
constant at a temperature of T,. Thus, if the ksp at

one temperature is known, the ksp at another temperature

can be found given AH®, Let T; = 55°C or 328°K and T, =
298°K, (25°C). Thus

1og k328 _ - am® [ 11 ]
Kpog ~ 2-303R (378 ~ 75

3 k328 _ - (2990 cal/mole) (- 3.07 x 107'/K)
09 178 =10-¢ . . cal/mole K)

0.200

K3pg = (1.8 x 10-%) (L0%+209)
= (1,8 x 107%) (1.58)

2.8 x 10-°%,



® PROBLEM 545

The equilibrium constant and standard Gibbs free energy
change for ammonia synthesis at 400°C or 673°K are

1.64 x 10" and 11,657 cal/mole, respectively. The
equation for this reaction is

(1) N2(g) + 3H:(g) - 2NH,({q)

Calculate the equilibrium constants and standard free
energy changes for

(2) ¥N.(g) + 3/2 Hz(g) = NH,;(q) and
(3) 2NH; (g) + N2(g) + 3H:;(9).

Solution: This problem illustrates the necessity of knowing
e balanced chemical eguation in order to determine the
numerical value of the equilibrium constant.

For ideal gases, the equilibrium constant, KP' is the

product of the partial pressure of the product gases, each
raised to the power that corresponds with its stoichiometric
coefficient in the balanced equation,divided by the product
of the partial pressure of the reacting gases, each raised
to the power that corresponds with its stoichiometric co-
efficient in the balanced equation.

The quantity A4G® is the standard change in Gibbs free
energy. It is the difference between the Gibbs free energy
of the products and the Gibbs free energy of the re-
actants. The Gibbs Free Energy and the eguilibrium constant
are related in the equation

AG = RT 1ln K
= np

where R is the gas constant, T the absolute temperature and
Kp the equilibrium constant calculated using partial press-

ures.

The equilibrium constant for reaction 1 is
F
Ki = g—a— = 1.64 x 107
Nz Haz

Thus, for (2) &Nalg) + §/2H;(g) = NH,(g)

P
NHj

/2
PN; PH;

Xy = = KF = (1.64 x 1074} = 1,28 x 107

By definition, at equilibrium,
AG® = = RT 1n K2



= - (1,987 cal®K™! mole™') (673°K) (2.303)x
log(1.28 x 10-%)
= 5829 cal/mole.

And for (3) 2NH,;(g) = N:(g) + 3H:(qg)

p. P}
1

= N2 Hy _ 1 _ 1 - .
K3 _Fl,[r Ul 7 R U i 0,6098 = 10

AG§ = ~ RT 1n Ky= = (1.987 cal®k~! mole=!) (673°K) (2.303)x
log (0.6098x 10*)
= = 11,657 cal/mole.
If a reaction is reversed, the equilibrium constant
becomes the reciprocal of that for the first reaction; the

standard Gibbs free energy change has the same magnitude
but the opposite sign.

& PROBLEM 546

Calculate AG° for the reaction

N2(g) + 3Hz(g) = 2NH.l(qg)

at 400°C = 673°K using K_. The value of Kp for this re-

action is 1.64 x 107", Interpret the different values of
AG® calculated from xp and Rc'

Solution: Given the equilibrium reaction:

(i) aA(g) + bB[g,1... = cc( + dD

g) (g7

there are two constants that measure the eguilibrium: K,
relates the concentrations.

€ rpd
. [c pl~ ...
(1) ok = Lo ...

[a)® 81° ...
Kp relates the pressures
pg pg .
(iii) K_=
P op2p2 ..
A Fp -

To derive Kc from xp substitute for each pressure
P = cRT, where R is the gas constant; T = absolute tem-
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where R = universal gas constant and T = temperature in
Kelvin, Solving for K, you obtain:

-]
86490

(i) 1n K = —x

In this problem, R = 8,31 I mol™ ! deg !, and T =
490°C = (490° + 273°)K = 763°K, M;:QD is the amount of

free energy needed for the reaction H; + I, s 2 #1,i.e.,
the amount of free energy needed for the production of

2 moles of HI at 490°C. Given that - 12.1 kJ will produce
I mole of HI at 490°C, it follows that

ac;“ = 2( - 12,1 kJ/mole)= «24,2 kJ/mole

= -24,200 J/mole,

Substituting these values in equation (ii), you obtain

(414) 1o K = - 883 o = (= 24,200 I/mole)
(8.31 J mol ' deg ') (763 deg)

(iv) 1n K = 3.82

(v) K = 46.

® PROBLEM 549

Phosgene is formed at 25°C according to the equation
colg) + Cl.(g) = coCl:(g).

Calculate the free energy change AG® and the equilibrium
constant k for this reaction.

Solution: The free energy change for the reaction is the

erence between the sum of the free energies of formation
of the products and the sum of the free energies of forma-
tion of the reactants.

The free energies of formation of CO(g), Cl:{g) and
COCl: (g) are

acgo = = 32.8 Kcal/mole
AGE]“ = 0 Kcal/mole

5630(:1: = = 50.3 KCal/mole,

+ AGZ

Hence, AG® C12 ]

- o
8620c1,” | 2520
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= = 50.3 Kcal/mole - (- 32.8 Kcal/mole +
0 Kcal/mole)
= = 17.5 Kcal/mole = - 17,500 cal/mole.
The equilibrium constant is calculated from
4G® = - 2,303 RT log k,

where R is the gas constant and T is the absolute temperature
(T = 25°C + 273 = 298°K). Then,

4G° = - 2,303 RT log k
- 17,500 cal/mole = - 2,303 x 1,987 cal/mole-deg x 298°K

x log k.,
Solving for k,
- 17,500 cal/mole -
1°gk."'. x 1, ca e-deg x K 12.8,

k = 10'%"% = 6 x 10'%,

® PROBLEM 550

Sulfur exists as S:; vapor at temperatures between 700°C
and 1500°C. At 1473 k it combines with hydrogen according
to the eguation

Hz(g) + &5;(g) —H:S5(q).

At 750°C the equilibrium constant is 1.07 = 10* and at
1200°C it is 4.39, Determine the heat of reaction in the
temperature range 750°C to 1200°C, and the change in
free energy at each of these temperatures,

Solution: The change in free energy AG is determined
rom the equation

AG° = - 2,303 RT log k,

where R is the gas constant, T the absolute temperature,
and k the equilibrium constant., From this equation and
the expression

AG® = AH® - TAS®,

where AH® is the change in the heat of reaction and As°
the change in entropy, a relation between AH and T will

be found.
At T = 750°C = 1023°K, k = 1,07 x 10?% and



AG® = - 2,303 RT log k
cal °
= - 2.303 x 1,987 fole-deg % 1023°K x

log (1.07 x 107)
= - 9500 cal/mole
= = 9,5 Kcal/mole.
At T = 1200°C = 1473°K, k = 4,39 and
AG® = - 2.303 RT log k

cal
= - 2,303 x 1,987 soTe<dss x 1473°K x log (4.93)

= - 4330 cal/mole
= - 4.33 Kcal/mole.

To find an expression relating 4H to T, consider the
following two equations:

AG® = - 2,303 RT log k, and 4G® = AHO - TASS
Setting these equal gives

- 2.303 RT log k = AH®- TASS

- ARH° 48°
or, logk=y3p3wr * TIIR

For two different temperatures, T and T: with equi-
1ibrium constants k, and k2, respectively,

- wo aso
log k1 = 37353 ”T;  © 2.303 R and

- AH® AS®
log X2 = 37353 ”r; * 3.303 R '

Subtracting the first equation from the second,

~ AHC AS®
log k: - log ki = (77303 ®r; © 7303 R

or, 1o b = iy - )

Let Ty = 1023°K, ky = 1.07 x 102, T, = 1473°K, and
kz = 4.39, Then



k = AH® 1 1
log i = 73037 R TT'ET]

4.39 - AH® 1 _ 1
log yH7%107 = 7.363%1.987 cal/mole-deq can\oe-g[m TOZI°K

- aﬂﬂ

4.39  _ oL=1
1og {57107 = 7.303%1.987 cal/mole-deg (0.000679%k
- 0,000978%™%)

or,

1 (4.39/107)

-1 _ -1
3091587 cal/moTedag (0 - 000978% 0.000679%=1)

AH® =

= - 21,300 cal/mole
= = 21.3 Kcal/mole.

Thus, the heat of reaction in the temperature range
1023°K to 1473°K (750°C to 1200°C) is - 21.3 Kcal/mole.

¢ PROBLEM 551

In the human body, the enzyme phosphoglucomutase catalyzes
the conversion of glucose-l-phosphate into glucose-6-
phosphate:

glucose-l-phosphate ba glucose-6-phosphate.

At 38°C, the equilibrium constant, k, for this reaction is
approximately 20. Calculate the free energy change, AG°,
for the equilibrium conversion., Calculate the free energy
change AG for the nonequilibrium situation in which
[glucose-1-phosphate] = 0.001 M and [glucose-6-phosphate] =
0.050 M.

Solution: The nonequilibrium free energy change AG is
related to the standard free energy change AG® by

AG = AG® + 2.303 RT log k,

where R is the gas constant and T the absolute temperature,
At equilibrium, AG = 0, hence
AG® = - 2,303 RT log k.

Thus, for the equilibrium conversion with k = 20 and
T = 38°C = 311°K.

AG® = - 2.303 RT log k



= - 2,303 = 1,987 cal/mole-deg x 311°K x log 20
= - 1850 cal/mole,
The equilibrium constant for the conversion
glucose-l-phosphate < glucose-6-phosphate

k = [glucose-6~phosphate ]
[glucose-1-phosphate]

is

In the case where [glucose-6-phosphate] = 0,050 M and
[{glucose-l-phosphate] = 0.001 M

- [glucose-6-phosphate] _ 0,030 M _ 50

" [glucose-l-phosphate] ©0-001 ™ '

where the subscript "n" has been added to distinguish this
ratio from the equilibrium constant. Then

AG = AG® + 2,302 RT log kn
= - 1850 cal/mole + (2.303)(1.987 cal/mole-deg)

(311°K) (1og 50)

= - 1850 cal/mole + 2420 cal/mole

]

+ 570 cal/mole.

® PROBLEM 552

Calculate the equilibrium constant at 25°C for the re-
action:

S+ 3/2 02 + S0,

The heat formation of S0: at 25°C is ~ 94.45 Kcal/mole
and the standard molar entropy changes for S, O;, and
S0:; at 25°C are 7.62, 49,0 and 61,24 cal/mole®K, re-
spectively,

E— —

Solution: One is given the values for AH and 5 which can
be related by the equation

AG® = AH® =~ TAS,
where AG is the change in free energy, 4H is the change
in the heats of formation, T is the absolute temperature,
and A5 is the change in entropy.

After calculating 4G®, one can solve for the
equilibrium constant (K) by using the equation
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* PROBLEM 554

Determine the equilibrium constant for the following re-
action at 25°C:

Ma(s) + sn?* - mg?* + sn(s)

Solution: The equilibrium constant, k, is related to the
11 potential, AE®, by means of the following two formulas:

AG® = « n F AE°, and AG® = - 2,303 RT log k,
where n is the number of electrons transferred, F the
Faraday constant, R the gas constant, AG® the free energy,
and T the absolute temperature, AE® will be determined
from the half-cell potentials, E°,

Pirst, the cell potential is determined from the half-
cell reactions:

Mg(s) - Mgt + 2e° E® =+ 2,37 v
sn?* + 2¢” ~ snl(s) E® = = 0.14 v,

Adding the two half-cell reactions and their
respective values for E°,

Mg(s) + Sni*t & 2e” » Mg?* 2e” + sni(s)
AE® = (2,37 v) + (- 0.14 v)
or, Mgls) + sn®* = Mg?* + snis) AE° = 2.23 v,

The cell potential for the reaction is therefore
2,23 v.

Equating the two expressions
AG® = - n F AE®

and AG® = - 2.303 RT log k

gives = 2.303 RT log k = - n F AE°,

F AE°
or, logk = Fy§yr -

Since two electrons are transferred from Mg(s) to sn®*
n = 2, The absolute temperature is T = 25°C + 273 = 298°K.
Hence

log k = 5B F AE®

(2) (2. 30609!10' cal{mnla-v)!z .23 v] - 75.6
. cal/mole~deg e



o - o o

aGNDz k[AG + 2AGN°]
=) (- 69,6 + 2 x 86,6)
= 51,8 kJ/mole.

* PROBLEM 556

Calculate the change in Gibbs free energy (4G) for the

production of 2 NO2(g) at 1 atm from N:0.(g) at 10 atm

at 25°C. The standard Gibbs free energy for the reaction
N204 (g) = 2MO0;(q)

is + 1161 cal at 25°C.

Solution: 1If AG® has a positive value, the reactants in
their standard states will not react spontaneously to give
products in their standard states. By increasing the press-
ures or concentrations of the reactants or decreasing the
pressures or concentrations of the products, however, it
may be possible to make AG negative so that the reaction
will proceed spontaneously.

To calculate AG under nonstandard conditions, the
following formula is used:

AG = AG® +# RT ln w pzi, where R = gas constant,
i

T = absolute temperature (Celsius + 273), and = p‘;i
i

represents the product of the partial pressures of the
component gases, each raised to the power that corresponds
with its stoichiometric coefficient in the balanced e-
guation. Thus,

P‘X
AG = AG® + RT 1ln N0
N0,

= + 1161 + (1.987 cal®K ' mole ') (298°K)
(2,303) log (1 atm)?/(10 atm)

= 1161 = 1364 = - 203 cal,

The production of NO:(g) at 1 atm from N:0.(g) at
10 atm is a spontaneous process due to the fact that a
negative AG is obtained. Thus, a continuous process would
be thermodynamically feasible if N,0. was maintained at
10 atm and NO; was withdrawn by some method so that its
partial pressure was maintained at 1 atm.



CHAPTER 16

ELECTROCHEMISTRY

Basic Attacks and Strategies for Solving Problems ‘
in this Chapter. See pages 539 to 579 for step-by- |
step solutions to problems. |

Electrochemistry is that branch of chemistry which deals with reactions
that involve the production and consumption of electrons. Hence electric
currents are consumed or produced in electrochemical reactions. Normally
the required electric current is introduced into the reactor, called a cell,
through electrodes.

The conduction of electric currents in solutions of electrolytes is effected
by the motion of ions within the solution. Positively charged ions migrate
toward the anode (the negative electrode) while negatively charged ions
migrate toward the cathode (the positive electrode). Another way to identify
the difference between the cathode and anode is to remember that reduction
reactions always occur at the cathode and oxidation reactions at the anode.

In electrochemical reactions, the charge must be balanced as though it
were an elemental species in the reaction, and overall, the electrons produced
in one part of the reaction must be consumed in another part. If this were not
so, tremendous electric charges would develop for even small amounts of
reaction. A typical example is the industrially important electrolysis of
molten sodium chloride to produce chlorine gas and sodium metal.

The electrolyte contains sodium (Na*) and chloride (CI") ions. The chlo-
ride ions react at the anode and sodium ions at the cathode according to the
equations

2CI" — Cl, + 2e" (oxidation) 16-1
Na* + ¢~ — Na (reduction) 16-2
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Since the same number of electrons enter the electrolyte at the cathode and
leave at the anode, the overall reaction is obtained by multiplying the second
half-reaction by two and adding the two reactions to obtain

2Na* + 2CI" — 2Na + Cl, 16-3

Note that no electrons appear in the overall reaction. It is significant that
electrons cannot be stored in sufficient numbers to permit the appreciable
independent conduction of electrochemical half-reactions.

The equivalent weight is defined for electrochemical reactions in a
manner analogous to that outlined in Chapter 8 for equivalent weights of
solution. The equivalent weight of a species is the molecular (or atomic)
weight divided by the charge or number of electrons which react. Michael
Faraday, in 1832, observed that the amount of a substance undergoing
oxidation or reduction at an electrode in an electrochemical cell was directly
proportional to the amount of electric current that passed through the cell.
This observation is known today as Faraday’s Law and the unit of the
“faraday” is the charge equal to that in one mole (6.022 x 10*) of electrons.
It is a huge charge, equal to 96,487 coulombs (c), or 96,487 ampere seconds
{A-sec).

Electrochemical reactions are often analyzed as oxidation-reduction
couples, abbreviated as redox reactions. The key to the balancing of redox
reactions is to balance the charge as well as the elements on each side of the
reaction. An example of balancing such a reaction is shown later for the
displacement of Cu*’ ions from solution by iron metal (Equation 16-4).

An important concept in electrochemistry is that of the half-cell standard
potential or emf. Table 1 lists a sample of important half-cell reactions and
their standard potential. Thisis the potential produced by the half-cell reaction
when balanced against a standard hydrogen electrode with all species present
at standard (1 molar) concentrations.
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Step-by-Step Solutions to
Problems in this Chapter,
“Electrochemistry”

CONDUCTION
® PROBLEM 558

Design an experiment which demonstrates that both positive and nega-
tive ions move in electrolytic conduction.

Positive  Negative

HNO3
solution

Cu(MnOy) 2
solution

Solution: The accompanying figure illustrates the set up of an ex-
periment which will demonstrate the migration of both positive and nega-
tive ions in electrolytic conductivity. A U- tube is initially half
filled with a deep purple solution of (.‘u(Ih\q‘)2 in water. The color

of the blue hydrated Cuh ions is masked by the purple of the Ha(i

ions. A colorless aqueous solution of HNO, floats on top of the
Cum04)2 solution in each arm of the U- Euh. If an electric field

is established for a period of time across r.hazgol.ul:lon by 2 electrodes,
the blue color, characteristic of hydrated Cu~ {ions, moves into the
reglon marked A, suggesting a migration of positive ions toward the
negative electrode. At the same time, the purple color, characteristic
of NnO‘;‘ » moves into the B region, indicating a migration of nega-

tive ions toward the positive electrode. Thus, there is empirical evi-
dence of the migration of both positive and negative fons.
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® PROBLEM 559
EEEEEEEE——

Would you expect the mobility of an electrolytic ion to increase or
decrease for each of the following? (a) increasing the size of the iom;
(b) increasing charge on the ion; (c) increasing temperature and (d)
placing it f{n a solvent of lower viscosity.

Solution: To see how the mobility of the electrolytic lon changes when
you alter these parameters, you must know what happens to these ions
when an electric field i{s applied. The ifons are free to move randomly
around in solution before an electric field is applied. However, when
the field i{s present, the positive ions experience a force in one dir-
ection, while the negative ions experience a force in the opposite dir-
ection. With this in mind, you proceed as follows:

(a) when you increase the size of the ion, you would anticipate a
decrease in mobility, Remember, the ion must move when the electric
current is applied; additional mass and volume, therefore, inhibits
this movement, since there is greater resistance from the solvent mole-
cules.

{b) If you increase the charge on the ion, you expect mobility to in-
crease due to the fact that the force which results in movement is dir-
ectly proportional to the attraction of the ions to the poles. Thus,
by increasing the charge, you increase this force, which, in turn, in-
creases movement,

(c) When you increase the temperature, you increase the mobility of the
ions, By increasing the temperature, the average kinetic energy of the
ion increases. Kinetic energy is a measure of movement.

(d) A solution of lower viscosity is expected to have an increase in
mobility. This stems from the fact that viscosity measures internal
resistance to flow, Thus, if the viscosity decreases, there is less
resistance to flow, which means that the {ons can move more freely.

EQUIVALENT WEIGHT
& PROBLEM 560

Caleulate the theoretical quantity of chlorine obtainable by the
electrolysis of 2,0 kg of a 20% sodium chloride solution. What other
products would be obtained and what would be the weight of each?

Solution: The equatfon for this reaction is as follows:

electric |
2NaCl + ZIIZD current 2NMa0H + “2 + 1::12 .

One mole of Clz will be formed from every 2 moles of NaCl reacted.

Therefore, to find the quantity of t:l2 formed one must first know the
amount of NaCl reacted. This can be determined by solving for the

weight of NaCl in the solution and dividing this number by the mole-



cular weight to find the number of moles present. Since the solution
is 20% NaCl, it means that 20% of its weight is made up by NaCl.

weight of NaCl = 0.20 x 2.0 kg = 0.4 kg .
Therefore, there are 0.4 kg or 400 g of HaCl present.

One can now solve for the number of moles present by dividing 400g
by the molecular weight (MW of NaCl = 58.5)

no. of moles = ‘;.—?'%;,E. = 6.84 moles .

From the equation one sees that % of this amount is equal to the number
of moles of Cl, formed,

no. of moles of (:'l.2 = % x 6.84 moles = 3.42 moles .
The weight of this number of moles of Cl, will be equal to the mole-
cular weight of (112 times the number of moles.
(8 of C1, =71.0)

weight = 3.42 moles x 71.0g/mole = 242.8g .
of CIZ

From the reaction one can also see that if 2 moles of NaCl react,

2 moles of NaOK are formed. Here, 6.84 moles of NaCl is reacted,

therefore, 6.84 moles of NaOH are formed. The weight of this quantity

1s equal to the number of moles x the molecular welght, (MW of NaOH = 40).
weight of NaOH = 40g/mole x 6.84 moles = 273.6g .

It i{s also seen from the reaction, that if 2 moles of NaCl are reacted,

1 mole of H! is formed., Thus, if 6.84 moles of NaCl are reacted, 3.42

moles of H, are formed. The weight of H, can then be found. (M¥ of H, =

2).
weight of Flz = 2g/mole x 3.42 moles = 6.84g .

® PROBLEM 561
-

.0324 Faradays (F) liberated .651g of Calcium. What is the atomic
weight of Calcium?




Solution: A faraday may be defined as the number of coulombs or charges
of electricity that liberate one gram-equivalent weight of an element
in solution. MNote, the equivalent weight of & subatance is the amount
of subatance which 1 mole of electrons can oxidisze or reduce into

a neutral specles.

Calcium has an equivalent weight of % its atomic weight, since
its oxidation state is +2. In other words, one mole of electrons will
neutralize only half of the calcium ions present, since each ion needs
two electrons. Thus, if you can find the gram-equivalent weight of
calcium, you can find its atomic weight by multiplying it by
two. However, you can determine the number of gram-equivalents given
the number of faradays of electricity used. You are told that .0324F
deposits .65lg. By definition, 1 F deposits the gram-equivalent
weight. You have, then, the followilng proportiom:

2631 Ca s_u_u..l_v_ct_
0324 F - 20.1 .

Hence, 20.1g is the gram-equivalent of calcium. Thus, the atomic weight
is found to be 2 X 20.1 = 40.2.

* PROBLEM 562

Two electrolytic cells were placed in series. One was composed of
AgNO, and the other of CuSO Electricity was passed through the
cell® until 1.273g of Ag h&d been deposited. How much copper was
deposited at the same time?

Soluytion: To find out how much copper was deposited, you need to know
how many faradays were contained in the electricity that passed through
the solution. One faraday, be definition, deposits one gram-equivalent
of material. The equivalent weight of a substance is that amount of the
substance which 1 mole of electroms (1 faraday) can oxidize or reduce to
a neutral species.

You are told that 1.273g of Ag are deposited. From this, you can
compute the number of faradays. The oxidation state of Ag fs +1.
Thus, the reaction that deposited Ag had to be Agh + e~ —Ag . Thus,
1 mole of electrons yields 1 gram-equivalent weight of Ag . In this
case, the gram-equivalent weight equals the atomic weight, since 1 mole
of Ag 1is produced with 1 mole of electrons. Recalling the definition
of a faraday, you can say that 1 faraday can deposit 107.87g of Ag
(the atomic weight). You are told, however, that only 1.273g has been
deposited. Thus, the following proportion can be used to find the
number of faradays used:

1.273g Ag . 107.87g Ag
X Faradays 1 Faraday

Solving, X = ,01180 Faradays. Thus, the amount of faradays passed is
.01180F, which means the amount of copper deposited depends on this
amount of electricity. 2+ N

To deposit copper, you must perform the reaction Cu™ + 2e¢ ~ Cu
you see that it takes 2 moles of electrons to deposit one mole of copper.
Thus, one faraday can only deposit one half of a mole copper. Thus,
1 faraday reduces (§)(63.54) = 31.77 grams. You have, however, only
.01180 faradays. Thus, the amount of Cu deposited can be found using




® PROBLEM 564

Two electrochemical cells were fitted with inert platinum electrodes
and connected in series. The first cell contained a solution of a metal
nitrate; the second cell, metal sulfate. After operation of the cell for
a prescribed period of time, it was observed that 675 mg of the metal
had been deposited in the first cell and 76.3 ml of hydrogen gas (25°
and 1 atm) evolved in the second., Determine the equivalent weight of
the metal.

Solution: Equivalent weight may be defined as that amount of substance
which one mole of electrons will reduce or oxidize.

Since the electrodes are comnected in series, the same current passes
through both cells. Thus, equal numbers of equivalents of the metal (m)
and hydrogen must be liberated. The cathode reactions for the two cells
are: firsc cell: + ne” — M(s) ; second cell: 2H* + 2¢~ = ?‘2’.
where n is the number of electrons needed to form the M(s) the
metal fon. One can solve for the number of moles of Pl2 formed by use
of the Ideal Gas Law.

n o= =

RT
where n is l:gu number of moles, R is the gas constant, 0.082 .
liter-atm/mole K, T is the absolute temperature, V the volume and

P l.g the pressure. One is given the temperature in C, to convert
to K add 273 to the temparature in C .

T =25 +273 = 296°K .
Now, solving for n:

ae Mﬂsﬂi—;ﬂiﬂ}—n = 3.12 x 10”2 moles .
(0.082 liter-atm/mole’K)(298°K)

From the half equations, one can see that there are two equivalents for
each mole of formed. Thus, there must be 2 x (3.12 x 10™3) moles
of equivalents “of the metal present. -3 -3

Hence, aquivalents of M= 2 x 3.12 X 10 ~ = 6.24 x 10 equiv.
One is given that 675mg or .675 g of metal are formed, thus, in
.675 g of the metal there are 6.24 X 103 equiv . The welght of one
equivalent can be found by dividing .675 g by 6,24 x 1077 equiv .

26758
equiv. wt. = 2 =3 = 108.2g/equiv.
6.24 x 10 “equiv.

® PROBLEM 565

In an electrolytic cell, a liter of a 1M aqueous solution of Hn.O;
is reduced at the cathode. Determine the number of faradays required -
for each of the following to be nd.ui
a) a solution that is .01 M M0,
b} 1 gram of &02 H
c) 1 gram-equivalent of Mn metal.

Solution: For each part, you need to write the reaction that occurs.
The masses of gubstances produced during the process are proportionsl to
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* PROBLEM 567

Balance the following reaction in acidic agueous solution:

cm; + Fel+ + Cl-+ Fels

Solution: Reactions in which electrons are transferred from
one atom to another are known as oxidation-reduction re-
actions or as redox reactions. To balance this type of re-
action, you want to conserve charge and matter, i.e., one
side of the equation must not have an excess of charge or
matter, To perform this balancing, you need to (1) Balance
charge by adding electrons. (2) Balance oxygen by adding
water. (3) Balance atoms (of hydrogen) by adding H+(in acid)
or OH™(in base)}. These three rules will balance the redox
equation. These rules apply to balancing only the half-
reactions. The overall reaction, the sum of these, will be
balanced by their addition. Proceed as follows; Fe?* goes to
Fe®*, It lost an electron thus, it's the oxidation half re-
action. To balancecharge, add e~. Thus,

Fe?* » redt 4+ e~
The reduction must be Cloj + C1=. Chlorine changes oxidation
state from +5 to -1 so €e- must be added, To balance the 3
oxygen atoms on left side, add 3 water molecules on right
side. You obtain

Cloy + 6e~ + Cl™ + 3H;0
Since we know the reaction occurs in acidic media, add 6HY
to the reactants as the source of hydrogen in the water
produced.

Clo,~ + 6e~ + 6HY +C1” + 3H 0
In summary, you have
oxid: Fe’t + Fel+ + e~

red: ClO; + 6e™ + 6H* » C1™ + 3320

To balance the number of electrons appearing in the equaticns,
multiply the oxidation reaction by six. You obtain

6Fe®t +6re’” + ge-

Thus, oxid: ére?t +ere’* + 6o~
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red: Clo; + 6e~ + 6H* * C1= + 3H,0
overall: 6ret + cloj + 6HY * 6Fe’* + C1- + 3H,0

Notice; The electrons dropped out.
* PROBLEM 568

Balance the equation for the following reaction taking place
in agueous acid solution:

Cr;03%~ + I1,+ Cr't + 103

Solution: The eguation in this problem involves both an
oxidation and a reduction reaction. It can be balanced by
using the following rules: (1) Separate the net reaction
into its two major components, the oxidation process

(the loss of electrons) and the reduction process (the gain
of electrons). For each of these reactions, balance the
charges by adding H+, if the reaction is occurring in an
acidic medium, or OH™ in a basic medium. (2) Balance the
oxygens by addition of H;0. (3) Balance hydrogen atoms by
addition of H. (4) Combine the two half reactions, so that
all charges from electron transfer cancel out. These rules
are applied in the following example.

The net reaction is

Cr;0%8~ + I, +» Cri+ + 103
The oxidation reaction is

1§ + 2I07 + l0e~
The I atom went from an oxidation number of O in I: to
+ 5 in 107, because O always has a - 2 charge. You begin
with I;, therefore, 2 moles of I0O7 must be produced and
10 electrons are lost, 5 from each I atom. Recall, the
next step is to balance the charges. The right side has a
total of 12 negative charges. Add 12 H*'s to obtain

I; + 2107 + 1l0e~ + 12H*

To balance the oxygen atoms, add 6H,0 to the left side,
since there are 6 0's on the right, thus,

I, + 6H0 - 2I07 + l0e~ + 12H*.

Hydrogens are already balanced. There are 12 on each side.
Proceed to the reduction reaction:

Cr;0%~ + 6e- + 2cr'+t
Cr began with an oxidation state of + 6 and went to + 3. Since
2cr'+ are produced, and you began with Cr;0}~, a total of

6 electrons are added to the left. Balancing charges: the
left side has B negative charges and right side has 6



positive charges. If you add 14 H' to left, they balance.

Both sides now have a net + 3 charge. The equation can now

be written.
Cr:0%~ + 6e~ + 14H+ -+ 2Ccr’+.

To balance oxygen atoms, add 7H,;0's to right. You
obtain

cr,03= + 6e” + 14H* » 2cr'* + 7H,0.

The hydrogens are also balanced, 14 on each side. The
oxidation reaction becomes

I; + 6H0 = 2I07 + 10e™ + 12H*+
The reduction reaction is

Cr,0%~ + 6e~ + 14H* + 2cr'* + 7H,0.
Combine these two in such a manner that the number of
electrons used in the oxidation reaction is equal to the
number used in the reduction. To do this, note that the
oxidation reaction has 10e~ and the reduction 6e~. Both

are a multiple of 30. Multiply the oxidation reaction by
3, and the reduction reaction by 5, obtaining

oxidation: 31, + 18H,0 - 6I05 + 30e~ + 36HY
reduction: 5Cr,03" + 30e~ + 70H* + 1l0Cr®+ + 35H,0
Add these two half-reactions together.
3I: + 1BH20 ~ 6I037 + 30e™ + 36H*
+ 5cr;03= + 30e~ + 70H* + l0cr'* + 35H,0

3I;+18H20+5Cr;03"+30e~+70H*+10Cr **+35H,0+30e~+36H"
Simplifying, you obtain:
3I; + 5Cr;03%- + 34°* - 61037 + locr®t + 17H:0

This is the balanced equation.

o PROBLEM 569

Balance the egquation for the following reaction taking
place in agueous basic solution:

MnO37 + H;0; + MnO; + 03

Solution: The equation in this problem involves both
oxidation and reduction. When balancing it, you can use
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the following rules. Separate the net reaction into its
two major components, the oxidation reaction (the loss
of electrons) and the reduction reaction (the gain of
electrons). For each half-reaction, balance the charges
with H*, if the medium is acidic, or OH™, if the medium
is basic. Next, balance the oxygens by the addition of
H;0. Balance total atoms by the addition of H atoms.
Finally, combine the two half reactions, so that all
charges from electron transfer cancel out.
You employ these rules as follows:
The net reaction is
MnOT + H;0; + MnO, + 0,
The oxidation process is
Hz0; =+ 0; + 2e”
The oxygen atoms in H;0; go from - 1 to zero in 0;. Thus,
you have a loss of two electrons. To balance charges, add
2 OH" to the left side, since there exist 2 negative charges
on the right side. You obtain
H;0; + 20H™ + 0; + 2e”

You now have 4 oxygens on the left, but only 2 on the
right. Thus, add 2 water molecules ro the right, obtaining

Hz0z + 20H + 0; + 2e~ + 2H;0

There are the same number of H's on each side. Proceed,
now, to reduction half-reaction. Here,

MnOT + 3e™ -+ MnO2:
Mn begins with a + 7 oxidation number and ends up with + 4

in MnO;. Therefore, 3 electrons must be added to the left
side of the equation. To balance the charges, add 4 OH™

ions to right, since you have a total of 4 negative charges
on left. Rewriting the equation

MnO7 + 3e™ + MnO, + 40H™.

Add 2 water molecules to the left, so that oxygen atoms
can be balanced, obtaining

2H;0 + MnOT + 3e™ - MnO; + 40H™.
The hydrogens are balanced. Thus,
oxidation: H20; + 20H™ =+ 03 + 2e~ + 2H,0
reduction: 2H;0 + MnOT + 3e™ + MnO; + 4OH™

To combine these two so that electrons cancel out. Select
a multiple of 3 and 2, since these are the number of



electrons involved in the half-reactions. This multiple
is six. Multiply the oxidation by 3 and the reduction by
2, obtaining
oxidation: 3H20; + 60H™ + 30, + 6e~ + 6H,0
reduction: 4H,0 + 2ZMnOy + 6e~ + 2MnO; + BOH™
The net reaction is the total. Thus, adding you obtain:
3H202+4H;0+60H~+2MnOT+6e~+30,+6e~+6H, 0+BOH™+2Mn0,

Cancel the electrons, subtract OH™ ions and H.,0's
to obtain:

2MnO5 + 3H0; + 2MnO: + 302 + 2H20 + 20H™

which is the balanced equation.

* PROBLEM 570

o S

Determine the volume in milliliters of .20 M KMnO, required
to oxidize 25.0 ml of .40 M FeS0. in acidic solution.
Assume the reaction which occurs is the oxidation of Fe?+
by MnO7 to give Fe*® and Mn?+.

Solution: This problem can be solved by two methods: the
mole and the equivalent methods. The mole method requires
consideration of the balanced equation that illustrates

the reaction. From the data provided, this equation becomes

SPe?* + MnOT + 8H,0% + SFe’t + Mn?* + 12 H,0.

Now 25.0 ml of .40 M Fe50, furnishes 24
(.025 liters)(.40 mol/liter) = .010 moles of Fe“ , since
the definition of molarity is

M= number of moles of solute
number o ters *

The balanced equation indicates that the number of
moles of MnOT will be 1/5 that of Fe’+. As such, the number
of moles of MnOT = (.010)(1/5) = .002 moles. Since the
KMnO, solution has a concentration of .2 M, then the number

of liters required is
002 mol of MnO, _
+«£& MO er

The equivalent method functions differently. An equi-
valent is defined as that mass of oxidizing or reducing
agent that picks up or releases the Avogadro number of
electrons. Normality is defined as the number of e?ui—
valents per liter. Since, in going from Fe’*t to Fe’+, you
lose 1 electron, .40 M FeSO., is egual to .40 N FeSO..
Recalling the definition of normality, you have

+01 liters, which equals 10 ml.
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Solution: Whenever a problem deals with weights and electricity, the
solution involves an application of Faraday's Law: The passage of 1
faraday of electricity (96,500 coulombs) causes 1 equivalent weight
of matter to be oxidized (the loss of 1 elactrons) at one electrode
and the reduction (the gain of 1 electrons) of 1 equivaleat weight at
the other electrode, Equivalent weight may be defined as molecular
welght divided by number of moles of hydrogen transferred. To solve
this problem, therefore, calculate the number of equivalents present
in 454g of water. Water has a molecular weight of 18g/mole, but since
2 H's are transferred, water has an equivalent weight of 9g., Therefore,
the number of equivalents is

total weight o 454
equivalent weight 9 50.4 equiv.

Recalling that 1 faraday of electricity is used per equivalent, 50.4
equivalents times 1 Faraday/equivalent = 50.4 faradays of electricity
required to decompose 454g of water by electrolysis.

¢ PROBLEM 573

The flashlight battery is a zinc and manganese dioxide (MnO,) dry
cell, The anode consists of a zinc can and the cathode of a carbon rod
surrounded by a moist mixture of Mn0,, carbon, ammonium chloride
(lllqclz), and zinc chloride (ZnClz). The cathode reactiom is written

200, (s) + 2077 + 267 = ZaMa, 0, (5)

1f the cathode in a typical zinc and manganese dioxide dry cell contains
4,35g of Mn0,, how long can it deliver a steady current of 2.0 milli-
amperes (mA) “before all its chemicals are exhausted?

Solution: The problem is solved by calculating the amount of charge
required to exhaust the supply of l'hoz and, from this, determining
the lifetime of the battery using the“relationship charge (coulombs) =
current (A) X time (sec),

er, charge (coulombs)
time (sec) = current (A)

The cathode reaction indicates that two moles of MnO,, 2F Mn0,, are

consumed for every two moles of electrons present (2; e”). nuzber

of moles of Huoz present is

mass, lhoz 4.35
wolecular weight, Mn0, = B7g/mole - 0+05 mole MnO, .

Hence, it requires 0.05 mole of electrons (or 0.05F) to consume the
0.05 mole of Mn0, in the cathode. Conmverting Faraday's to coulombs
(there are 96, coulombs in 1F), 0.05 F 4s equivalent to

0.05F x 96,500 coulombs/F = 4.8 x I.O3 coulomba.

The battery is supposed to deliver 2.0 x 107> smp. Therefore, the
lifetime of the battery is

3
5
time = Sharge _ 4,8 x 10° coulombs _ , , . 105 sec,
current ~ ) 0 x 107 amp
Therefore the battery lasts 2.4 x 10° sec (about 30 days).



® PROBLEM 574

You pass a 1.0 amp current through an electrolytic cell for 1.0 hr.
There are 96,500 coul in a Faraday (F)., Calculate the number of grams
of each of the following that would be deposited at the cathode:

(1) Ag from an Ag® solution, (2) Cu from a CutZ solution and
(3) Al from an Al¥* solution.

Solutiop: To answer this problem, you can use Faraday's Laws of Electro-
lysis. Electrolysis is the phenomenon that occurs when electricity is
passed through a solution, such that fons are generated and move toward
an anode or cathode. The laws are as follows: Masses of substances in-
volved are proportional to the quantity of electricity that flows through
the electrolytic cell. Masses of different substances produced during
the process are proportiomal to their equivalent weight. The electrical
equivalent is defined as a Faraday (F). It is capable of reducing one
equivalent of positive charge, i.e., Avogadro's nusber of individual

unit electric charges., With this information, you can calculate how
many Faraday's of electricity were passed through the solution. This
tells you the equivalents of the substance that are reduced (recall, one
Faraday reduces one equivalent of positive charge). From this number,
the weight deposited can be determined.

For all 3 parts, the Faradays generated = (1,00 amp) A—E;!“;L&.‘E')(l hr)

F
times \55,500 1) " O
(1) Ag from an As+ solution. 1 electron is transferred in ng* +e
= Ag(s). Since one electron is transferred per Ag atom, 1 mole of Ag
atoms requires one mole of electrons or 1F. 1 mole of Ag atoms weighs
107.87g (atomic weight - see Periodic Table). You have, though, only
.0373 F. Thus, (.0373 mole)(107.87g/mole) = 4.02g of Ag is deposited.

(2) Here, 2 electrons are transferred in Cu2+ + 2e = Cu(s). Thus,

1F 1is required for ¥ of a mole of Cu(s) to be deposited. 1 mole weighs
63.55, % of a mole = £3.55/2 = 31.775g. Thus, with .0373 F, you can
deposir  ,0373(31.775) = 1.19g.

(3) Here, 3 electrons are transferred. Thus, 1F can only deposit
1/3 of a mole.

vetght depostted = (2) x (.0373) = (252)(.0373) = .335¢.

e PROBLEM 575

When a current of 5,36 A is passed for 30 min. through an electro-
lytic cell containing a solution of a zinc salt, it is found that 3.27g
of zinc metal is deposited at the cathode. What is the equivalent weight
of zinc in the salt?

Soclution: To solve this problem one must recall that 1 coulomb =
1A-sec, This means that the number of coulombs passed through the cell
is equal to the product of the curreat { in amperes ) and the time
(in seconds)., In our case, since 5.36 A was passed for 30 min.

(30 min. % 60 sec/min = 1800 sec), the number of coulombs 1is 5.364 X
1800 sec = 9650 coulombs. One Faraday (1 %) is equivalent to 96,500
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a current of 4.02 amperes flows for 1000 minutes. One ampere is de-
fined as one coulomb per second

ampere = coulomb/second.
To find the total mumber of coulowbs that were transmitted to the Ni
ions, the amperage of the current must be multiplied by the time the
current was flowing. The time must be converted from minutes to
seconds by use of the conversion factor, 60 secs/l minute.

no. of coulombs = 4,02 coulombs/sec. x 1000 min.
X 60 sec/minute = 24,120 coulombs,

Since one knows that 2 Faradays or 193,000 coulombs (2 X 96,500 coul)
plate out 1 mole, or 58.7g, of Ni, one can set up the following ratio
to determine the number of grams that 24,120 coulombs plate out. Let
x = the number of grams of Ni2% that 24,120 coulombs will convert
to Ni.

2+

38,7 grams - X
193,000 coulombs 24,120 coulombs

x =
7.34g of Ni will be deposited.

X
193,000 = 7.4 .

® PROBLEM 579

A meter reads that a battery is putting out .450 amp in the external
circuit of a cell., The cell is involved in the electrolysis of a copper
sulfate solution. During the 30.0 min that the current was allowed to
flow, a total of ,30g of copper metal was deposited at the cell's cathode.
Was the meter an accurate measurement of current? (F = 96,500 coul.)

Solution: The key to solving this problem is the determination of the
actual current given the amount of copper deposited in 30.0 minutes.
This can be done by employing Faraday’s Laws of Electrolysis. Electro-
lysis is the phenomenon that occurs when electricity is passed through
a solution, such that ions are generated and moved toward an anode or
cathode. The laws that govern this are as follows: Masses of substances
involved are proportional to the quantity of electricity that flows
through the cell. Masses of different substances produced during the
process are proportionsl to theilr equivalent weight. The electrical
equivalent is defined as a Faraday (F). It is capable of reducing one
equivalent of positive charge (Avogadro's number of individual unit
electric charges). The problem can now be solved,

You know how much material is deposited in a given time. Thus, a
certain amount of electricity based on current had to be used. The
reaction that occurred at the cathode was

cu?t + 2¢7 = cu.
Thus, each mole of copper ion requires 2 moles of electroms or, in other
words, 2 faradsys (1 Faraday = 96,500 coul), Thus, a total of 193,000
coul. is required per mole of copper. Current = charge/time. If you
had one mole of copper, the charge would be 193,000 coul. You have only

0,30g(wt. of Cu) _ -3
63.55(m.w. of Cu) 4.72 x 10 7 moles,
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Thus, charge = 4.72 x 10™> (193,000) = 911,075 coul, To determine the
current, time must be considered. The time must be in seconds, since

charge (couls)
time (secs) "

You are given the time as 30.0 min, which equals 1800 secs. Thus,

911.075 _
current = 1800 + 506 amp.

current (amps) =

The meter said .450, thus, it was inaccurate by

506 - 45{)
— =
( T X 100 = 11.1% .

Discuss the separate half-reactions and net cell reaction that occur in
a flashlight battery. If you have a current of .0l amp, how long can the
current flow if the battery contains 25.0g of a paste of Hnoz, uuﬁm, and
ZnCl, of which 201 is l'hoz H

Solution: A standard flashlight dry cell, or Leclanché cell, is composed
of a graphite rod in a moist MnO, - ZnCl, - NH C1 paste, all in a zinc
wrapper. The zinc wrapper serves as the glectradu for the oxidation half-
cell (the anode), while the graphite rod is the electrode for the reduc-
tion half-cell (the cathode). Thus, the probable half-reactions are: at
the anode: 2+ -

Zn(s) = Zn" + 2e

and at the cathode:
2400, (s) + 28,0 2¢” ~ 2MnO(OH) + 2H0 .
The net reaction for the overall process is 2Zn(s) + lell:i2 - hﬂ:l-!'hzl‘;l3 .

To determine how long the current can flow, calculate the number of moles
of Mn0, present and the number of Faraday's required to reduce it per
mole. “You are told that 20% of 25 grams of paste is MnO, . Thus, you
have (.20)(25g) = 5.0g of I'&'n(l'2 . The molecular weight oi Hqu =
86,94z . Thus, you have

5g/B86.%g/mole = .0575 moles of Hnoz .
From the net equation, you see that 2 electrons are transferred.
A Faraday = 96,500 coul and is capable of reducing ome equivalent posi-
tive charge, which means Avogardro's number of individual unit charges
(one mole of electrons). Since 2 electrons were transferred per 2
moles, it takes 2 Faraday's to reduce 2 moles of MHO, . According
to the net equation 2 moles of Mn0, are reduced for“every mole of
ZnC!-an(:I3 obtained. Thus, you can wiite that the current will last
for

(,0575 moles ¥a0,)(—5—ar— mo)( 26,50 cg"‘l) ﬁum)(.oi up)

= 154 hours.

558



Cry0s3= + 14 H® » B~ = ICr" + TH,O 133

€l + 2 == 201 136
MO, + BH" + % == Mn" 4+ 4 H,0 151
Ce* 0~ = Cc¥* 161
MaD,~ + 4 H + % = MnO,ls) « 1H,0 1.68
Hy0y + 2H + 2 == 2H,0 177
0, + 2H + 2~ = 0, + H,0 207
Fy+ 2 == 1F- 287

Solution: The best oxidizing agent will be the one with the greatest
ability to gain electrons (be reduced) and will therefore have the most
positive standard electrode potential, . From the tables,

Felt 4 o # P2 £ = +0.77v

F,(8) + 2e” # 2F £° = +2.87v

Pb2t 4 207 2 Pb(s) B = -0.13v

:zt(.:) + zf‘ ? 221; E = +0.54v

Sn"" + 2¢ g Sn £ = +0.15v
-]

0,(a) + 2H" + 2¢” ® H,0,(l) E = +0.68v
Thus the substances, in order of decreasing ability as oxidizing agents,

are
r, >re* >0, >12>5n‘"'>1’b2+ .

¢ PROBLEM 584

S
Calculate AE® for the following cells: (1) Cadmium and Hydrogen,

(2) Silver and Hydrogen and (3) Cadmium and silver, using the fol-
lowing data:

Reaction Eo volts
cd = cd*? + 2¢” + .403
Hy = m: + 25' 0.00
Ag —=Ag + e - .799

Solut 3 You are asked to calculate the standard cell potential
(8E°) for each of the given pairs, To do this, you must realize that
in such cells, you have 2 half-reactions. Namely, an oxidation re-
action (loss of electrons) and a reduction reaction ( gain of elec-
trons)., The sum of these half-reactions yields the overall reaction
and the AE° of the whole cell. Thys, to find the AE® for each of
these pairs, you need to know the E  of the half-reactions. There
is one other important fact to be kept in mind.

In cells, if the reaction is to proceed spontanecusly, AE® must
have a positive value, This means, therefore, that you must choose
the le-rnctiunguch that their sum always gives a positive oe®
You are told the of the oxidation half-reaction for each element
in each pair. The reduction half-reaction is the reverse of the
oxidation reaction for each -l-ﬁn:, with a change in sign of E° ,
For example, if you have A ~A™" + ¢ with an E =B for oxida-
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tion, the reduction is A*l + ¢ = A witha E = -B,

With this in mind, the procedure is as follows:
(1) Cadmium (Cd) and hydrogen (llz).

The reaction for this ce]l must be the sum of the oxidation and
reduction such that the AE is positive. This can only occur if
the anode (oxidation) has the higher oxidation potential, Thus, you
calculate AE° as + .403 - (0.000) = +,403v. Similarly, for
(2) and (3), a positive AE® can only be obtained with gh& anode
having the higher oxidation potential. Thus, for (2), E =
(0.000) - (-.799) = + .799v. For (3), £ = (.403)=(=.799) = +1.202v.

® PROBLEM 585

If I, and Br; are added to a solution containing I~ and Br~™,
what reaction will occur if the concentration of each species
is 1 m?

Standard reduction
Some half-reactians and their Half-reuction potentul, ¥
standard reduction b 2o + Py =26 +287
potentials. 207+ Clylgs » 20 ™
de” 4 AH3 0 + Ogfgh = 6H3 0 L1
’i 2¢” 4 Bry > 2he” i + 109
-E 4 A = Ag ; +en0
HERT . i rase
2| 3+ e = Can 3 0.
% 267 4 2M30° = Hylp + 2H,0 |5 om0
£ 2+ Fe® = Fau -E ~has
i 26 4 24" = Zntey e -om
Rl A g g ~Lb6
20+ Mg™ = Mgty = -7
4 Na® = Nala) -271
ALt - L —~3.08

Sclution: When I, and Br, are added to the solution, a

dynamic equilibrium is attained between the non-charged
element and its ion form. These reactions, redox reactions,
are written as:

2e” + I, + 21I° + 0,54V

2e” + Br, =+ 2Br~ + 1.09v
The voltages listed indicate the electric potential between
two electrodes. In other words, it is a measurement of the

work done in moving a unit charge (an electron) from one
electrode to the other. For any reaction to occur, the



51’92+ — spet 4 se”
Mnog + 8K + 5~ —» MnZ + LH,0
spe“* + mnoy + &' — sPedt + MnT + WH,0

Notice: Since both equations contained 5e” on different
sides, they cancelled out. This explains why the oxidation
reaction is multiplied by five. Thus you have written the
balanced eguation.

(b) The AE® for the overall reaction is the sum of
the E° for the half-reactions, i.e., AE® = Ered + E

oxid"®
° = - =
You know that Bred and onidf AE 1.51 .77 0.74 ev.

{c) A reaction will only proceed spontanecusly when
AE® = a positive value. You calculated a positive AE®,
which means the reaction proceeds spontaneously.

ELECTROCHEMICAL CELL REACTIONS
® PROBLEM 587

For the following voltaic cell, write the half-reactions, designating
which 1s oxidation and which i{s reduction, Write the cell reaction and
calculate the voltage of the cell made from standard electrodes. The
cell is Co; Co*2 || Ne+2 ; Wi .

Solution: The cell reaction is the algebraic sum of the reactions that
take place at the electrodes. Every cell has 2 electrodes an anode and
a cathode. Oxidation, which is the loss of electrons, occurs at the
anode. Reduction, which is the gain of electrons, takes place at the
cathode.

The cell is always written as solid; ion in solution || ion in seolu-
tion; solid (anode) (cathode)

Oxidation and reduction are the half reactions that take place in the
cell. For this cell, they are

+2

Co = Co “ + 2e (oxidation at anode)
+2

NL° + 2¢" ~Ni (reduction at cathode)

Sum: Ni'2 + Co = NL + Co'2 (Cell reaction) .

Since_ Co 1is losing electrons, it provides the oxidation reaction
and Nit? s Baining these electrons, takes part in the reduction re-
action.

The voltage of a cell 1s the sum of the oxidation and reduction
potentials in units of volts and is designated by E° (under standard
conditions) .

E oo +E .

cell = “oxidatfon = “reduction
The voltages of half cell reactions are usually given as the reductiom
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Ni, for which the half-reactions are
+3

Al = A1l 4 3" E°m-1.65
+2 - g

Ni° + 2¢” = Ni o = - .25
red

Since Al is losing electrons (oxidation), and Wi 1is gaining electrons
(reduction), the electron flow is from Al to Ni

£ » the standard electrode potential is the sum of
the E°'s for the half-reactions listed above

= 1.66 + (- .25)
= 1.41 volts .

* PROBLEM 590

Given the following standard electrode potentials at 25°C: Sp°% +
2¢” ~502t, B = 0.15 v and Fe¥ 4 &” = Pe2*, B = 40.77y will

the reaction 5n2+ + Zh” # Sn“ + 2Fe2+ proceed spontaneously?

Solution; A reaction will proceed spontaneously only if it has a
positive AE® as written. Thus, to answer this question, you want to
calculate the AE® and see whether it is positive. This can be done
by considering its half-reactions.~ The sum of the electrode potentials
for these reactions will be the AE°.
The overall reaction is
sa?* 4 277 2 5o 4 2re2t .

The half-reactions are, oxidation (loss of electrons) and reduction
(gain of electrons) reactions. You have then,

oxidation: Sn°' = 8n** + 2¢” ,

This, has the reverse of the standard potential of the reaction given.
Thus, its E° =-(0.15) = -.15ev.
2+

Reduction: Fey' +e ~Fe .
This has the same standard potential as in the given reaction. Thus,
its E° = 0.77ew. Adding these two equations together, one obtains the
desired net reactionm.

Sn2+ - Sn“ + 2e
2re?t + 207~ ape?t
T, . 2r o 7+

2Fe” + S5n° = Sn  + 2Fe
The o = E) ..+ Ea ™ --15+ .77 = +,62 volt. The fact that it is
positive means the reaction proceeds spontaneously.

® PROBLEM 591

Construct a galvanic cell based on the reaction

3Fe(s) + 2Au+3 - JF=+2 + 2Au(s)
with AH negative,




Notice, that both Le Chatelier's principle and the Wernst equation re-
late vhat happens to reaction tendencies when concentrations are changed.
For example, in the Nernst equation, Lf the concentrations are such that
yield a positive potential, E, then the reaction is favorable in the
direction written. The difference between the Nernst equation and

Le Chatelier's principle is that the latter relates reaction tendencies
with a change of ration qualitatively, while the former discusses
it quantitatively .

* PROBLEM 593

A cell possesses two electrodes. Both half-cells are .0lM MnO; fon.
One cell is ,01M H.O% ion, while the other has a 0" concentration of
.10M. The mman reaction for the reduction half-cell may be written:

#a0,” + 4H' + 37 ~ MmO, + 2H,0 .
The oxidation half-cell is the reverse of this reaction. 1) Write the

net equation for the spont cell p taking place; 2) Find
AE for the reaction; 3) Find the value of the equilibrium constant.

: 1) The net reaction, in such a situation, is the sum of the
balanced half-reactions, i{.e., oxidation reaction plus reduction reaction.
Since, you are given both reactions, add the equations together to find
the overall reaction. You have, with concentrations included,

oxi Ma0, + 2H,0 = a0, *(.0M4) + SHTOM) + 3e”
red: mﬁ'(.ouo + 4H (J10M) + e — 0, + 2,0
+ +
Net Reaction: &H (.10M) — 4H (.01M) .

+ +
Notice: all species cancelled out, except H (actually H0'). This
is the net equation for the spontanecus reaction taking place’

2) To find AE for the reaction, use the Nernst equation, which states
sE = a2 - =82 105k

for a temperature at !5°C. where AE = potential for cells under other
than standard conditions, AE® = standard cell potential, o = number of
electrons transferred and K = equilibrium concentration expression.

n = 3, since from either the oxidation or reduction reaction, 3 electroms

are being transferredi AE" = 0, since AE® = orod " “reactants and

both the product and reactant are the same species. K 1is defined as
the ratic of products to reasctants, each raised to the power of their
coefficients in the net equation. Substituting these values into the
Nernst equation, you have 4
pE =0 <288 15 LOD_ L 5. 0197(10g 1074
3 10"

= (-.0197)(-4) = 0.079 volt.

3) To find the value of the equilibrium constant, note that there exists
a relationship between OE° and the constant at 25°c. Namely,

nf-*-gleogx, From part 2, you found AE° = 0 . Thus, K = unity

(one), since this is the only value that permits log K = 0, which, then,
allows AE® = 0, as it must.



© PROBLEM 594

You have the following cell process:

Fe(s) + Co’*(.5M) = Fe’' (1.0M) + Co(s) .
Pa?t + 2¢” # Fe(s) with E = -.44e and Co’® + 2¢” @ Co(s) with
£ = -.28, find the standard cell potential nz“, the cell potential
AE and the concentration ratio at which the potential generated by
the cell is exactly zero.

: Assume that the reaction proceeds spontanecusly. This
means, therefore, that the reaction must have a positive value for
4E° ., With this in mind, you proceed as follows: You are given two
half-reactions:

?e2+ + 2¢ @ Fe(s) E = -.44 ev

o2t + 2¢” F Co(s) B = -.28 ev

Both resctions represent reduction (gain of electrons). But, the over-
all reaction in a cell is a combination of both a reduction and an
oxidation reaction, Thus, you must reverse one, keeping in mind that
the AE® must be a positive value. Recall, also, that AE = oxid +
E> ,. You can write
red _ 24

Fe(s) # 2¢ + Fe' E' = «(=.44) = .44 ev

Co™t 4+ 26" 2 Co(s) 1 B = -.28 ev

Fe(s) + 002+ # F=2+ + Co(s) (overall reaction)

with AE" = .44 - .28 = .16 ev. Notice: By reversing the Fe reaction
and combining it with the other, you obtained the overall reaction
with a AE® = .16 ev, a positive value, which indicates that the

reaction pr ds spont ly. To find AE, use the Nernst equa-
tion, which states 059
AE = pE? - 2 == log K,

where n = number of electrons transferred and K = equilibrium
constant of reaction. In this problem, the number of electrons trans-
ferred is 2, so that n = 2,

2+
, L.e., the ratio of the concentrations

of products to reactants, each raised to the power of its respective
coefficient in the chemical equation. Note, Co(s) and Fe(s) are
omitted, because they are u&l_idn and, thus, considered comstants them-
selves. You are given [Fe“"] and [Coz"'i and you have calculated
AE® . Therefore,

2+
88 = o - 2032 1o;i§5§]-- 16 - <222 10g L0 = 16 - L0295 105 2
[Co :
= .16 - .01 = .15 ev.
To find the concentration ratio, K, when AE = 0, use the Nernst

equation;
nE-AB‘—ﬁi?—logK. 2+
AE =0, A = ,16, n= 2 and K= 75, + 80 that
[co™"]



and the reduction is

cutt 420" ~Cu B = -(-.337)
overall reaction

Za + Cu?t = 20’2 4 Cu with

o= 763+ [-(=.337)] = L.0v .
From the overall reaction, recall
¢ o L2attl

fo*?)
(The concentrations of solids are not included in a dissociation
constant)., You are told n*2 - »5m and cu*? = .2m, so that
K =233 . In the overall reaction, 2 electrons are lost and

ined, which means n = 2. If you substitute these values in
g. lllmst equation, you obtain

£= 1.1 -2 1op 2

Solving, E = 1.088v for this Daniell cell.

® PROBLEM 596

+2 .+
Calculate the voltage of the cell Fe; Fe 2 i H “2 if the irem

half cell {s at standard conditions but the II+ ion concentrations
is .00INM .

Solution: The voltage (E) of a cell is found using the Nernst Equation
because it fnvolves the use of concentration factors. It is stated

EnE“-:—;- in Q,

where R {s 8.314 joules per degree, F 1is 96,500 coulombs, N f{s the
number of moles of electrons transferred and Q 1is the concentraticn
term. T = 25 C, by definition of standard conditions, in this equa-
tion (or 298 K).

But to solve the problem we must first obtain E . This is done
by writing down the appropriate half-reactions. Oxidation is the loss
of electrons and reduction is the gain of electrons.

Reaction Iype
+2 ~ =ted
Fe = Fa = + 2e Oxidation + .44
2+ 287 - B, Reduction 0
Next, take the algebraic sum of the Et.d and E:ml.d » which pives £ .

E o=+ 46+ 0=+ .44 .
How set up the cm:entrltlﬂn tet-.

1ng = 1o L1 = ”I JT_]_.L

Standard conditions always means a concentration of 1 M. Substituting
all these terms into the Nernst equation, one calculates E to be
-059, 10" 0.0257, 10°%

E=+.44- ~—=0.617v or E=+.44-——1n——=0.617v
2 1 2 1
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I half reaction is =0.799 volts. 1
.

Solution: The silver-silver chloride electrode process is a special
case of the (Ag,Ag") couple, except that silver {ons collect as solid
AgCl on the electrode itself. However, solid AgCl has some Agt in
equilibrium with it in solution. This (Agt] can be calculated from
the K equation:
ap + - + K
(ag')[c1"] = K or (Ag ) = 2B~
" 10 [c17]
(ag') - 1BXI0 Ly 5510710 |
This value for [Ag+] can be inserted into the Nernmst equation for the
(Ag,Ag") half-resction _ _
Ag = Ag + e E =-0.799
The Nernst equation is
I-f-—w . 2 » Where E° = standard

electrode potential (25°C and 1M), n = number of electrons transferred,
and Q = the mass-action expression or equilibrium constant, For this
reactionm, m+a|-| that one electrom is transferred., Hence, n = 1.

Also, Q = 7 , but, since Ag 1is solid, its concentration is assumed
to be constant; it can be removed from the expression, so that Q = [ﬁg*].
Thus, 205916 loglAg'] -10

E= F - 1 = =0,799 = 0.05916 log(l.8 x 10 ")

= =0,799 + 0,576 = - 0.223 volts .

® PROBLEM 601

__ __
What will be the relative concentrations of Zn'2 2

lndCu+ when

the cell Zn; Zn*2{lCu*?; Cu bhas completely run down? (E° = 1,10 velts).

Solution: The key phrase to understand before solving this problem is
"has completely run down", That means there is no apparent current,
leading us to assume a value of zero for the electrode potential, E.

Next, one should realize that wh r rations are involved
one should apply the Nernst Equation, which states

e=f -Big,

where Q 1is the equilibrium constant expression, R is the gas constant
(8,314 joules per degree), F is 96,500 coulombs, n i{s the number of
moles of elactrons transferred and T is 25°c (or 298°K).

Since the overall cell reactiom {is

Zo+ Cu'2 =~ 202 4 Cu , (2*2)

2 moles of electrons are transferred and log @ equals log +2] .
Cu
Remember that solids are omitted from all concentration equations.
This yields (via substitution):

= -8 1o

and
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Lzt

+2 '
+2 [cu®]
which means log 1{Q+_2.]L = 37.3 . Solving,
Cu

0 = 1.1 volts - 4-“-%2 log

+2

B . 2x10Y
cu

+
This means that the concentration of Zn+2 is far greater than Cu z.

® PROBLEM 602

For a cell reaction of the type T + l+2 2R+ '1'+z, calculate the

value that must have so that the equilibrium concentration of
T2 {5 a thousand times the R'Z concentration.

Solution: In this question, we are asked to obtain the standard cell
potential (E°), not the actual cell potential (E). Since there is no
net electron flow at equilibrium, E = 0,

There exists an expression which relates E°, E and copcentrations.
This expression, called the Nernst equation, states E=E - .059/n
log @, at a temperature of 25 ¢ where n = number of electrons trans-
ferred and Q = mass action expressionm.

From the chemical reaction, you see T goes from an oxidation state
of 0 to +2 . It lost 2 electrons. Thus, K'? gained 2 electroms.
Therefore, the number of electrons transferred, n, equals 2. From the
same chemical reaction, ¢ becomes +2

T
+2] -
42, R +2
You are asked to determine (T °] to be 1000 times [R °], which means
Q = 1000. You already determined that E = 0. To find E , substitute
these values in the Nernst equation. You obtain

0=¢ - 9'%22 1n 1000.
Solving, E° = .088 volt.
o PROBLEM 603
s— —

You are given the reaction:
H,(g) + 24gC1(s) + 21,0 ~ 2Ag(s) + zu,o"(u) + 2¢17(Ag) .

It has been determined that at 250C the standard free emergy of forma-
tion of AgCl(s) 4s ~-109.7 kJ/mole, that of Hzﬂ(l-) is =237.2 k)/mole,

and that of (830+ + 1) (ag) 1s =-368.4 Kl/mole. Now assuming the re-
action 1s run at 25°c and 1 atm of pressure in a cell in which the
Elz(l) activity is unity and !130+(.|s) and Cl (ag) activities are .01,
what will be the cell voltage?
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Solution: The answer to this question requires the use of the Nernst
equation and the relationship between overall free energy change (4G)
and the cell voltage E.
The Nernst equation implies that the voltage of a cell depends on the
concentrations or activity of the species involved. It states
= -S g,
where E is the potential for a reaction at nonstandard conditioms,
E = the standard potential, n = mmber of faradays of electricity,
F = the vllipe of a flnday. (for conversion to kilojoules per mole is
96.49 kJ V" equiv '), T = temperature in kelvin (celsius plus 273),
R = universal gas constant, (8.31 J mol~! deg™1), and Q 1s the mass-
action expression. The relationship between the overall free energy
and cell voltage is AG = -nFE , where AG {is the free energy. If 113
the species are in their standard states, then you can say AC° = -nFE .
The sum of AG must be the free energy contribution from each compoment.
Therefore, o
a¢ = uc'ouso"cl‘ - Wyeey T uc"uzo
= 2(-368.4) - 2€109.7) - 2(-237.2)kJ
= =43.0 kJ per mole of reaction.
A6 | _-43.0ky
€ = <oF [2 (96.49 ®37%))
Since the activities of solid Ag, of solid AgCl and of nzo are unity,
they can be eliminated from the mass-action expression:
IH;O"'}z[CI']z
(H,]
#92 . .2
[Ha0" 17 [C17]
E=E - AL in —L[—]——
oF H‘2 )
Therefores . a3 . (8:30098)(2 1og £:0100%(,0100)
. 2(96490) 8 1.00
E= 223 + .236 = ,459v.

«223v .

Thus,

e PROBLEM 604
r —
You have two half-cells coupled together to form a
concentration cell: Hz; (1 atm) - 2HY(,1M) + 2e~ and
Hz (1 atm) + 2H*(1.0M) + 2e~, Calculate the free
energy and electrical work obtainable, F = 96,500 coulombs.
S

Solution: To find the free energy and electrical work

ta le, calculate the maximum cell voltage in this
cell, since AG = free energy = - n FAE, where n =
number of electrons transferred, F = Faraday constant,
and AE = cell voltage.

To find AE, use the Nernst eguation. which states

AE = AE® - ,059/N log K, where AE” = voltage at standard
conditions, and K = equilibrium constant of reaction.
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(1) ag¥ + e~ + Agls) E°® = .80 volt, and (2) Al'* &+

3e” + Al(s) E°® = - 1.66 volt, calculate the standard
free energy change, AG°, in Kcal/mole. 1 cal = 4,184 joule
1 F= 96,500 coul, 1 Kecal = 1000 cal,

Solution: The standard free energy change, AG®, can be
related to standard cell potential change, AE®, wvia

AG® = n FAE®, where n = number of electrons transferred
per mole. To find AG®, calculate (1) AE®, (2) n,

(1) You are told a voltaic cell exists. This means that
electricity is generated. You are given the E° values for
the half-reactions. For electricity tc be generated, how-
ever, the AE® for the overall reaction must be positive,
Both half-reactions represent reduction processes (gain
of electrons). But AE® = Eo;id + E;ed' Thus, to find AE®,

you must reverse one of these reactions to oxidation
(loss of electrons) so that AE° for the overall reaction,
is positive. This condition can only be met if (2) is
reversed to Al(s) + Al'* + 3e~, E® = = (- 1.66) = 1,66
and (1) remains as Ag* + e~ » Ag(s). Before adding these
two to obtain the overall reaction, multiply (1) by 3,
so that all electrons in the overall equation can be
cancelled. Thus

Al(s) = Al'" + 3e”

3agt 4+ 3e” + 3ag(s)
AL(s) + 3ag" + Al"" + ag(s) with

o =
AE® = E;xid + E:ed 1.66 + .80 = 2,46 volts,

(2) The number of electrons being transferred = 3,
so that n = 3,

AG® = n FAE®.
Substitute in values to obtain
AG® = (3)(96500) (2.46) (cal/4,184 joules) » (Kcal/1000 cal)

= + 170 Kcal/mole,

® PROBLEM 606

Calculate the standard f, electrode potential, of the hydro
oxygen fuel cell. The standard Gibbs free energy of formation (bl:f)

of HZOGL) = =56,690 cal/mole.

Sclution: The standard Gibbs free energy of formation (AGO) is a
measure of the energy available to do work when compounds ar{ formed
from their elements in the standard state, The electrode potential,
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i.e., the voltage across the two electrodes in a galvﬁntc cell, such
as the hydro ln-uxrm cell, can be computed from nc , by using the
equation A4G" = -oF E , where n = number of electm& transferred

and F = a faraday of electricity, which is 23,060 cal v~} mole-l.
In a hydrogen-oxygen fuel cell, water is produced from the tututer
of 2 electrons. Thus, n = 2. Solving for E:

-56,690 SAL = .2(23,060 cal v’ mole™)) £ .

x“ = 1.229 v for this fuel cell.
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CHAPTER 17

ATOMIC THEORY

| Basic Attacks and Strategies for Solving Problems

l in this Chapter. See pages 581 to 611 for step-by-
| step solutions to problems.

The atomic weight is defined asthe weight of an atom compared to “*Cbeing
exactly 12 atomic mass units (amu). This translates into a mole of C having
a mass of exactly 12 grams. Tabulated values of atomic weights are the
weighted averages of the naturally occurring isotopes. (Isolopes have the
same number of protons but different numbers of neutrons.) For example, the
atomic weight of chlorine is tabulated as 35.45, natural chlorine is 75.5% *Cl
(atomic weight 34.97), and 24.5% Cl (atomic weight 36.97).

Avg. At WL = .755(34.97) + .245(36.97) = 35.45 17-1

Many periodic tables show the electronic configuration for each atomic
species. This will be discussed in more detail in the following paragraphs and
in Chapter 18, but since chemistry is the study, principally, of the interaction
of electrons in the outer or valence orbitals, it is often simplified by consid-
ering only the numbers of valence or reactive electrons. The key is to note that
in the first orbital there are two valence electrons. The neutral atom with one
electron is hydrogen; the one with two is helium. No more electrons can enter
the first orbital for reasons to be outlined in Chapter 18. For all other orbitals,
up lo eight electrons can exist. The tendency or driving force for reaction is
to fill the outermost orbital by sharing or acquiring electrons from other
atomic species. Therefore, atoms react in a way to get eight electrons in the
outermost or valence orbital (except for hydrogen which reacts to get two).

If the valence orbital is filled by sharing electrons the bond is called
covalent; if it is filled by acquiring an electron from another atom, the bond
is called ionic. For large differences in electronegativity, ionic bonds are
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formed; for moderate differences, covalent bonds are formed. The relative
electronegativity of the elements is tabulated. An arbitrary scale, called the
Pauling scale, is used, and the value of electronegativity for each of the
elements is shown in a table in Problem 642. If the difference in electronega-
tivity between two clements is greater than 1.7, the bond between them will
be ionic; if less, the bond will be covalent. However, if the difference in
electronegativity is near 1.7, bonds may have both covalent and ionic
character. These bonds are polar in that the electrons are preferentially
attracted to the more clectronegative atom. The greater the difference in
electronegativity between bonded atoms, the more polar the bond will be until
eventually, when the electron is completely attracted to one atom, it becomes
ionic.

There are several examples in the problem list showing electron dot
diagrams and putting atoms together to obtain the desired number of electrons
in the valence orbit. When atoms in Groups I and II of the Periodic Table
donate their one or two valence electrons, the electronic configuration that
results is that of the filled stable orbit under the valence electrons.

Electrons are numbered for each element by the following convention
which is explained by quantum theory and discussed in Chapter 18.
a) the first number is the principal orbit (e.g., 1, 2, 3, etc.).
b) the second digit is designated by a letter (e.g., s, p, d, f).
c) the superscript following the letter designates the number of
clectrons of that type.

The maximum number of each type of electrons in any orbital is 2 for s
electrons, 6 for p electrons, 10 for d electrons, and 14 for felectrons. The s and
p clectrons are the principal reactive electrons for small atoms. The d
electrons are somewhat less reactive and account for the multiple valence
states in many transition metals.

In the first row of the Periodic Table, only s electrons exist. In the second
and third rows, s plus p electrons exist, and in subsequent rows the d and f
electrons may also exist. Table 1 shows the electron configuration of a sample
of elements from the first three rows of the Periodic Table.
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Table 1: Sample of the Electronic Configurations of Elements

Element At.No. 1s 25 2p 3s 3p Electronic Configuration*

H 1 1 1s' |
He 2 2 15° |
c 6 2 2 2 18, 252, 2p° |
Na 11 2 2 6 1 18,26, 28,3 |
cl 17 2 2 6 2 5 152, 25%, 2%, 3¢%, 3p° |
Ar 18 2 2 6 2 6 1%, 25%, 2%, 3¢, 3 |

* The superscripts of the electronic configuration add up o the atomic number.

To calculate bond distances and angles, the key is to rely on the geometry
of the bond and calculate the relationship between the distances and angles
from standard trigonometric principles. For example, for a molecule with a
tetrahedral conformation, such as methane, CH,, orcarbon tetrachloride, CCl,,
the H-C-H angle or CI-C-Cl angle is the tetrahedral angle of 109.5°. The bond
distance is, to a first approximation, the sum of the atomic radii of the two
atoms between which the bond is formed.
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Solution: To find the formula of this compound, it is
necessary to determine the valence of the elements from
which it is composed. The valence of an element is the
number of electrons that are involved in chemical bonding.

To find the valence of phosphorus and hydrogen,
consider their atomic number and electronic confiquration.

Hydrogen: Atomic number = 1.
Electronic configuration = 1s!
Phosphorus: Atomic number = 15.
Electronic configuration = 1s?2s?2p®3s?3p’.

The outer electrons are ls' for hydrogen, and ip?
for phosphorus. It takes one additional electron to fill
hydrogen's s orbital; its valence is one. It takes 3
more electrons to fill phosphorus' p orbital; its
valence is three. Elements react with the purpose of
filling all their orbitals with the maximum number of
electrons by either a transfer of electrons or by sharing
electrons.

It would take three hydrogen atoms to complete
phosphorus' outer orbital. In turn, each electron of
phosphorus would serve to complete the outer orbital
of each hydrogen atom. This can be pictured in an
electron-dot formula as shown above.

In this figure, the X's represent the outer
electrons of hydrogen and dots represent the electrons in
the outer shell of phosphorus. The formula of this
compound is, thus, PH;.

o PROBLEM 614

H,03, hydrogen trioxide, a close relative of hydrogen
peroxide, has recently been synthesized. It is extremely
unstable and can be isolated only in very small gquantities.
Write a Lewis electron dot structure for H;0,.

Solution: A Lewis dot structure of a compound shows the
arrangement of valence electrons. Valence electrons are
Qefined as an element's outer electrons which participate
in chemical bonding. Thus, to write an electron dot struc-



ture for H;0;, calculate the total number of valence
electrons.

This can be done by considering the electronic con-
figurations of H (hydrogen) and O (oxygen).

Hydrogen possesses one valence electron while oxygen
has & valence electrons. In H;O0,, a total of (2}1 + (3)6 =
20 valence electrons are involved.

With this in mind, the Lewis electron dot structure
becomes

H:O: 9 : 9 :t H

Notice, you have represented the required 20 valence
electrons.

® PROBLEM 615
-

Using electron-dot notation, show for each of the following
the outer shell electrons for the uncombined atoms and for
the molecules or ions that result:

(a) H + H =+ hydrogen molecule
(b) Br + Br + bromine molecule
(c}) Br + €l =+ bromine chloride
(d) si + P =+ silicon fluoride
(e) Se + H - hydrogen selenide
() ca + 0 =+ calcium oxide
e —— —

Sclution: When electrons are transferred from one atom to
another, ions are formed, which gives rise to ionic bonding.
Two atoms, both of which tend to gain electrons, may combine
with each other by sharing one or more pairs of electrons.
These two atoms form a covalent bond.

To solve this problem, one must know the number of
valence electrons, in each of the atoms in the equations.
The valence number reflects the combining capacity of an
atom. Next, one must know which atoms combine to form
ionic bonds and which form covalent bonds. The only ioniec
bond formed in these eguations is for Ca + 0; the other
bonds are covalent, and electrons are shared to form an
isoelectronic electron cloud such as a noble gas.

Thus,

(a) H* + H* - H:H

- - - -

(b) : Br ¢+ + : Br : - : Br : Br :
- - - -



(e) +Br : + : C1 : =+ : Br ot sl :
. ™~ uiEIu
(d) » S1i++:PF: - t F:§: F
. . “iF
(e) » Se : + H* + H : 8g :
- H
(£) Ca++-0: =+ catt:07

¢ PROBLEM 616

The sulfate ion consists of a central sulfur atom with
four equivalent oxygen atoms in a tetrahedral arrangement.

Keeping in mind the octet rule, draw the electronic struc-
ture for the ion. What should the internal 0-5-0 bond
angle be?

» X
xOx 5.
x .
Figure a Figure b
k3
50%
XX ee wx
:0:50% %9
XX 2 X XX O—8—0
X x e l
*Q o
Figure ¢ Figure d

Solution: The formula for the sulfate ion is SO, . To
write the electronic structure of the ion in this problem,
one must consider the definition of valence and the octet
rule. Valence electrons refer to those outer electrons
that participate in chemical bonding. The octet rule
states that for stability, there can be no more than eight
electrons in the outer orbit of an atom, either as a re-
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sult of transfer or sharing. Thus, after determining the
number of valence electrons present, arrange them so that
they obey the octet rule. The electronic configuration of
sulfur is 1s?2s?2pf3s?3p*. It has 6 valence electrons; they
are found in the 3s and 3p orbitals. The electronic con-
figuration of oxygen is 1s?2s22p*, which means it also has
six valence electrons; the first orbital contains only 2
electrons. The electronic structure of each of these atoms
can be represented as shown in figure a and figure b, where
x's and dots indicate valence electrons. The electronic
structure of the ion can be pictured as figure c¢. Here,

one can see that the sulfur and two of the oxygen atoms

are surrounded by eight electrons. Because two of the
oxXygen atoms are only surrounded by seven electrons, each
of these atoms possesses a negative charge. This structure
may also be drawn as shown in figure d.

For greatest stability the oxygen atoms must take
positions as far apart as possible. It has been shown that
when four atoms surround a fifth the most stable arrangement
is tetrahedral. In this arrangement, the 0-5-0 bonds form
a 109.5° angle.

IONIC AND COVALENT BONDING
® PROBLEM 617

Distinguish a metallic bond from an ionic bond and from a
covalent bond.

Solution: The best way to distinguish between these bonds
5 to define each and provide an illustrative example of
each.

When an actual transfer of electrons results in the
formation of a bond, it can be said that an ionic bond is
present. For example,

2K° + §: =+ 2+ + 85T - 2§
potassium sulfur potassium sulfur ion ionic bond
atoms atom ions due to the

. attraction
{unlike ions due to trans- of unlike

fer of electrons from :
potassium to sulfur) ions
When a chemical bond is the result of the sharing of
electrons, a covalent bond is present. For example:

: ;r . 4 e ; T - 3 ;r : ; : These electrons are shared by
- - B v both atoms



ELECTRONEGATIVITY
o PROBLEM 622

What is the meaning and significance of the Pauling
electronegativity scale?

Solution: 1In any chemical bond, electrons are shared
between the bonding atoms. In covalent bonds, the valence
electrons are shared almost equally - the shared electrons
spend about the same amount of time with each atom. In
ionic bonds, the valence electrons are monopolized by one
atom. The degree to which a bond will be ionic or covalent
is dependent upon the relative electron-attracting ability
of the bonding atoms.

The Pauling electronegativity scale provides a
measure for the relative electron-attracting abilities or
electronegativity of each element. The most electronegative
element, fluorine, is assigned the highest number, 4.0.

The least electron attracting elements (and consequently,
those most willing to lose electrons), cesium and francium,
are assigned the lowest number, 0.7. Numbers are assigned
to the remaining elements so that no element has a higher
number than an element more electronegative than it.
Furthermore, the numbers are assigned so that the differ-
ences between the electronegativities of two elements is
indicative of the ionic guality of the bond that forms
between them. In particular, if the difference is 1.7 or
greater, then the shared electrons are monopolized by the
more electronegative atom to such a great extent that the
bond is said to be ionic. If the difference is less than
1.7, the bond is covalent.

Thus, when given a compound, the Pauling electro-
negativity scale can be used to determine the species that
acts as the electron donor, the species that acts as the
electron acceptor, and the degree of electron polarization
of the bond.

® PROBLEM 623

Classify the bonds in the following as ionie, ionic-
covalent, covalent-ionic and covalent: I, LiCl, MgTe,
Cl:0, HzS.

Solution: The bonds in these molecules can be classified
considering the electronegativities of the atoms in-
volved.

The electronegativity of any element is the tendency
of that element to attract electrons. The greater the



® PROBLEM 625

What is the difference between electronegativity and
electron affinity? Use specific examples.

Solution: Electron affinity represents the energy released

en an electron is added to an isolated neutral gaseous
atom. Electronegativity is the tendency of an element to
attract electrons, not in the gaseous state, but from a
nucleus joined to it by a covalent bond. The electron
affinity is a precise quantitative term while the electro-
negativity is a more gualitative concept.

* PROBLEM 626

Assuming the ionization potential of sodium is 5.1 eV and
the electron affinity of chlorine is 3.6 eV, calculate
the amount of energy required to transfer one electron
from an isolated sodium (Na) atom to an isolated chlorine
(Cl) atom.

Solution: Ionization potential is the amount of energy
Tequired to pull an electron off an isolated atom. Electron
affinity is the amount of energy released when an electron
is added to an isclated neutral atom. In this problem, one
must add energy to remove an electron from Na and energy
will be released upon the addition of an electron to Cl.
5.1 eV are needed to expel an electron from Na and 3.5 eV
are released when Cl accepts an electron. Thus, the amount
of energy reguired for the overall process to occur is the
difference between the ionization potential of Na and the
electron affinity of Cl.

The energy necessary to be added to the system for
this reaction to occur is 5.1 eV - 3.6 eV or 1.5 eV.

® PROBLEM 627

It is a fact that the second ionization potential of alkali
atoms falls off more rapidly with increasing atomic number
than does the first ionization potential. Why?

Solution: The first ionization potential is the energy
necessary to remove one electron from a neutral atom in

the gasesous state. After this first electron is removed,
the atom becomes an ion with a +1 ionization state.

Second ionization potential refers to the energy necessary
to remove an electron from the +1 ion in the gaseous state.




As the atomic numbers of elements increase the atomic
radii of the atoms increase. The atomic radius determines
the distance from the nucleus to the outermost electron of
the atom.

The first and second ionization potentials should fall
off as the atomic radius increases. As the radius increases,
the outer electron, which is the one that will be removed,
is at a greater distance from the nucleus. Thus, the "pull"
on it by the nucleus, is less than that of an electron
closer to the nucleus. Hence, less energy should be required
to remove an electron that is far away from the nucleus than
one that is close.

In considering the second ionization potential, one
has an added factor involved; the element is charged. The
concentration of charge will be decreased as the atomic
radius increases. This increased diffusion of charge with
the increased atomic number is the reason for the added fall
off of the second ionization potential as compared to first
ionization potential.

® PROBLEM 628

40.0 kJ of energy is added to 1.00 gram of magnesium atoms
in the vapor state. What is the composition of the final
mixture? The first ionization potential of Mg is 735 kJ/mole
and the second icnization potential is 1447 kJ/mole

Solution: Ionization potential may be defined as the energy
required to pull an electron away from an isolated atom.

The second ionization potential is the amount of energy re-
quired to pull off a second electron after the first has
been removed.

The composition of the final mixture is determined by
calculating the number of electrons that will be removed
from the magnesium ions. To do this one must determine the
number of moles of Mg present in 1 g. From this one can
determine the number of electrons that will be liberated by
using the values for the first and second ionization po-
tentials of Mg.

The atomic weight of Mg is 24.3. Since moles =
grams/atomic weight, there are in 1 gram of Mg, 1/24.30 or
4.11 x 10”? moles present. The first ionization potential
of Mg is 735 kJ/mole. Therefore, 4.11 x 10~? moles of .f re-
quires 4.11 x 10~? moles x 735 kl/mole or 30.2 kJ to ionize
all of the atoms once. 40 kJ was added to the system leaving
40 kJ - 30.2 kJ or 9.8 kJ to remove the second electron.

If one has 9.8 kJ and 1447 kJ/mole is required to remove the
second electrons, then

I?%ﬁgiggiﬁTE_ = 6.77 x 107 moles of atoms can



& PROBLEM 631

-
When the following reaction

F3 + Cl; + 2C1F
occurs, 26 Kcal/mole are released. The bond energies of

F; and Cl; are 37 and 58 Kcal/mole, respectively. Calculate
the dissociation energy of the C1F bond.

Solution: The dissociation energy is the amount of energy
needed to break the chemical bonds of a molecule. The re-
action for the dissociation of 2C1F bonds is

2C1F + F3 + Cl;

This is the opposite of the reaction described in the
problem, therefore, 26 Kcal/mole are consumed. The amount
of energy consumed is egqual to twice the dissociation
energy of ClF (because 2 moles of ClF are present) sub-
tracted from the sum of the dissociation energies of P
and Cl:

AH = |AH + bHcla] - 24H

F = = 26 Kcal/mole
k)

Cl-F

26 Kcal/mole = 2AH

c1-F ~ 37 Kcal/mole - S8 Kcal/mole

2nuc1_r = 26 Kcal/mole + 37 Kcal/mole + 58 Kcal/mole

= 121 xcal/mole = 60.5 Keal/mole.

Thus, 60.5 Kcal are needed to break one mole of
Cl1-F bonds.

® PROBLEM 632

Based upon the following thermochemical data, show that
ozone, Oi, is considerably more stable than a cyclic
structure would suggest. The enthalpy for the 0-0 bond is
approximately 33 Kcal/mole.

1k 03 - 0, = + 34.5 Kcal

M!fi:nnn/ni:i.m'l

0; + 20

aadissociation = + 119 Keal.

Solution: The bond energy is the amount of energy needed
to separate atoms joined in a chemical bond. The greater
the bond energy the more stable the bond. The stability of
a molecule is proportional to the sum of the bond energies
of the bonds in the molecule.



If 0, assumes a cyclic conformation, there are 3 0-0
bonds present. Thus, the stability of this structure is
proportional to 3 times the bond energy of an 0-0 bond,
33 Kecal/mole.

stability of the cyclic structure = 3 x 33Kcal/mole or
99 EKcal/mole

One can calculate the actual stability of 0, by
using the data supplied in the problem. The overall re-
action for the dissociation of 0, is
(1) 0y + 30.
One can derive this equation from the two given in the
problem. The reverse of the equation and the A dissociation
for the formation of 0; is

(ii) 0y + 1% 02 ﬂHdiss = - 34.5 Kcal/mole

If one multiplies the second equation by 3/2 it and its
AH becomes:

(iii) 3/2 02 + 30 AHgice = 178.5 Kcal/mole

One obtains the overall eguation (i} by adding to-
gether equations (ii) and (iii). One finds the overall
AH by adding together the 4H's of these reactions.

(ii) 03 = 3/20; AH = - 34 Kcal/mole

(iii) + 3/2 0; » 30 + AH = 178.5 Kcal/mole

03+ 3/20; +3/20,+30 144.5 Kcal/mole
or 0, + 30
The actual stability of 0; is, therefore, proportional

to 144.5 Kcal/mole. This is greater than that which would
be expected if 0, had a cyclic structure.

¢ PROBLEM 633

What is the explanation for the following trends in
lattice energies?
NaF - 260 Kcal/mole NaCl - 186 Kcal/mole
HacCl - 186 Kcal/mole KCl - 169 Kcal/mole
NaBr - 177 Kcal/mole CsCl = 156 Kcal/mole

Solution: Lattice energy is an indication of the
stability of the species.

In the first column, since the sodium (Na) ion is
common to all species, one should concentrate on F~, Cl17,



this problem (1) to (5), the reaction becomes (1)+k(2) +

(3) + (4) + (5). The % value for (2) is derived from the

fact that one mole of NaF is required, but, in (2), 2 moles

of F(g) atoms are generated. Thus, take & this number.
Therefore, heat of reaction is:

AH = AH(1l) + %AH(2) + AH(3) + AH(4) + AH(S5)

= 26 + 18.3 + 120 - 83.5 - 216.7 = - 135.9 Kcal/mole.

BOND LENGTH AND ANGLES
® PROBLEM 635

Calculate the interatomic nonbonded distance between
2 bromine nuclei in a molecule of carbontetrabromide

(CBry). The C-Br distance is 1.94 g.

Diagram A Diagram B

Solution: From diagram A, one can see that CBr, is in
a tetrahedral conformation. Thus, one knows that the
Br-C-Br angle is equal to 109.5°. As such, diagram B
is then true.

One is solving for the length of Br;Br;.

Angle Br,-C-A is 109.5°/2 or 54.75°, since one can
let line CA be an angle bisector. To find Br;A, note that
o
sin 54.75 = B;A/1.94 A. Therefore.

e— o
Br,A = 1.94 A x sin 54.75

—— o
Br;A = 1.94 A x .8166 = 1.58 ;
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structure of the trans form as described in the problem is:

One is asked to find the distance from O: to H. This
can be done by solving for the length of 0;C and CH. The
sum of the squares of these two lengths is equal to the
square of the length of 0;H. This can be done through the
use of trigonometry. To find 0:C, one must find NA and
AC. 0;C is egqual to the sum of O:N, NA, and AC. The
measure of angle ONA is equal to 180° - 118° or 62°, since
they are supplementary.

- - NA _ NA adjacent
cos 62° = 0.469 = g5~ = 5714g nm hypotenuse)
__m
0.46% = 57146 nm

NA = 0.069 nm
O:A = NA + O;N = 0.069 nm + 0.120 nm = 0.189 nm

AC = 0,B, since they are the opposite sides of a
rectangle.

£ BOH = 390° - ZHO,A (£ = angle)
£ NOA = 90° - LO)NA = 90° - 62° = 28°

L HOWA = £ HOIN - £NOjA = 105° - 28° = 77°

£ BO H = 90° - 77° = 13° from above.

cos 13° =222 0,974
OH

5098 s = 0-97¢

2

0B = (0.098 nm) x {0.974) = 0.095 nm

Thus, AC = 0.095 nm.

Solving for 0;C:
0:C = DN + NA + AC

= 0.120 nm + 0.06% nm + 0.095 nm = 0.284 nm

sin Zona = 22 L ONA = 62°



charge distribution in the molecule where one atom is
partially positive and the other is partially negative.
The degree of polarity is measured by finding the
difference in the abilities of the two atoms to attract
electrons. This tendency to accept electrons is called
the electronegativity. The greater the electronegativity
difference, the greater the degree of polarity.

From the table of electronegativity values, the
following electronegativities can be obtained:

Compounds Electronegativity Difference
HCl 3.0 - 2.1 = .9
(1)
HBr 2.8 - 2,1 = .7
[ H;0 3.5 - 2.1 = 1.4
(2)
H,S 2.5 - 2.1 = .4
Brcl 3.0 - 2,.8= .2
(3)
IF 4.0 - 2.5 = 1.5

In pair (1) (HC1l and HBr), HCl has the larger
electronegativity. Hence, HCl has a greater degree of
polarity than Hbr. For the same reasons, H;0 in pair (2)
and IF in pair (3) have the greater degrees of polarity.

® PROBLEM 642

0f the following pairs, which member should exhibit the
largest dipole moment. Use the data from the accompanying
table. (a) H-0 and H-N; (b) H-F and H=-Br; (c) C=-0 and C-S.

Pouling clecironegativities

{H=21}
i B B C N O F
10 15 20 23 30 33 40
Na Mg Al s5i P 5 O
09 12 18 18 21 25 30

K G S TV C Mn Fe Co Ni Cu
08 1.0 1.3 1516 16 15 18 18 18 19 1

ob
3
-y
z
¥
w

16 18 20 24 28

Rb & Y Zr Nb Me Te Ru Rh Pd Ag C& In S5n Sb Te 1

o8 1.0 1.2 I4 16 1B 19 27 22 22 18 L7 17 18 19 21 15
Cs Ba LaluHf Ta W Re Os Ir Pt Au Hg TI Pb Bi Po At
7 08 LI-1.2713 1% 17 19 22 22 22 I4 19 1B 18 1§ 20 122
Fr Ra Ac Th Pa U Np

07 09 11 13 15 L7 13

mnlmwnﬂunbhnﬁwlh idation staies of the eh

olnerved, for HM Fc[ll} 1.8,

number i3
Fe(lll} 1.9; Ou(lj 1.8, Cu(ll] ?ﬂ;&l{[]} IJ.S-{IV] 19



(a) Net dipole moment
= (4.80 x 107'? esu) (2 x 10”° cm)

= 9.6 x 107'* esu-cm.
1 Debye = 1 x 107!* asu-cm.

9.6 x 107!® esu-cm = 9.6 Debyes
1 = 107" esu-cm/Debye

(b) Net dipole moment
= (2)(4.80 x 10'%) (2 x 1077

=19.2 x 10~'* esu-cm

Converting to Debyes

19.2 x 10 !* esu-cm

X = 19.2 Debyes.
1 x 10" '* esu-cm/Debye

¢ PROBLEM 644

The net dipole moment of water is 1.84 debyes and the
bond angle is 104.45°. wWhat moment can be assigned to
each O-H bond?

@ ]

o 0
N N /8N
¥ m eﬂ/ Hy H g H

(a) () {c)

(@ (e)



Solution: A dipole is defined as a molecule which is
electrically unsymmetrical - that is, the centers of
positive and negative charges are not located at the same
point within the molecule.

Quantitatively, a dipole is described by its dipole
moment, which is equal to the charge times the distance
between the positive and negative centers. The decrease
in dipole moment will reflect a decrease in either the
value of the charges or the distance between them. It is
given that the bond length increases in this segquence,
which means that distance increases. This suggests an in-
crease in dipole moment within the sequence. But the dipole
moments decrease, this means that the charge must be de-
creasing. This can be explained by noting that the electro-
negativity values are decreasing within the seguence.
Electronegativity measures the tendency of an atom to
attract shared electrons in a molecule. By attracting
these electrons, it develops a negative charge. If the
electronegativity decreases, so does the charge, which
would then account for the decrease in dipole moment.
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CHAPTER 18

QUANTUM CHEMISTRY

Basic Attacks and Strategies for Solving Problems
in this Chapter. See pages 613 to 669 for step-by-
step solutions to problems. {

The name “quantum™ comes from the concept that an electron (or any
other particle) can only have discrete energies. Most values of the energy are
forbidden so that if an electron changes energy it must do so in a quantum
jump.

All electrons in the atoms can be described by four quantum numbers and
no two electrons can have the same set of quantum numbers. The quantum
numbers are, for historical reasons, called respectively n, [, M,and M . nisthe
principal quantum number, / is the orbital quantum number, M, is the mag-
netic quantum number, and M is the spin. The allowed quantum numbers are
as follows:

Quantum No. Permitted Values
n 1,2,3,... etc.
! 0,1,2..n-1
M, +to-
M, +1/2,-1/2 only

In Chapter 17, the electronic configuration designations, for example 157,
2s%, 2p* for carbon, are, in fact, a tabulation of the quantum numbers of each
of the electrons in the atom. Tables 1 and 2 show the relationship between the
designation of Chapter 17 and the quantum numbers associated with each
electron. In Table 1 the following electronic configuration for neon is
tabulated by the rules discussed in Chapter 17.
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Table 1: Electronic Configuration of Neon —[

1
i
Element At.No. 1s 25 2p 3s 3p Electronic Configuration |
Ne 10 2 2 6 1%, 252, 2p° ’

Table 2: Quantum Numbers for Electrons in Neon Atom

n 1 M, M Designation of Chapter 17
1 0 0 +1/2 1s

1 0 0 -1/2 1s (two total 1s electrons)

2 0 0 +1/2 2s

2 0 0 -1/2 2s (two total 2s electrons)
2 1 +1 +1/2 2p

2 1 +1 -1/2 2p

2 1 0 +1/2 2p

2 1 0 -1/2 2p

2 1 -1 +1/2 2p

2 1 -1 -1/2 2p (six total 2p electrons)

The “exclusion” of two electrons having the same set of quantum numbers
is called the Pauli exclusion principle. The order in which the quantum
numbers occur in the ground, or lowest, energy state is governed by Hund's
rule. This rule is outlined in detail in Problem 650.

Two principal types of bonds, sigma (o) and pi () bonds, can be formed
in a molecular orbital. The sigma bond is formed when the molecular orbital
(of shared electrons) is symmetrical around the nucleus while the pi bond is
formed from parallel p orbitals. A succinct description of o and t bonds is
given in Problem 657, and sketches of these molecular orbitals are shown in
the problems which follow.

An early attempt to describe the quantum nature of electrons was
undertaken by Niels Bohr, and his model is called the Bohr atom. It is
simplistic by modern understanding but, for his time, represented a giant step
forward in understanding atomic structure. Bohr postulated that the hydrogen
atom consisted of a nucleus and a single electron in orbit around the nucleus
much as a planet of the solar system orbits the sun. The Coulombic attractive
forces are balanced by the centrifugal force of the electron in orbit.
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elr =mviir 18-1

Where e = the charge on one electron, r = distance between the nucleus
and the electron, and mv/r = centrifugal force. The quantum nature of the
electronic energy was introduced by postulating that the angular momentum
could equal only quantized values.

mvr = nh/2x 18-2

where h is Planck’s constant (6.626 x 10-% erg sec) and n is the principal
quantum number. From Bohr’s theory it is possible to calculate the orbital
radius from each quantum number n.

The quantum theory indicates matter has both wave and particle charac-
teristics. The deBroglie equation relates the momentum of a particle to its
wavelength.

A =hip 18-3

where A is the wavelength and p the momentum (m = v) of a particle. An
clectron, because of its wave character, is not a particle as hypothesized by
Bohr. Its position and energy are uncertain as specified by the Heisenberg
uncertainty principle. The Heisenberg uncertainty principle states that it is
impossible to simultaneously determine the exact position and momentum of
a particle and is given by:

(Ax)(mAV,) = hidx 18-4

where mAV  is equal to the momentum in the x direction and x is equal to the
position of the particle,

The energy of a quantum of light or other electromagnetic radiation is
given by the equation

hc
E = hvm=s .
v Y 18-5

where v is the frequency, c is the speed of light, and X is the wavelength.
Because of the quantum nature of energies which an electron can possess,
when it moves from one energy state to another, it emits or absorbs energy of
a wavelength given by Equation 18-5. This principle forms the basis of the
science of atomic spectroscopy, which is the study of atomic structure from
light emissions. A diagram of the energy levels showing relative energies for
an atom and one electron is shown in Problem 692.
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Step-by-Step Solutions to
Problems in this Chapter,
“Quantum Chemistry”

PAULI EXCLUSION PRINCIPLE, HUND'S RULE AND
ELECTRONIC CONFIGURATION

e PROBLEM 646

Explain the following: Pauli exclusion principle and
Hund's rule.

Solution: An atom is described by four guantum numbers:
the principal guantum number N, the angular momentum
quantum number &, the magnetic guantum number m, and

the spin quantum number s, According to the Pauli ex-
clusion principle, no two electrons in an atom can have
the same four quantum numbers. If two electrons did, they
would have identical fingerprints, a situation forbidden
by nature.

Each orbital can accommodate a maximum of two
electrons. With this in mind, Hund's rule states that
once an electron is in an orbital, a second electron will
not enter into that same orbital if there exist other
orbitals in that subshell that contain zero electrons.

In other words, all orbitals in a subshell must contain
one electron, before a second one can enter., Hund's rule
also states that single electrons in their separate
orbitals of a given subshell will have the same spin
guantum number.

® PROBLEM 647

Discuss the following statement: The Pauli exclusion

principle is the main reason why atoms do not collapse to
a point.

Solution: The Pauli exclusion principle states that no
two electrons in the same atom can be completely identical:
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that is, have the same values for all four gquantum numbers.
The gquantum numbers measure the energy level of the e-
lectron, the order of increasing distance of the average
electron distribution from the nucleus, the angular shape
of electron distribution, (the electronic magnetism), and
the two possible orientations of electron spin. An electron
in an atom is completely described by its four quantum
numbers. Inherent in this description is the point of loca-
tion of an electron at a specific time. If two electrons
have the same four quantum numbers, they would have the
same point of location at a specific time. This means,
therefore, that all the electrons would collapse to a
point at a specific time, The Pauli exclusion principle
states that no two electrons can have the same four
gquantum numbers and therefore the atom cannot collapse

to a point.

+ PROBLEM 648

Given the ground-state oxygen atom, tabulate each of the
electrons by its quantum number,

Solution: Begin by writing the electronic configuration
o e ground-state oxygen atom. An electron is in its
ground state when it is in its lowest energy level, this
is the normal state of the electrons. The atomic number
of oxygen is 8. Thus, the oxygen atom has 8 electrons,
The electronic configuration of the oxygen atom is
1s?2s?2p*. The guantum numbers are N, &L, M, and s, N is
the principal quantum number which, in the electronic con-
figuration, is the integer in front of the subshells (s
and p) and corresponds to the energy level occupied by
the electron. The other quantum numbers can be found once
N is determined, & is equal to 0, 1, 2, ... N-1,
depending upon N. M is egqual to + L to -1 and 5 is

equal to +4% or - &, L is the orbital gquantum number which
denotes the subshell and angular shape of electron dis-
tribution. M is the magnetic quantum number and s denotes
the spin of electron. All four are needed to describe each
electron. To tabulate the electrons according to their
quantum numbers groceed as follows: the electron con~
figuration is 1s%2s8?2p", Take the first shell, or N = 1,
1s®. The superscript indicates that 2 electrons are
present in this shell, Thus, 2 sets of gquantum numbers
are needed. For both electrons, N = 1. Because £ = 0 ,..
n-1, t = 0 for both electrons in the s subshell.

M+ L to - &, thus, M = 0 for both also, The four quantum
numbers for each electron must be different, Therefore,
one electron has a spin of + & and one has a spin of - k.
The sets of gquantum numbers for these two electrons are
1, 0, 0, + 5 and 1, 0, 0, - &, For the second shell, N =
2, There are two subshells, s and p. Consider the s sub-
shell first, In the 2s? orbital, N = 2 and there are two
electrons to be described. For both electrons &t = 0,
because both are in the s subshell. M = 0, because M =

+ L to - L, For one electron s = +k, for the other s =

- &. The sets of quantum numbers for these two electrons
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Since the atomic number of nitrogen is 7 and it is
a neutral atom, there are 7 electrons to place in atomic
orbitals. The two orbitals of lowest energy are the 1s
and the 2s, These are filled according to the Pauli
Exclusion Principle - 2 electrons of unpaired spin in
each orbital. The orbitals with the lowest energy of
those remaining are the three 2p orbitals, pr, 2p,,

sz. Hund's rule dictates that the remaining three e-
lectrons enter thesge orbitals singly and with parallel
spin,

The ground state electronic distribution for nitrogen
can therefore be pictured as shown in the accompanying
Figure.

® PROBLEM 652

R

Predict the total spin for each of the followi.ng’ s
electronic configuratiana: (a) 1s22s8'; (b) 1si2s 2p?;
and (c) 1s?2s?2p®3s23pf33%452,

4f(14e7)

N(@2e)i 44(10e°)
= H ‘;-

N (10¢7)
e W3
M 1:'; ’I' 3p(6e”) electrons | 4 | 4|
{35027 orbitals | 1s | 2s
2 L(se .‘\ 2p(6e”) Figure B
- ! "*-—————-.23(39)
et - ta(te")
Shell | Subshell
Figure A
clectrons | 4}, [1,] 1 [1 |1
orbital | 1s | 2s [ 2
Figure C
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sum of the electrons) and the net positive charge (the
atomic number, which is equal to the number of protons)
For hydrogen, (Z = 1) 1ls', the net negative charge is

- 1 and the net positive charge is + 1, thus, the atom
is neutral and no ionic symbol is used. One uses this
method to determine the ionic symbols for the atoms de-
scribed in the problem.

(a) (2 = 11) 1s°28?2p®, The net negative charge is
equal to (- 2) + (=~ 2) + (- 6) or - 10, The net positive
charge is 11, The net charge on the atom is 11 - 10 = + 1,
From the periodic table one sees that this atom is Na+,
because the atomic number of sodium is 11,

(b) (2 = 25) 1s’2s8?2p®3s23p®3d®, Total number of
electrons in configuration is 2 + 2 + 6 + 2 + 6 + 5 = 23,
The net charge on the atom is, then 25 - 23 or + 2, From
thizperiodic table one can determine that this atom is
Mn+e,

{c) (2 = 29) 15%25?2p®35?3p®3d'°. Total number of
electrons in configuration = 2 + 2 + 6 + 2 + 6 + 10 = 28,
Z = 29 = number of electrons in a neutral atom., Differ-
ence: 29 - 28 = + 1, The atom is Cu*',

® PROBLEM 655
I

Assume that 90% of the electron density is representative
of the volume of the atom, The following atomic radii have
been obtained for 7 elements across the second period of
the periodic table and for six elements down through the
first family:

H
0.37
Li Be B Cc N o F
1.23 .B9 .80 .17 74 .74 .72
Na
1.57
K
2.03
Bb
2.16
Cs
2.35
Explain the observed trends of these atomic radii.

Solution: Atomic radii increase going down a family, but
ecrease going across a period. To explain this, one must
consider the change in the elements in going across a
period or down a family and see how it could affect atomic
radii. In moving across a period, the atomic number in-
creases, which means the nuclear positive charge increases,
But the principal quantum number of the outside electrons
remains constant. This means that the outer electrons,
assuming all other factors, are constant, will remain at



Ne (Z = 10): 1s?2s?2p® Here, all orbitals contain
two electrons each. No electron is unpaired, Thus, Ne is
not paramagnetic.

Ca (2 = 20): 15%2s?2p®38?3p*ds?. Again, all
orbitals have two electrons, Therefore, calcium is not
paramagnetic.,

Al (2 = 13): 1s®2s?2p®35?3p’ The 3p subshell has
only 1 electron for three orbitals, It must be unpaired,
as such. It is paramagnetic.

Zn (2 = 30): 1s?2s22p®3s?3p®34'"4s? ,Each orbital has
two electrons. Thus, no paramagnetism exists,

The order of paramagnetism (increasing) is proportional
to the number of unpaired electrons. Thus, H, Al, O and N
is the order of increasing paramagnetism.

MOLECULAR ORBITAL THEORY
® PROBLEM 657

What is a sigma bond? What is a pi bond? What are their
basic differences?

Solution: A molecular orbital that is symmetrical around
e line passing through two nuclei is called a sigma (o)
orbital. When the electron density in this orbital is con-

centrated in the bonding region between the two nuclei,
the bond is called a sigma bond. The covalent bonds in H;
and HF are sigma bonds,

In the formation of the bonding orbital between two
fluorine atoms, the 2p orbitals overlap in a head-to-head
fashion to form a sigma bond. However, there is a second
way in which half-filled p orbitals of two different atoms
may overlap to form a bonding orbital.

If the two p orbitals are situated perpendicular to
the line passing through the two nuclei, then the lobes
of p orbitals will overlap intensively sideways to form
an electron cloud that lies above and below the two nuclei.
The bond resulting from this sideways or lateral overlap
is called a pi (%) bond; the bonding orbital is called a
pi orbital. It differs from a sigma orbital in that it is
not symmetrical about a line joining the two nuclei. Pi
bonds are present in molecules having two atoms connected
by a double or triple bond. The sigma bond has greater
orbital overlap and is usually the stronger bond; a pi bond,
with less overlap, is generally weaker.




® PROBLEM 658
— S———

I Compare the bond order of He: and Hea*. I

Solution: The bond order, or number of bonds in a
molecule, is equal to the difference in the sum of the
number of bonding electrons and the number of antibonding
electrons divided by two.

Bond order = NO- of bonding electrons-no. of ‘BE&B&D%&DU
2

This means that the number of bonding and antibonding
electrons must be determined. There are 2 electrons in He,
thus in He: there are 4, These electrons are all in the ls
level. For each level, there exists bonding and antibonding
orbitals, each of which holds 2 electrons, Thus, in He:,

2 electrons are bonding and 2 are antibonding. From this,
the

Bond order = 3—%—3 =0,

Thus, there are no bonds in He:;; and two He atoms
will not bond together to form a molecule of He:.

In He:*, one electron is removed from He:, which
means that there are now three electrons present. They
are all in the ls level, This is the lowest energy level
that an electron can assume. The three electrons are
distributed so that two are in bonding orbitals and one
is in an antibonding orbital. Thus,

no. of bonds = 3—5—1 = 0.5 = bond order.

Because the bond order is not zero, this molecule
can form.

e PROBLEM 659

Consider an octahedral complex having a univalent negative
ion at each vertex of the octagen. Explain why the 4

x!.. Y!
orbital of the central atom is less stable relative to the

dxy orbital.

Solution: Both the dxz_yz and the d4__ orbitals are

centered about the x-y plane; hence, the difference in the
stability of the two orbitals must be related to their dif-
ferent orientations along the x- and y-axes.



Figure A

o- =ligand (negative ion)
@ = central atom

In the dx’-y’ orbital, the lobes are directed along
the axes; whereas in the 4__ orbital, the lobes are di-

rected along the bisectors of the angles between the axes
(see Figure A)}. In the octahedral configuration the ligands
(the negatively charged ions electrostatically bound to the
central atom} lie on the axes (see Figure B).

Hence, the dx:_yz orbital brings the negatively charged

electrons in the lobes closer to the negatively charged
ligands than does the d__ orbital, Since the negative charge

of the electrons repels that of the ligands, and this
electrostatic repulsion falls off as the reciprocal of the
square of the distance between the charges, the greater
degree of repulsion between the dxz_yg orbital and the

ligands, relative to the repulsion between the d__ orbital
and the ligands, decreases the stability of the dx’-y’
orbital.



® PROBLEM 660
S———

How would one expect the bond strength of NO to compare
with that of 02?

O8O

/'O O“m
S ol

Solution: The molecular orbital is the sum of the atomic
orbitals. For example, when two atomic orbitals are
combined, two molecular orbitals are formed, One orbital
is called a bonding orbital and the other is an anti-
bonding orbital. The bonding orbital is at a lower energy
level than the antibonding orbital. If possible, electrons
seek out the bonding orbital rather than the antibonding
orbital. The orbitals in the production of H: from H

atoms can be visualized as shown in the accompanying
figure.

The greater the number of antibonding orbitals in a
molecule, the weaker the bond. Bond order is a guantity
that indicates the strength of bonding orbitals. It is
defined as half the number of bonding electrons minus half
the number of antibonding electrons, Thus, the higher the
bond order, the stronger the chemical bond,

To compare the bond strength of NO with 0:, compare
their bond orders. To do this, consider the total number
of valence electrons in each element., Valence electrons
are the outer electrons, which participate in bonding.

For NO, the total number of valence electrons is 3 + 4 = 7,
There exist 3 bonding p orbitals, which accommodate 6 e-
lectrons. The 1 unpaired electron must be in an anti-
bonding orbital. This means that the bond order of NO is
k(6) - M4(1) = 3 - 0.5 = 2,5,

In 02 there is a total of 8 valence electrons. This
means 2 electrons must be in antibonding orbitals, since
the 3 bonding orbitals can accommodate only 6 electrons.
The bond order of 0z = 4(6) - %(2) = 2. The bond order
of NO is higher, which means, its chemical bond is stronger
than that of 0:.



the geometry of the molecule., A diagram of the bonding
resembles Fig. A.

Given that BCl, is planar, and since sp? hybridiza-

tion yields a planar structure, B has sp? hybridized
bonding with angles of 120°(Fig. B).

EARLY QUANTUM CHEMISTRY
® PROBLEM 663

The accompanying figures show a cathode-ray tube
(figure A) and the deflection of an electron in a
region of magnetic field (figure B). If deflection in
the tube is being produced by the magnetic field alone,
predict the effect on the observed deflection by in-
creasing {(a) mass of particles, (b) velocity of the
particles, (c) magnetic field, and (d} charge on the
particles.

Figure A

Solution: The magnetic field, charge, velocity, mass
and the deflection of a particle are related by the
following equation,

2
mv
B —
Hev T

where H is the strength of the magnetic field, e the



region. During a particular run of this experiment, an
electron enters the magnetic field at a distance of 30 cm
away from the detecting screen and travels 25 cm after
leaving the field, If the strength of the magnetic field
is 0.18 g/coulomb-sec and the beam deflection on the
screen is 4.0 mm, what is the velocity of the electrons
in the beam?

region of magoetic fleld

radius of curved electron
electron path, r path in
presence
of field

Figure A

4. 0 mm=0. 40 cm deflection

Flgure B

Solution: We are looking for a relationship between the
magnetic field strength H, the deflection of the electron
and the electron velocity v. Such a relationship is pro-
vided by the eguation of motion of an electron in a
magnetic field, v = Her/m, where e is the electronic
charge (e = 1.602 x 10~ ® coulomb), r is the radius of
curvature, H is the strength of the magnetic field, and
m is the electron mass (m = 9,11 x 10~?® g). In order

to apply this equation to solve for v, we must first
determine r.

In the following discussion to determine r, we will
make reference to figure B (which is not drawn to scale
for reasons of clarity). In the problem, we are given
that the distance from the point at which the electron
beam leaves the field to the deflecting screen is 25 cm,
The point at which the electron leaves the field is D.

H and D lie on the same vertical line, hence the distance



from D to the screen is the same as the distance from H
to the screen, or HJ = 25 cm, Since the electron de-
flection is small, we can assume that the path of the
electron is not far from the path the electron would
have in the absence of a field. Hence, we can assume that
HI is much smaller than CI and HJ, and that PG is much
smaller than FB and BG. If we make this assumption that
HI is negligible, then IJ = HJ -~ HI = HJ = 25 cm. The
distance from the point at which the electron enters the
field (point C) to the screen is 30 em, or CJ = 30 cm.
Then CI = CJ - IJ = 30 cm - 25 cm = 5 cm. Denoting the
center of the circle containing the magnetic field by G,
we have CG = GI = ¥CI = 5 cm/2 = 2,5 cm, Using our
assumption on the smallness of HI, we obtain GH = GI -

HI = GI = 2.5 em. In summary, so far we have cbtained
the following distances:

CG=GI “GH=2,5cm, IJ=HI=25cm.

The strategy from this point on will be as follows.
We will use the similarity of triangle GJE and triangle
GHD to determine HD. Then, using the similarity of tri-
angle CHD and triangle CFB, we will obtain the ratio
BF/CF, and from this, the radius of curvature, r,

There is a theorem from elementary plane geometry
which states that when a triangle is cut by a line
parallel to one of its sides, the two resulting tri-
angles are similar. Since HD and JE are both drawn
vertically, and are therefore parallel, triangle GJE
is similar to triangle GHD, Hence,

GH _ HD
& " JE or
- GH 2,5 em _ 2.5 cm
HD n‘m.‘n“m 0.4 cm x 5 om

= 0,036 cm.

Next we note that, using the theorems of plane
geometry, it can be shown that triangle CHD is similar
to CGB. Then

HD _ CD
® BG

Because r = BG, we solve this ratio for BG., We have al-
ready determined HD and CG and can find CD by using the
Pyhthagorean Theorem, thus, we can find BG. Solving for
CD:

cp? = cH® + HD® = (5.0 em)? + (0.036 cm)? = 25,001 cm?;

Ch = 5.00 cm.



1f one knows the thickness of the foil and the
atomic radius of the particles that compose the foil, one
can calculate the number of particles which make up the
width of the foil.If one assumes cubic packing in the
foil, the sum of the lengths of the diameters of the gold
atoms will be equal to the thickness of the foil, Proceed
as follows:

The radius, and therefore the diameter, of the gold
atom is given in terms of angstroms, The thickness of the
foil must be converted to the same units,

-]
The thickness = (10™* in)(2.54 cm/in) (1 x 10°A/cm)
= 2,54 x 10° A
Diameter of gold nucleus = 2 x Radius = 2 = 1.5 ; =3 ;.

The minimum number of gold atoms passed by alpha
particles is equal to

-]
:.
2.58 x 10" A _ g 466 x 10°
3A

* PROBLEM 666
pe— S —————

A chemist has a piece of foil that is approximately

S = 10" atoms thick. If an alpha particle must come within
10~-'? em of a nucleus for deflection to occur, what is

the probability that an alpha particle will be deflected,
assuming the nuclei are not directly behind one another?
Assume that the area of one atom is 4 x 10-'*® em?.

Solution: To calculate the chance of deflection occurring
n any one layer of the foil, assume that each layer is
one atom thick, The foil is, therefore, 5 x 10° layers
thick. If the number of deflections in any one layer is
known, it can be multiplied by 5 x 10" to find the total
number of possible deflections as an alpha particle moves
through the foil. To find the chance of a deflecticn
occurring in one layer, assume that the atoms are spherical.
at 10-'? em from the center of the circle, a deflection can
occur. The radius of the circle for which a deflection will
occur is 10-'? cm, The area of a circle is equal to nr?
where 7 = 3,14 and r = radius.

The area of one atom in which deflection can occur
is equal to 3.14 x tlo-"]' or 3. 14 x 10™** cm?, The area
of each atom is 4 x 107'® cm! The thickness of each layer
iz one atom. Therefore, the chance of getting a deflection
in any given layer of atoms is

3.14 x 107*% em?
4 x lo—l‘ C‘.I'Il:

-

= 7.85 x 10™*%,
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& PROBLEM 675

What is the de Broglie wavelength of a radium alpha
particle (a helium nucleus,He’+) having an energy of
4.8 MeV (million electron wvolts)?

Solution: The de Broglie wavelength, 1, of a particle of
mass, m, moving at speed, v, is given by

h
lsf_ﬂh\?'

where h is Planck's constant (h = 6.6 x 10?7 erg-sec).
The mass of an alpha particle is 6.6 x 1072" g.

The enerdy of an alpha particle is given by E =
k mv?® = 4,8 MeV. Since 1 MeV is equal to 1.6 x 10" ¢ erg,
we have:

¥k mv? = 4.8 x 1.6 x 107° erg.

We will employ this value of the energy in order to
obtain the value of mv without having to find the velocity
of the particle.

(mv)? = 2(% mv?) m
= 2(4.8 x 1.6 x 10”* erg) (6.6 x 107 ** qg)
= 1.0 x 107%* erg-g = 1.0 x 107%? g? cm?/sec?,

where we have used 1 erg = 1 g - cm®/sec?. Taking the
square root of both sides gives:

(mv)? = 1.0 = 107%* g? cm?/sec?
mv = 1.0 x 107'* g cm/sec,

Substituting this value into the expression for the
de Broglie wavelength gives:

y =h__ 6.6 1077 erg-sec _ 6.6 x 107*’ g-cm?/sec
™ 3.0 x 107!* g-cm/sec 1.0 x 107'* g-cm/sec

= 6.6 x 10°'? cm,

* PROBLEM 676

A chemistry student observed each of the following objects:
(a) a 10,000 kg truck moving at 27.8 m/sec, (b) a 50 mg
flea flying at 1 m/sec,and (c) a water molecule moving at
500 m/sec. The student proceeded to calculate the wave-
length in centimeters of each object. What were these
wavelength? h = 6.626 x 107°* J sec.
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2.2
182r + 2%°r

Using 0 = 27 = solve for r.

2 a3
27 - 18 AV (r) 2 (11)%(x)?
0=27 - o579 * T.052MT

=27 - 3,74 x 10" r + 8,67 x 10* r?

Using the quadratic equation one finds that r is
equal to 0.0092 or 0.034 nm,

® PROBLEM 680

The mass of an electron is 9,11 x 10°'' and Planck's
constant = 6.63 x 10~’" J sec, How much energy does an
electron possess in its five lowest states, if it is
placed in a cube of dimension 50 nm?

—

Solution: Wave function theory states that the permitted
values of the energy of a particle in a box is given as

2 y2
=N h”
8 mL?

645



where E = energy, N = principal quantum number, h =
Planck's constant, m = mass of particle, and L = length
of box. Substitute in the known values and solve for E,
The principal quantum number N corresponds to the energy
levels of the electrons. The five lowest energy states
are N=1, N=2, N= 3, N=4, and N = 5, where N = 1
is the lowest and N = 5 the highest energy level,

Substituting:

N? h? _ N? (6.63 x 107'" J sec)?
8m L®  8(9.11 x 107 %! kg) (5 x 10~*M)?

E =

= N? (2,41 x 107%%)

(Note: 50 nm = 5.0 x 107% M)

1st energy level (lowest): N? = 1, E = 2,41 x 107%? 7

2nd energy level : N* =4, E=09,64 x 10727 g
ird energy level : NP =9, E= 2,16 x 10=%*? 7
4th energy level : N? = 16, E = 3,85 x 10722 J
S5th energy level : N* = 25, E = 6,025 x 10722 3,

® PROBLEM 681

If one increases the angle away from the Z axis, how does
the wave function for a 2?z electron change?

Solution: The wave function of a 2Pz electron is

¥ 1 lz—]’/z e ir/280 | oo 8,

4 VI

where ¥ is the wave function and & = the polar angle. The
polar angle measures the angular deviation away from the
vertical, or %, axis. ¥? is proportional to the electron
density at any given radius.

One needs to consider only ¥ and @ to answer the
question. To see how the wave function, ¥, changes when the
angle from the Z axis is increased, take two wvalues for 0,
and see what happens to Y. For example, when 8 = 0 (that
is, looking along the Z axis), cos @ is one, the maximum
value a cosine can assume. The wave function is dependent
upon ©. The cosine 6 is at a maximum, then ¥ is at a
maximum. Thus, ¥? is also at a maximum and the electron
density is greatest when looking along the Z axis. When
® = 90° (that is, when one is looking 90° away from the 2



axis, i.e. along the X or Y axis), cos © is zero, the
minimum value a cosine can assume. This means, therefore,
that ¥? is not at a minimum, which means that the probability
of finding the electron at this location is zero, In summary,
when the angle was increased from 0° to 90°, the wave
function decreased. Thus, when one increases the angle away
from the Z axis, the wave function and the electron density

for a 2Pz electron decreases.

® PROBLEM 682

Does the electron probability distribution for ls and 2s
support or refute the Bohr picture of the shell?

20%

contour

Schematic representations of the 1s orbital
of hydrogen: a cross section of the probable
density of the electron cloud; this cross sec-
tion represents a slice through the middle
of the cloud.

1s orbital

spherical node

90% contour

2s orbital

Solution: This question involves the comparison of the
Bohr concepts and the electron probability distribution
for the 1ls and 2s orbitals. Bohr believed that the shells
have spherical symmetry with the average distance from the
nucleus of the 2s electron being greater than that for the
ls. The electron probability distribution (orbitals) for
1ls and 2s shells are, spherical in symmetry with 2s having
a greater radius than the ls. The Bohr picture does agree
very well with the electron distribution for 1ls. However,
the Bohr picture does not describe as accurately the spread-
out nature of the true distribution or the node separating
the two regions which the 2s electron occupies, This is
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® PROBLEM 686

How much energy is emitted by Avogadro number of atoms,
if they each emit a light wave of 400 nm wavelength?

Solution: Energy is related to wavelength in the following
equation, E = hc/)\, where E is energy, h Planck's constant
(6.626 x 10-** Js), c the speed of light (3.0 x 10° m/sec)
and X the wavelength. Using this egquation, one calculates
the energy emitted by each atom., To find the total amount
of energy produced by Avogrado's number of atomns multiply
the amount of energy one atom emits by 6,02 x 104%,

Solving for E: 1 nm=10""m,

_he _ (6.626 x 107" Js) (3.0 x 10° m/s)
* (400 x 10* m)

= 4,97 x 107'? J/atom
Thus, the total amount of energy emitted is
E = (4.97 x 10~!'* J/atom) (6.02 x 10?? atoms/mole)

2,98 x 10% J.

® PROBLEM 687

The flame test for barium involves placing a barium-
containing compound in a Bunsen burner flame, The barium
compound then decomposes to give barium atoms which sub-
sequently undergo an electronic transition of energy
3.62 x 10~*'? erg. What color flame would this give rise
to?

Solution: To solve this problem we use the relationship
= he/), where E is the energy of the transition, h is
Planck's constant, c is the speed of light, and A is the

wavelength of the emitted light. Solving for A,

y = he _ 6.62 x 107?7 erg-sec x 3.0 x 10'° cm/sec
E 3.62 x 107'% erg

= 5.490 x 10~% cm.
k-3
Converting to A,
A = 5,490 x 10~% cm = 5.490 x 10~% cm x 10°® A/cm = 5490 A,

which corresponds to a green flame,



Solution: This problem entails the understanding of the
otoelectric effect. The photoelectric effect states that
when one shines light of a given frequency on a metallic
material, electrons will be emitted, The equation: E =
hv (where E = energy, v = frequency, and h = Planck's
constant) determines the amount of energy produced by a
given frequency of light, The ionization potential is
the amount of energy needed to cause the electrons to
be ejected from the metal. To solve this problem, there-
fore, one must calculate how much energy is present in
light with a wavelength of 700 nm and then compare
this to the ionization potential of a Cs atom.

It is given that the wavelength of the light is
700 nm, The frequency of this light is equal to speed
of light/wavelength ={3,00 x 10® m/sy700 x 10~* m. Thus,

.
E = (6.63 x 107" J sec){3200 x 10 s)
700 x 10™° m

= 2,84 x 107'* J/photon

1ev= 1,60 x 10°'* J, The ionization energy is 3.89 ev
or (3.89 eV} (1.60 x 107!'? J/ev) = 6,22 x 10~

Because Cs is sensitive to light with a wavelength
of 700 nm, one photon of this light flashed on the metal
Cs will cause 1 electrion to be emitted from the Cs.
Therefore, the number of electrons emitted when 6,22 x
107'* J, (the ionization potential of an isolated Cs atom),
is addad to_the mntallic syntam is found by dividing
6.22 x 107'? J by 2.84 x 10~

6.22 x 107!% 3
2.84 x 10-'* 3

Therefore, the maximum number of electrons that can be emitted
is 2.

no. of electrons emit“ed = = 2.2 electrons

® PROBLEM 692

The accompanying figure shows an energy-level diagram.

Make a comparison of the energy of the n = 5 and n = 4

transition for an electron with a nucleus of Z = 3 and

the energy of the transition from n = 2 to n = 1 for an
electron with a nucleus of 2 = 2,

Solution: When an atom is in the ground state, it is

at 1ts lowest energy level, n = 1, If energy is added,
the electrons become "excited" and move to a higher
energy level; n =2, 3, 4 .., . After a time, the
electron falls back to lower energy states and releases
the energy needed to move it to the higher energy levels,

The eguation
E, - E, =2? 221 (L . L
a ap 2 2|’
X
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where n = the (quantum) energy level, E = energy, e =
charge on electron, as = Bohr radius, and Z = atomic
number, measures this energy release between energy levels.
You are asked to compare the energy releases between two
different atoms and energy levels. You do not need to

know the actual energy released, Because e?/2a; is a
constant, it need not be evaluated. (It will cancel out
when you compare).

Therefore, you have for n = 5 to n = 4
g =il 1) effi _1
B, - E, m'n, .]z 7 [is- 1) <
a” T
For n = 2 ton = 1, you have
] 2
E. - E = % R S 22-9[1-1)
b a Zao 2 2 2a; \T™ 7
["a "b] “
By comparison, in the form of a ratio, one has
ilhe-bleo e-d
T lTe - 75 %% _ |18~ 75 %% _ L2025
el (1 _1 1 _1 3
:a—.[r"z‘)"‘ T -7
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2025 « 100%= 6.8%. Thus, the energy involved in

the n =5 ton = 4 transition is 6,8% as large as compared
to the energy emitted in the n = 2 to n = 1 transition,

* PROBLEM 693

What wavelength of light is needed to excite an electron
in a 0.2 nanometer {1 mm = 10~° m) box from the ground
state to the second excited state? What wavelength of
light is emitted when the same electron falls from the
second excited state to the first excited state?

Solution: The solution to this problem requires the
application of two equations, one to determine the
energies of the various states, from which may be obtained
the energy of a transition between states, and cne to
relate energy to wavelength. The first equation is the
energy of a particle-in-a-box,
ip 2
g =2h
o ogmu?

where n is the principal quantum number (n =1, 2, 3, ...},
h is Planck's constant (6.626 x 10°?7 erg-sec = 6.626 x
10~%* J-sec), m is the mass of the particle, and L is the
length of the box, For an electron in a 0.2 nm

=0.2x10""m=2x 10"!" m box,

g = 0th? n? (6.626 x 107'" J-gec)?
o8mL* B x 9.11 x 107! kg x (2 x 107} m)?

= 1.506 x 10~'* 3 x n?,

The second equation relates the energy difference,
AE, between two states and the wavelength A: AE = hc/),
or A = hc/AE, where ¢ is the speed of light,

In the following table, we calculate the energies
corresponding to the ground state {n = 1), the first ex-
cited state (n = 2), and the second excited state (n = 3},

n E = n?x1,506 x 10~'% 7

1 E)

{1)? = 1.506 = 107'%y = 1,506 x 10~'* 7

]

2 Ez= (2)% x 1.506 % 10='"3 = 6,024 x 10™'* 7
3 Ey = (3)% x 1,506 x 10”'%y = 1,355 x 10=!'7 7

In going from the ground state to the second excited
state, the electron must absorb a guantum of light of energy
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AE = Ey - E; = 1.355 x 10='7 J - 1,506 x 107!'® J = 1,204 x
10-'7 J. The corresponding wavelength is

N 6.626 x 107" J x 3 x 10® m/sec
aE 1.204 x 10717 g

= 16,510 x 10" m = 16.510 nm,

In falling from the second excited state to the first
excited state the electron will emit a quantum of light of
energy AE = E; - E; = 1,355 x 10='7 7 -'6,024 x 107'% 5 =
7.526 x 107'* J, This corresponds to a wavelength of

y = hc _ 6.626 x 107%" J x 3 x 10 m/sec
8E 7.526 x 107! g

= 26,412 = 107 m = 26.412 nm,

® PROBLEM 6394

Consider an atom containing one electron and having an
atomic number Z. It is observed that light of a wave-

length of 0.1 nm will excite this atom from the ground
state to infinite ionization, Determine the value of Z.

Solution: We know the wavelength A of the exciting light
and the quantum numbers of the ground state (n_ = 1) and

the ionized state {ni = =) . We must determine I, the
number of protons in the nucleus of the atom,

There is a relationship to find 2 using nq and n,.
It is provided by the Bohr theory of the atom, It is:

c_zle’ (1 _ 1
¥ ~ Zha, n? 2 M
9 1

where ¢ is the speed of light (c = 2.9969 x 10'° cm/sec),
e is the electronic charge (e = 4,80 x 10-'" esu), h is
Planck's constant (h = 6,626 x 10~?7 erg-sec), and as

is the Bohr radius (as = 0,05292 x 10~7 em)., If we combine
some of these constants, we arrive at the value e?/2ha; =
3.290 x 10'® sec~'. Hence, our expression becomes

e _ el 1 _ 1)
=7 [mr]'g "1']

{
= 2% » 3,290 x 10!'% gec™! l_l_ - _i_],
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To solve this problem, we must solve this equation
for 7 and substitute c, n_, n, . and A (A = 0,1 nm =

0.1 x 107 m = 10""° m = 10" cm) into the resulting
equation.

Solving for Z, we obtain

2t = § {:3.290 x 107 %gec™! {—1- - L]:l
n?! n?
g i

L

- [+] _
A x 3,290 x 10!% sec™!? [.1_3 -T..I.;.]
ng ni

Substituting the values of ¢, A, nq. and ni into this

expression yields

2 = [—_2:9969 x 10'° om/sec ¥ x5
- 1 1 »
10~% em x 3,290 x 10'% gec~! [I - ;] J

where we used the equality l/= = 0, Hence, this atom must
have 30 protons.

* PROBLEM 695

The Rydherg-kitz eTuation governing the spectral lines of

hydrogen is X =R 1. —| - where R is the Rydberg
m n;
constant, n; indexes the series under consideration (n, =

1 for the Lyman series, n, = 2 for the Balmer series, n, =

3 for the Paschen series), n = n, + 1, n; + 2, n; + 3, ...
indexes the successive lines in a series, and ) is the wave-
length of the line corresponding to index n:. Thus, for

the Lyman series, n; = 1 and the first two lines are

1215.56 h (n; = n; + 1= 2) and 1025.83 A (nz = n; + 2 =

3). Using these two lines, calculate two separate values

of the Rydberg conatant The actual value of this constant
is R = 109678 cm™

_._

Solution: Thg first thing to do is to convert the wave-
lengths from A to more manggeable units, i.e. centimeters.
Usin g the relatiogship 1 A=10"% cm, the first two Lyman
lines are 1215.56 A = 1215.56 x 10~ cm for n; = 2, and

1025.83 A = 1025.83 x 10”° cm for na = 3. Solving the
Rydberg-Ritz equation for R, one obtains-

SR



For the first line,

=1 -1
R= |a]2 - X = [1215.56 x 10=* om |X- - L
ni? n2? 1? 2?

= 109689 cm™!

and for the second line,

-1 11=1
R = AL-L” = 102533x1o"m—-——-
m?  na? ) 1?
= 109667 cm™!

The first of these is 0,0100% greater than the true
value,and the second is 0.,0100% less than the true value,

® PROBLEM 696

p—

Wave number (V) are the reciprocals of wavelengths, A,

and are given by the expression v = 1/). Por the hydrogen

atom, the Bohr theory predicts that the wave number for

the emission line associated with an electronic transition

from the energy level having principal guantum number nj

to that with principal gquantum number n; is

where RH is the Rydberg constant. In what region of the
electromagnetic spectrum would there appear a spectral
line resulting from the transition from the tenth to the
fifth electronic level in hydrogen?
S ——

Solution: This problem can be solved by applying the
Rydberg formula used for determining the wavenumbers of
the spectral lines.

The Rydberg constant is 1.10 x 10°* em™'. n; = 10
and n; = 5, Substituting:

7= S Y . S emmt |2 oL
v aﬂ [ ,] 1,10 = 10°* em 1 To?

=1.10 x 10° cm"[ié - T%E} = 1,10 x 10° em™' (0.04-0.01)

1,10 x 10° em=! x 0.03
3.3 x 10 em™'.



This line appears in the i.nfrared ragion of the
spectrum (approximately 20 em~! to 10 em~'),

o PROBLEM 697

What is the maximum number of emission lines one would
expect to see in a molecule containing only the six
electronic energy levels depicted in diagram A?

a3
]

-
LI B |
"] £

Diagram A

i

L
3 85 B3
n

W B

Diagram B

Solution: Emission is observed when an electron falls
rom an electronic energy level of higher energy to one
of lower energy.



{ni}?  (na)?

e e o)

where A is wavelength. The electron falls from an energy
level of n2 to ni. The speed of light is related to the
frequency in the equation, v = c/i,

These equations are combined.

1| o 1 - 1 -
@) = on [ ] < F

rhus,v-ck[--l--- 1 ]
(m)?  (na)?

In the Balmer series n: is defined as being equal to
2. For successive lines, n; - = and therefore 1/(n;)?
approaches 0. The above equation becomes

v = CR 1 -—I——IS.E..
(2)? (=)?
® PROBLEM 701
I

Find the difference in characteristic vibrational frequency
of a diatomic molecule of mass 20 amu if (a) the mass is
equally distributed between the two ends, and (b) one atom
of 1 amu is at one end and an atom of 19 amu is at the
other.

Solution: The vibrational frequency is frequency of the
oscillation between the two atoms of the molecule, It is
expressed quantitatively by

vo=how K7W g

e

where v is the vibrational frequency, K a force constant,
and neff the effective mass of the molecule.

MMy

M =
eff HA+"B

where My is the mass of one atom and My is the other.

{a}) If the mass is equally distributed between both
atoms, each weighs 10 amu.

=5

M - 10 x 10
eff 10+ 10



Assume that K = 1,

vagt /E= o071

1 = 19 19
{(b) Heff =5 — =1

Ve g /;‘-%-0.1632

Therefore, the atoms in the molecule described in
b are vibrating more quickly than those in molecule a.

e PROBLEM 702

Calculate the characteristic vibrational frequency of the
lowest vibration state for H:, Assume k = 5.1 newtons/cm
h=6.63 x 107" J=-gec,

Solution: Picture a diatomic molecule, such as H;, as
two balls connected by a spring. The spring represents the
chemical bond. When the two balls (atoms) are pulled apart
the string acts as a restoring force to bring them back
together to the equilibrium separation. When they are com-
pressed, the string tends to force them apart. Such a
system, in which the restoring force is proportional to
the amount of distortion, is called a harmonic oscillator.
The vibrational frequency of the spring going back and
forth is given by the formula

1
Ve gy R Mg

where v = characteristic vibrational frequency
of the particular bond, k = force constant
and "eff = effective mass for the vibrating atoms:

My M

M M s
eff Mp My
If the masses of the two atoms are equal, neff becomes

2
’z‘i-au.

To find the characteristic vibration fregquency, use
this formula.

To find the Moger find the mass of one hydrogen atom.

The number of grams in one mole (molecular weight) is one.
There are 6.02 x 10?’ atoms of H in one mole, Thus, the
mass of one atom is



_Llg/mole . g6 x 1072% g, Thus,
6.02 x 102'/mole

(1.66 x 107%" gq) _ -2s
Moo = 12:00 720 9 - 5.31 x 1077 g

Solving for v:

k = 5.1 Dewtons _ 5, kg M
cm cm + sec?

5.1 —2 B+ 3000, x 100
cm _sec? 9
8.31 x 107%% g

1
U-f“-
=1.25 x 10'* sec™!.

Note: 1000 g/kg and 100 cm/m are conversion factors used to
obtain the correct units.

® PROBLEM 703

Find the wavelength of light reguired for the ionization
of sodium atoms to occur. The ionization potential of
sodium is 8.17 x 10='*% g,

Solution: The energy necessary to ionize a sodium atom is
equal to the ionization potential, Here, one is looking for
the wavelength of light, which, when flashed upon sodium,
will possess an energy equal to the ionization potential.
Wavelength is related to energy by the eguation E = he/),
where E is the energy, h Planck's constant (6.626 x

107** J sec), ¢ the speed of light (3.0 x 10° m/sec) and

1 the wavelength. One can rewrite this equation as A = hc/E
and then substitute the given to solve for A,

{6.626 x 10=* J sec) (3.0 x 10° m/s)
(8.17 x 107'* )

A=

o
1A

-]
= 2430 A,
10" m

= 2.43 x 107" m= 2,43 x 107" m x

® PROBLEM 704

Find the wavelength (i) of the first transition, from
the first excited state to the ground state in the Lyman
and Paschen series. These series show the lines of the
emission spectra of H: gas. The Lyman series defines its
lowest energy level n; as being equal to 1, the Paschen
series defines n, as 3,




vibrational, or rotational transitions of individual

atoms or molecules, and not from any collective behavior.
But since these transitions are well defined energetically,
the spectrum exhibits sharp lines.

In a liquid or scolid, the atoms or molecules are
sufficiently close together to affect each other's energy
levels. That is, in addition to the individual energy
levels of each atom or molecule, there exist energy
levels for the collective excitation of groups of atoms
or molecules. In general, the interaction of cne atom
or molecule with another decreases with internuclear
distance or intermolecular distance in a continuous
fashion, so that a continuous spectrum is observed.



CHAPTER 19

NUCLEAR CHEMISTRY

Basic Attacks and Strategies for Solving Problems
in this Chapter. See pages 671 to 685 for step-by- |
I step solutions to problems.

Nuclear chemistry is the chemistry of reactions that involve the nuclei of
atoms rather than the electrons in the outer orbitals. They are, in general, much
more energetic than ordinary (non-nuclear) reactions and often result in
conversion of appreciable mass to energy according to Einstein’s well known
equation

E=mc 19-1

The key to solving problems involving nuclear reactions lies in under-
standing that, instead of balancing equations to obtain the same number of
elements on both sides of the equation, you must balance the sum of the atomic
numbers and the sum of atomic weights, usually in amu (atomic mass units),
on each side of the equation. Elements are, in general, not conserved. An
illustration involving a typical nuclear reaction follows.

;*N+ ‘*He = O+ 'H 19-2

The subscripted leading number is the atomic number and is redundant
since the chemical symbol specifies the atomic number. Nitrogen always has
an atomic number of 7; H always has an atomic number of 1; etc. However,
it is convenient to carry the atomic number specifically in nuclear reactions
since they must balance. The superscripted number preceding the chemical
symbol is the atomic weight in amu and differs for different isotopes of the
same element. The atomic weight may be thought of as the sum of neutrons
and protons in the nucleus. Note that the precise atomic weight will, in
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general, differ from the approximate integral value used to balance equations.
This difference is, in fact, a reflection of mass converted to energy in nuclear
reactions.

In Equation 19-2, the sum of atomic numbers (9) is equal on both sides of
the equation as is the sum of atomic weights (18). This is a requirement for
balancing nuclear reactions.

There are several subatomic species that commonly enter into nuclear
reactions. The most common ones are defined below with their corresponding
atomic number and approximate (integral) alomic weight. These atomic
numbers and atomic weights of subatomic species can be used to balance
nuclear reactions in the manner identical to that used with atomic nuclei.

alpha particle (*“He nucleus) Ja  (also,'He)

beta particle "B (an electron)

positron B

gamma ray .Y  (agammaray has no mass,
only energy)

proton (H' nucleus) .'p  (also 'H)

neutron o

For balancing reactions, it is often convenient, though not precisely
correct, to consider a neutron as a proton plus an electron and a proton as a
neutron plus a positron.

Many elements have isotopes that are unstable and spontaneously decom-
pose. Such isotopes are called radioactive isotopes or radioisotopes because
their spontancous decomposition is typically accompanied by the emission of
high energy radiation. Radioactive decay is a first-order reaction. Asdiscussed
in Chapter 13, the half-life in a first-order reaction is independent of the
amount of reactant initially present, so the rate constant for radioactive decay
is often expressed as a half-life for a particular species. Equation 13-10 gives
the rate constant in terms of the half-life for first-order reactions. It applies for
radioactive decay reactions.

k = In (2)/t, , (for first-order reactions) 13-10
Af[A)] = et = elrndi) 19-3



The energy associated with nuclear reactions is often sufficiently large
that the accompanying change in mass is significant. When precise weights
for each species are known, the energy of a nuclear reaction can be calculated
as follows.

AE = (Am)c? 19-4
where
Am=3X(m), . ~% (m) 19-5

FoecIanis

and is the mass change associated with the reaction.
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A= piM; + pzM:
35,453 amu = p; x 35 amutp; x 37 amu
where 1l =py + p2.

One must determine p; and p;(the probabilities of
occurrence of isotope 35 and 37, respectively).

From the second of these relationships, 1 = p:1 + p2
one obtains p: = 1 - p1. Then

A= piM;p + p:Mz = piM; + (1 - p1)M:e

piM; + M2 - p1Ma

=M, + (M = Mz2)p

A - M; _ 35.453 amu - 37 amu

M- M2 amu - amu = 0.7735.

or, P =

Then, p2 =1 -~ py =1 - 0.7735 = 0,2265.

Thus, the isotope of mass 35 amu occurs with
probability of 0.7735 or 0.7735 x 100 % = 77.35 % and
the isotope of mass 37 amu occurs with a probability
of 0.2265 or 0.2265 x 100 & = 22,65 %.

In reality, the two isotopes do not have integral
atomic masses, and the percent occurrences calculated
above are not exactly correct.

¢ PROBLEM T10
g N
Chromium exists in four isotopic forms. The atomic masses

and percent occurrences of these isotopes are listed in the
following table:

Isotopic mass (amu) Percent occurrence
50 4.31%
52 83.76%
53 9,.55%
54 2,38%

Calculate the average atomic mass of chromium.

Solution: We will make use of the definition of average:

A= piMy 4+ p2Me + ...+ Py My

where A is the average value, My is the atomic mass of
iscotope "i" and B; is the corresponding probability of
occurrence. For the four isotopes of chromium. we have:



M; = 50 amu pr = 4.31% = 0,0431
M; = 52 amu p: = 83,76% = 0,.8376
My = 53 amu p» = 9.55% = 0,0955
M, = 54 amu ps = 2,38% = 0,0238
Hence, the average atomic mass of chromium is
A = pi1M; + p2Mz2 + paiMy + pPuMs
0.0431 x 50 amu + 0,.8376 x 52 amu + 0,0955 x 53 amu

+ 0.0238 x 54 amu

2.155 amu + 43,555 amu + 5,062 amu + 1,285 amu

52,057 amu.

® PROBLEM T11

Given that the masses of a proton, neutron, and electron
are 1,00728, 1.00867, and .000549 amu. respectively, how

mach missing mass is there in 'IF (atomic weight =
18.9984) 7

Solution: The total number of particles in '}F and their
Total weight can be calculated. The amount of missing mass
in '}F will be the difference of this calculated weight
and the given atomic weight of 13F, The subscript number
9, in '}F, indicates the atomic number of fluorine (F).
Because the atomic number eguals the number of protons,
there are 9 protons in F. The superscript, 19, indicates
the total number of particles in the nucleus. Since the
nucleus is composed of protons and neutrons, and there

are 9 protons, there are 10 neutrons present, In a neutral
atom, the number of electrons equals the number of protons.
Thus, there are 9 electrons. The total number of particles
is, thus, 28. The mass and quantity of each particle is
now known. Calculating the total weight contribution of
each type of particle:

Protons: 9 x 1.00728 = 9,06552
Neutrons: 10 x 1.00867 = 10.0867
Electrons: 9 x ,000549 = .004941
Total mass = 19.1572,
It is given that the mass of the fluorine atom is

18.9984. Therefore, the missing mass is 19.1572 =
18.9984 = 0.1588 amu.
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e« PROBLEM T12

Calculate AE for the proposed basis of an absolutely clean
source of nuclear energy

B + In + '{c + 3 iHe

Atomic masses: ''B = 11,00931, “He = 4,00260, 'H =
1.00783,

Solution: The energy of nuclear reactions, AE, is
calculated from the difference between the masses of
products and reactants in accordance with the Einstein
Law. Einstein's Law can be stated AE = Amc?, where Am
is the difference in the masses of the products and the
reactants, and ¢ is the speed of light (3 x 10'°cm/seu).
The total reaction here can be written

1 + |H + 3 jHe.

Thus, 4m is equal to the mass of 'lB and |H sub-
tracted from the mass of 3 i}He. The mass of JijHe is
equal to 3 times the mass of }He,

tm = (3 xm of jHe) - (m of '!B + m of 1H)
= (3 = 4,00260) - (11,00931 + 1,00783)
= 12.0078 - 12,01714 = - 9,34 x 10~ g/mole,

One can now solve for AE by using Am,

LE = smc? = - 9.34 x 10”* g/mole x (3.0 x 10'° cm/sec)?
= -9,34 x 107* g/mole x 9.0 x 10?° cm*/sec?
= - 8,406 = 10! g cm?®/mole sec?
= - 8.406 x 10'" ergs/mole,

There are 4.18 x 10'? ergs in 1 Kcal, thus ergs can
be converted to Kcal by dividin? the number of ergs by
the conversion factor 4.18 x 10'? ergs/Kcal,

- 8,406 x 10'* ergs/mole
4,18 x 10'° ergs/Kcal

no. of Kcal =

== 2,01 x 10* Kcal/mole,

AE for this reaction is - 2,01 x 10* Kcal per mole.

® PROBLEM 713

-
I Calculate 4m, the difference in mass between the final and I
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and mass are related in the following equation,

AE = Amc?
where, AE is the change in energy, 4m the change in mass
and ¢ the speed of light (3.0 x 10!’ cm/sec). Am is found
by subtracting the mass of 2]}U from the sum of the masses
of *]3Th and jHe.

Am = (234.0437 amu + 4.0026 amu) - 238.0508 amu

= = ,0045 amu.

Energy is expressed in ergs (g-cm?/sec?), therefore,
m must be converted to grams before solving for 4E.

-1k
om = (- .0045 amu) ‘1'f73 X ::u )

== 7,47 x 10727 g.
Solving for AE:
AE = (- 7.47 = 107?7 g) (3.0 = 10'° cm/sec)?
== 6.72 x 107% g cm?/sec? = - 6.72 x 10~° erg

Therefore, 6.72 x 10-% ergs are released.

& PROBLEM T15

Complete the following nuclear equations.
(a) SN'™ + ,He' - ,0'7 + ...

(b) ,Be® + ,He* + ,C!? + ,,.

(e) 1P =+ ;,5i% + ...

(d) 1H* < He' +

Solution: The rules for balancing nuclear equations

are: (1) the superscript assigned to each particle is

equal to its mass number and the subscript is egqual to

its atomic number or nuclear charge; (2) a free proton

is the nucleus of a hydrogen atom, and is therefore written
as ;H'; (3) a free neutron has no charge and is therefore
assigned zero atomic number. Its mass number is one and

its notation is ¢n'; (4) an electron, B~, has zero mass and
its atomic number is - 1, hence the notation .e%; (5) a
positron has zero mass and its atomic number is + 1, hence
the npotation se®; (6) an alpha particle (a-particle) is
a helium nucleus, and is represented by ;He" or a; (7) Gamma
radiation (y) is a form of light, and has no mass and no
charge; (B8) in a balanced equation, the sum of the sub-
scripts must be the same on both sides of the equation;

the sum of the superscripts must also be the same on both
sides of the equation.
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Solution: The half-life is defined as the time it takes

of the amount of a certain compound present to de-
compose. For example, if a substance has a half-life of
1 day, after one day there will only be & of the original
amount left. When given the original and final amount of
a substance, after a given time has elapsed, the number of
half-lives that have passed can be found. This is done by
dividing the original amount by the final amcunt and deter-
mining how many factors of 2 are present in the guotient.
The half-life is then found by dividing the time elapsed
by the number of half-lives.

Solving for the half-life of '’P:
original amount _ 2.000
E?naI amount ~ 0.250 pg 8

8 =2 x 2 x 2, therefore 3 half-lives have passed.
One is given that these half-lives elapse in 75.9 days.

half-life = 32;%_92!2 = 25.3 days.

* PROBLEM 720

The radicactive decay constant for radium is 1.36 x 10-'?,
How many disintegrations per second occcur in 100 g of
radium?

Solution: The number of disintegrations per second of a
given amount of a particular element can be determined by
using the following equation.

D = AN

where D is the number of disintegrations per second, ) the
decay constant and N the number of atoms present.

In this problem one is given A and must determine N
before solving for D. One is told that 100 g of radium is

present, the number of moles present is determined by
dividing 100 g by the molecular weight of radium, 226 g/mole.

- 100 -
no. of moles mr%le_ 0.442 moles

There are 6.02 x 10?? particles per mole, thus, one
can calculate the number of atoms (N) in 0.442 moles.

N = (0.442 moles) (6.02 x 10°* atoms/mole)
= 2.66 x 102? atoms
Solving for D:

D= AN = (1.36 x 107'")(2.66 x 10%%) = 3.62 x 10'? dis/sec.
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¢ = 2327.% 5730 VX8 . 6225.0 yrs.

Therefore, the tree is 6,225 years old.



CHAPTER 20

ORGANIC CHEMISTRY I:
NOMENCLATURE AND STRUCTURE

Basic Attacks and Strategies for Solving Problems
in this Chapter. See pages 687 to 716 for step-by-
step solutions to problems. l

Organic chemistry is the chemistry of substances that contain carbon. The
number of catalogued organic compounds is in the millions and is expanding
rapidly. In this chapter, the rules for the structure of some simple organic
compounds and the associated rules for naming them are outlined.

Hydrocarbons contain only carbon and hydrogen, and are the simplest
organic compounds. Their classical names form the basis of naming other
organic compounds. Those compounds for which all possible carbon bonds
contain hydrogen are called alkanes or saturated hydrocarbons. Unsaturated
hydrocarbons have carbon-carbon double bonds, triple bonds, or aromatic
(benzene-like) bonds.

The structure of a sample of normal or straight-chain alkanes is shown
below. The chemical formula for the alkanes is CH,,, , and a sample of the
names follow in Table 1.

H
|

H— lC“ H methane
H
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H
|

H
|

H—C—C—H ethane

1

H H
H H H
[ | |
H_CI:_(!:_(]:_H propane
H H H
H H
| |
H—C—..—C—H general
: | alkane
H H
Table 1: Names of Some Common Alkanes
n Formula [C H Name
1 CH, methane
2 CH, ethane
3 CH, propane
4 CH,, butane
5 CH, pentane
8 CH,, octane
10 C,H,, decane
12 C.H, dodecane
16 C,H,, hexadecane
20 C,H,, eicosane

The structure of alkanes need not be in a straight chain. Branched chains
can form numerous isomers with the same chemical formula, but with
different structure and different physical and chemical properties. The C,;
alkane, for example, has over 366,000 isomers and the C,, alkane has over
37,000,000. The straight-chain isomers are called normal hydrocarbons and
their name is preceded by a small n as in n-butane, n-octane, etc.

The analogous series of hydrocarbons with one double bond (CH, ) are
called the alkenes; and with one triple bond [C H,,, , Jare called the alkynes.
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III H H H lil
[
H—=C—C—C—C—C—H

1) n-pentane 1 i | ] |
H HH HH
C
2) 2-methylbutane i hydrogens not shown
) 2-methy o (hydrog )
C
|
3) 2,2 dimethylpropane = ? —C (hydrogens not shown)
C

Other, nonhydrocarbon, functional groups can also replace hydrogen on
any of the hydrocarbons molecules discussed above. Table 2shows the names
used when other functional groups are substituted.

Table 2: IUPAC Names for Substituents on Organic Compounds

FAMILY  FUNCTIONAL GROUP SUBSTITUENT NAME

Alcohols —OH add suffix -ol (e.g., 1-propanol)
Halogens Fl,Cl, Br, I, add prefix: fluoro, chloro, bromo,
iodo
Ethers C—0—C add internal -oxy (e.g., methoxy,
ethoxy)
0
Carboxylic g —oH add suffix -oic acid (e.g., ethanoic
acids acid) also carboxy
(4]
Aldehydes g i add suffix -a/ (e.g., pentanal)
o
Ketones (|_|: add suffix -one (e.g., pentanone)
0
Amides _ (”: —NH, add suffix -amide(e.g., cthanamide)
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In all cases the position of the substituent is numbered in the usual fashion.

It must be emphasized that there are many common names of organic
compounds that were used before the IUPAC formal naming rules were
established. The common names remain in use — particularly in commerce —
resulting in many compounds being known by more than one name.
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Step-by-Step Solutions to
Problems in this Chapter,
“Organic Chemistry I:
Nomenclature and Structure”

ALKANES

* PROBLEM 724
Explain the terms primary, secondary, and tertiary in
regards to covalent bonding in organic compounds.

Solution: If a carbon atom is bound to only one other
carbon atom, then the former carbon atom is called
primary. If a carbon atom is bonded to two other carbon
atoms, then that carbon atom is called secondary. If

a carbon atom is bonded to three other carbon atoms,
then that carbon atom is called tertiary.

Any group that is attached to a primary, secondary,
or tertiary carbon is called a primary, secondary, or
tertiary group. For example,

H
B—‘rl:--—n
i 10
H~—2Cc—'C *e—iC—n
| | |
H H H H

Carbons 1, 2, and 5 are primary, carbon 4 is
secondary, and carbon 3 is tertiary. The hydrogen atoms
attached to carbons 1, 2, and 5 are called primary
hydrogens, those attached to carbon 4 are called second-
ary hydrogens, and those attached to carbon 3 are called
tertiary hydrogens. This same principle applies to
alcohels, and depending upon where the hydroxyl group
(- OH) is attached (that is, primary, secondary, or
tertiary carbon), the alcohol is called primary,
secondary, or tertiary, respectively.



any, are isomers.

* PROBLEM 725

Name each of the following alkanes. Indicate which, if

CH,CH, CH,
(a) CH ,CHCHCHCH 4 (b) CB,CH,([:CEI:CH.
CH,CH; CH, t!.‘H I
CHy CH:CH,
(c) CH,- C - CH:CH, (d) (CHs)2CHCHCH,
CH;CH
CH2CH, - ©°H;
(e) CH;I'IL'Clig (£) CH;CHéHCR;CH,
CH;CH, CH:CH,

Solution: Isomers are related compounds that have the
same molecular formula but different structural formulas.

Isomerism is not possible among the alkanes until
there are enough carbon atoms to permit more than one
arrangement of the carbon chain.

To name the above compounds, one uses a set
rules to provide each compound with a clear name. These
rules for nomenclature are the IUPAC rules (International
Union of Pure and Applied Chemistry), and are referred
to as systematic nomenclature.

One of the rules of the IUPAC system is to choose
the largest chain of carbon atoms in the molecule and
call it parent compound. Thus,

(a) has a 6 carbon parent chain with methyl
groups bonded to the second and fourth carbon atoms of
the parent chain. There exists, also, an ethyl group
bonded to the third carbon atom.

As such, the name of this organic molecule is
2,4-dimethyl=-3-ethylhexane,

(b) has 5 carbon parent molecule and 2 methyl
groups on carbon number 3. Therefore, the name is
3,3-dimethylpentane.

(c) has a 5 carbon parent molecule with 2 methyl
groups bonded to the third carbon of the parent chain.
Therefore, the name of this structure becomes 3,3 di-
methylpentane.

{d) has a 5 carbon parent molecule, and 2 methyl
groups attached to carbon numbers 2 and 3.



H H H H
(e) n-—(I:-—tI:—-(I:—t!:—cl
'
H-C-H
:I;
H H Cl H
(0 B—b—t 4t
pow | o
H-C~-H
;
H H Cl H
@ et —t—id_u
yolob
H-C-H
i

Their names are (d) l-chloro—2-methylbutane, (e) 1-
chloro —3-methylbutane, (f) 2-chloro =2-methylbutane, and
(g} 2-chlorc —3-methylbutane.

Third, one writes the structure of the isomer with
three carbons for a parent molecule, in which three

hydr atoms of the three carbon chain have been re-
pl by a chlorine atom and two methyl groups:
|
H—C-H

H—C—C—C—Cl

.

This compound's name is l-chloro =2,2-dimethyl-
propane or l-chloro neopentane.

Hence, there are eight structural isomers with the
molecular formula CsH,Cl.



« PROBLEM 728

A chemist has at his disposal the following hydrocarbons:
(a) 3,3-dimethylpentane, (b) n-heptane, (c) 2-methyl-
heptane, (d) n-pentane, and (e) 2-methylhexane. Arrange
these compounds in order of decreasing boiling points
(without referring to tables).

Solution: To rank the boiling points of these substances,
you must consider the rules which govern the property of
boiling points.

Except for very small alkanes, the boiling point
rises 20 to 30 degrees for every carbon that is added to
the chain. (Alkanes are saturated hydrocarbons of the
general formula Cnllzm,z,where n = number of carbon atoms.)

Alkanes of the same carbon number but different structures
(isomers) will have different boiling points. A branched-
chain isomer has a lower boiling point than a straight-
chain isomer. This is because the shape of a branched-
chain molecule tends to approach a sphere, decreasing the
surface area, so that the intermolecular forces are
easily overcome at a lower temperature. With this in mind,
you can proceed to solve the problem. Because these rules
pertain only to structures, you must write them out.

CH;
H | H
(a) 3,3-dimethylpentane: H,C—C-—tl:—c— CH,
H H
CH,
H H H H H
(b} n-heptane: HyC—C —C—C—C— C—CH,
H H H H H
CH,
H H H ® |
(e} 2-metylheptane: Hy{—C—C—(C—C—C—CH,
H H H H®H |
H
H H H
(d) n-pentane: HyC—C—C—C—CH;
H H H
CH,
H H H |
(e} 2-methylhexane: H,C—C—C—C —CH,y

—_—C
H H H H
c.has the greatest carbon content, 8 carbon atoms,
which means it has the highest boiling point. a, b and e
all have 7 carbon atoms; thus carbon content is equal.

But only b is not branched, which means it has the
highest boiling point out of this group. e is the next



® PROBLEM 730

You are given 3-bromchexane. Draw the stereoisomers of

this compound; specify the R and the S enantiomers.

Solution: WNon-superimposable mirror-image stereo-
somers are called enantiomers. It is not enough that a
molecule has a mirror image, for everything has a
mirror image; the mirror images must not be able to be
superimposed on each other. The arrangement of atoms
that characterize a particular stereoisomer is called
its configuration. You want to specify the configuration
in terms of R and 5. Let us see what this means.

In assigning configuration, you do the following
after determining the chiral carbon: (1) Assign a sequence
of priority to the four atoms or groups of atoms attached
to the chiral center. (A chiral center consists of a
carbon atom to which 4 different groups are attached.)

(2) Visualize the molecule so that the group of lowest
priority is directed away from you. Now, observe the
arrangement of the remaining groups. If, in going from
the group of highest priority to the group of second
priority your eye travels in a clockwise direcion, the
configuration is R; if counterclockwise, the configuration
is S. Now, how do you determine priority? If the four
atoms bonded to chiral center are all different, priority
depends on atomic number. The atom of higher atomic
number receives the higher priority. If they are isotopes,
the higher mass number has priority. Now, if you can't
determine priority from this, because you have 2 or more
atoms that are the same attached to the chiral center,
make a similar comparison of the next atoms (i.e., their
atomic numbers) as you move out from the chiral center.
With this in mind, you can proceed as follows:

(a) 3-bromohexane. Recall, enantiomers are mirror
image isomers soc that you can say the enantiomers I and
II, where the asterisk designates the chiral carbon.

CH CH
{3 |3
H(I.‘H HCH
H?H H+H
H-—(l.‘*—Br Br— fl.“—H
HCH HCH
3 3
I o
Figure A



Solution: A polarimeter measures the rotation of plane
polarized light, which is light whose vibrations take
place in only one plane. An optically active substance

has the ability to rotate the plane of polarized light.

In essence, then, a polarimeter, measures optical activity.
Species that possess optical activity have a specific
rotation. It is defined in the following equation:

. Observed rotation (degrees)
specific rotation WE_E_._

The length of the polarimeter tube must be converted
to decimeters, (1 em = 0.1 dm) Thus,5 cm = .5 dm. For
water, 100 ml = 100 cc. Substituting,you obtain,

1.2°

specific rotation = —;m = - 39,02°.
-3 * 100
ALKENES AND ALKYNES
e PROBLEM 732
a—

Classify each of the following as a member of the methane
series, the ethylene series, or the acetylene series:
CizHze¢, CoHig, CrHpa, CaeHsyo

Solution: Before beginning this problem, one should first
now the general formulas for each of the series. For the
alkanes (methane series), the general formula is an2n+2'

where n is the number of carbon atoms and 2n + 2 is the
number of hydrogens. Molecules of the ethylene series,

also called the alkene series, have two adjacent carbon
atoms joined to one another by a double bond. Any member
in this series has the general formula anZn‘ The acetylene

series, commonly called the alkyne series, has two adjacent
carbon atoms joined to one another by a triple bond. The

general formula for this series is anZn—z‘ With this in

mind one can write:

CyzHazs an2n+2 : alkane series
CeHy H anZn-Z : acetylene series
CyHy H anZn : ethylene series
CzsHsw ¢ CnH2n+2 : alkane series



& PROBLEM 733

Draw the structure of 4-ethyl-3,4-dimethyl-2-hexene. I

Solution: To draw the structure of more complex compounds,
such as this one, certain steps must be followed.

(1} Identify the parent compound that associated with
the longest carbon chain that contains the functional
group. In 4-ethyl-3,4-dimethyl-2-hexene,the parent
compound is hexene.

(2) Draw the parent carbon skeleton, in this case,
a six carbon chain. Do not put any hydrogen atoms in yet.

¢—C—C—C=—C—C
~ (3) Number the carbon atoms starting at either end.
This is important; otherwise it may get confusing when one
adds the functionality.
1 2 3 4 5 6
¢—C—C——C—C—C
(4) Add the suffix functionality, in this case -2-ene.
"Ene" tells one that a double bond is present, while "2"
indicates that it is at the second carbon.
1 2 3 4 5 6
C—C s ——=C—C—C
(5) Add the prefix functionality, starting at the
beginning of the name and continuing until the parent name
is reached. Here, the prefixes are 4-ethyl-3,4-dimethyl-.
c

1 2 1 ﬁl 5 1]
C—Cmm=C—C—C—C

c c-¢C

Now, the hydrogen atoms can be added to give a
complete structure.

CH,
CH 3CH waa C~—C—CH,CH,

CH; CH,CH,
® PROBLEM T34

Write condensed structural formulas for all the alkynes,
i.e. unsaturated compounds with triple bonds, with a

molecular formula of CsHy.




Solution: A condensed structural formula provides all the
Information represented by other structural formulas (i.e.
Lewis diagrams, bond diagrams), but it is not as cumbersome.

To solve this problem, first write all the structural
isomers with five carbons in a continuous chain:

¥y i XX
H—C -C—?—{l!-——?--l'l H——?—-C -C-—-(.I—tl}—}!
H H H H H H

Second,write all the structural isomers with a four
carbon parent molecule and one carbon in a branch:

i 5
u—g—?—cz c—H
Ry oy

H

No other structural formulas are possible.

Thus, there are only three structural formulas poss-
ible for CsHs.

Next, one writes these formulas in the condensed form.
Namely,

(a) CH==CCH;CH:CH, ; (b) CH;C==CCH,CH, }(c) cn,tlzncaca.

CH;,

o PROBLEM T35

In the following pair of geometric isomers, designate
which is cis and which is trans.

H H3CH;Cl
W e (2) "“c—c/c
1/ Ay A\

¢ CH2CH2CL c1’ i

Solution: Isomers, i.e. compounds of the same molecular
formula, that differ only in their geometry are termed
geometric isomers. Geomuiric isomerism is one type of
stereoisomerism; that is, isomerism due to the arrangement
of atoms in a molecule in three dimensions. Geometric
isomers are different compounds with different properties.
Since the order of attachment of the atoms is the same,
they are not structural isomers. The isomer that has the
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{b) CH,CHCH,CH,OH
CH,CH,
{c) CH,CH,CH,;COHCH,
CH,CHCH
(d) cn,oncncn,Tncn,

CHy CH,

: All of these compounds are alcochols; they fit
into the general formula R-OH, where R is any alkyl group.

In the systematic naming of any alcohol, the following
rules should be followed:

(1) The longest chain that contains the hydroxyl
group (OH) is considered the parent compound.

{(2) The ~e ending of the name of this carbon chain
is replaced by ~ol.

(3) The locations of the hydroxyl and any other
groups are indicated by the smallest possible numbers.

Thus, compound (a)

H H H H H H
| N Y
H—C—C~—C~—C—C~—C~—H
[ U I R
H O H H H H

has a 6-carbon chain and an hydroxyl group on carbon
number 2. The name of this compound is 2-hexanol.

Compound (b) has a 5-carbon chain,

H
|
H-C-H
H H H H
[ I
H—C—C—C—C—C—OH

| O N |
H H H H H

because this is the longest chain that contains the
hydroxyl group. There is a methyl group on carbon number
3, and an hydroxyl group on carbon number 1. The name of
this compound is, therefore, 3-methyl-l-pentanol.



C33CH

CH —

4l
CH,CH, CH,CH,— zl:I

e Sc—cH

7
CHy CHy,— CI-I3

2
Add the suffix functionality with the appropriate
numbering: 4-hepten-2-ol. Add the prefix functionality,
remembering to group together like prefixes. Then, double
check to make sure a substituent has not been forgotten or
one substituent has not been included twice. By following
these steps, one arrives at the name for the structure:

4-n-butyl-3,5-diethyl-4-hepten-2-ol.

e PROBLEM 740

Which of the following, if any, are not alcohols derived
from the methane series of hydrocarbons: Ce¢H<OH, Cy,Hj 0H,
CyHsOH, CyH;+0H?

Solution: Alcohols are derived from molecules whose
ydrogen atoms have been replaced by one or more hydroxyl
(-OH) groups. The simplest alcohols are derived from the
alkanes or the methane series and contain only one hydroxyl
group per molecule. These have the general formula ROH,
where R is an alkyl group of composition, cn“2n+1‘ Thus,

the alcohols to be derived from the methane series will
follow this formula.

(a) C¢HsOH has 6 carbons. Therefore, its hydrogen
content should be 2n + 1 = 2(6) + 1 = 13. Because there
exist only 5 hydrogens, excluding the H from OH, it cannot
be derived from the methane series.

Compound (b), C;;H;,0H, also does not fit the general
formula (n = 17, 2n + 1 = 35), and thus, is not derived
from the methane series. If it did fit, it would possess
35 hydrogens instead of 33.

Compound (c), CyHsOH, does not fit the general
formula (n = 4, 2n + 1 = 9) and, thus, is not derived
from the methane series. If it did fit, the alkyl group
it would posses 9 H instead of 8.

Compound (d), CsH:40H, does fit the general formula
(n =9, 2n + 1 = 19}, and is derived from the methane
series.



CH:;CHs Cl-l3

O O CH,

ethylbenzene 1,2 dimethylbenzene
(o-dimethylbenzene)
Cll3 CH3
CHS
CH3

1, 3 dimethylbenzene 1,4 dimethylbenzene
(m-dimethylbenzene) (p-dimethylbenzene)

Solution: In establishing a consistent systematic scheme
for the naming of benzene hydrocarbons several problems
arise. The prefixes ortho, meta, and para (abbreviated

o, m, and p) are commonly used to designate the 1,2-,
1,3-, and 1,4~, relationship of substituents on the
benzene ring. The problem arises when, for example, the
compound named systematically as 1,2-dimethylbenzene is
also known as ortho-xylene or ortho-methyltoluene or
ortho-dimethylbenzene.

Four isomeric compounds are possible with benzene
hydrocarbons having the molecular formula CsHi,. One is
obtained by substituting an ethyl group for a hydrogen
of benzene, whereas the other three are cbtained by sub-
stituting methyl groups for two hydrogens.

¢ PROBLEM 744

Write structural formulas for the following: (2) 2-hexanone;
(b) Z-methylbutanal; (c) O-methylbenzaldehyde; (d) methyl
phenyl ketone.

- -
é-—ﬂ C—CH
oL oF™
o]
Figure A Figure B



® PROBLEM 17
B —
Write a structural formula for each of the following molecular
formulas. Name each structure that you draw. (a) CH:0;
{b) C3HsODz; (c) CzHg0; (d) C;H40:2; (e) CyH,0.
A m—— ——

Solution: In order to do this problem, one must know how
carbon, hydrogen, and oxygen bond. Carbon can share its

4 valence electrons to form 4 covalent bonds, hydrogen can
share its 1 valence electron to form 1 covalent bond, and
oxygen can share its 6 covalent electrons to form only 2
covalent bonds. Thus, with this knowledge in mind, one

can construct several types of molecular structures. A few
of these structures have the following functional groups:
Alcohols contain the hydroxyl group, - OH, acids contain
the carboxyl group,

0
-Q: (represented as - COOH), aldehydes and ketones
OH

contain the carbonyl group, )c = 0.

Structure (a), CH:0, is an aldehyde,
D=0
H

and has the name formaldehyde.
Structure (b), C3;H¢O;, is an alcohol
OH OH
Bt —¢—n
Eoow
and has the name 1,2 dihydroxyethane or ethylene glycol.

Structure (¢}, CzHg0, is either an alcohol or an ether

H H ? H
H—C—C—0OH or H—C—O—Cl—ﬂ
H H H H

and is named ethanol or dimethyl ether, respectively.

Structure {(d) C:H,0:, is an acid

H

H_‘I:_C/OH
[
H 0
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and has the name acetic acid.

Structure (e}, C:Hs0, is an aldehyde

 ou
B—c—c/
I\
E 0

and has the name acetaldehyde.

® PROBLEM 746

Ethanol and methyl ether are isomers, having the molecular
formula C;H:0. Based on structure, which one would be
expected to have the higher vapor pressure? The higher
boiling point? The greater solubility in water? Explain
why in each case.

Solution: The ethers are a class of compounds that contain
two hydrocarbon groups bound to an atom of oxygen. The
general formula for ethers is ROR” where R and R” are

alkyl groups and may or may not be the same

Both alcohols and ethers derived from alkanes have
the same general formula CnH2n+2° {ethanol is isomeric

with methyl ether). Unlike alcohols, ethers do not form
associated molecules by means of hydrogen bonds. Thus, the
boiling point of an ether is considerably below the boiling
point of its isomeric alcohol. Methyl ether is a gas, bp

- 23°C, whereas ethanol is a liguid, bp + 78°C. Therefore, it

[ T
H— T-— ?-—'OH H—C—O0—C—H
H H H H

ethanol methyl ether

is reasonable to expect that methyl ether has a higher
vapor pressure than ethanol.

Weak hydrogen bonding between water molecules and
ether molecules leads to slight water solubility. The
functional group that is characteristic of ethers, the

€ O C group, is chemically inactive compared to
the hydroxyl group of alcohols. Thus, ethancl has the
greater solubility.

® PROBLEM 747

Name and classify each of the following: CHi:COC.Hs;
CoHsOH; chNH:: {C}HQJ:O: CH3COOC;H7; CHBCOOH-
E——

m



Solution: All of these compounds are derivatives of
Rydrocarbons, i.e. compounds that contain only hydrogen
and carbon atoms. The derivative of a hydrocarbon is
the substitution of elements or radicals for one or more
hydrogen atoms. These derivatives may be classified into
functional groups, which,to a great extent,determine the
properties of the compound. This is the key to naming
these compounds, identify the functional groups and name
it accordingly. First one must describe these functional
groups.

Alcohols: They have the general formula R-OH,
where R is any alkyl group.

Amines: They are derivatives of ammonia (NH,),
where one or more H's ha\rﬁ been reglaced by an alkyl group.
L]

L
In other words, R-NH,, R-NH, or R-N-R.
Ethers: General formula is R-0-R”°, where R may be

the same as R”.
[¢]

I
Aldehydes: General formulais R— C—H

Ketones: General formulais R— C—R”, where
can equal R”. In both,ketones are aldehydes,

R
)C=o is called the carbonyl group.
o]

|
Carboxylic acids: General formula is R— C— OH,
i
where /C—OR is called the carboxyl group.

4]

Esters: General formulais R—C—OR”", where
R can equal R”. With this in mind, proceed as follows:

CH,COC4Hy can be written as CH;— C— C,H;. This,
then fits into the general formula of a ketone and is
called methyl n-butyl ketone.

C;HsOH fits into the alcochol classification group.
It is named ethanol or ethyl alcohol.

CH;NH; fits the description of an amine and is
named methylamine.

(C2Hs) 20 can be written as HsC2-0-C:;Hs, which fits
the description of an ether. It is named ethyl ether.
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CH,CO0C;H; indicates that an ester is present,once it
is rewritten as CH;—C-—0OC;H;. It is named as n-propyl
acetate.

o
Il
CHiCOOH can be written as CHy—C—0OH. The

carboxyl group is present, which tells you that it is an
organic acid. The specific name is acetic acid.

® PROBLEM T48

Write the structure for methyl-6-chloro-5,8-diethyl-8-
icdo-3,4,4-trimethyl-2,6-decadiencate.

Solution: To draw this structure one should follow

certaln rules.

(1) Identify and draw the parent name of the
compound. The parent is decane,

10 9 8 7 6 5 4 3 2 1
c~—C—C~C—C—C—C—C—C—C .

(2) Add the suffix functionality. Note that in this
compound two different types of functional groups are
designated in the suffix endings, double bonds and an
ester. Start with the double bonds: -2,6-decadiencate.

10 9 8 7 [ 5 4 3 2 1
C—C—C—C=C—C—C—C=C—C

o]
Il
Now consider the ester group |- C - O ~/. The
carbonyl (C = 0) of the ester must be at carbon number 1.

The alkyl portion of the ester precedes the name
(and the prefixes) as a separate word. In this case it is
methyl (CH,) so that the structure becomes

o]
1o L] L] T L] ] L 2 2 ”
C—C—C—C=C—C— C—C = C—'C—0OCH,
(3) Add the prefix functionality in the order given,
6-chloro-5,8-diethyl-8~iodo-3,4,4~trimethyl-.

pooe g 9
C-—-C-—»?-—-C = C-——?-——? ——? = C-——C-——OCH3
¢ ¢ ¢ ¢
c c
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In (d), 2-hydroxymethylcyclohexanol, the compound has
no optical isomer, since two of the four groups attached
to the central carbon atom are the same.

® PROBLEM 750

Which of the following organic compounds would you
predict to be associated liquids: (a) CH,0H;

{b) CH3OCH:; (c) CH.Cl; (d) CHNH:.

—

Solution: To answer this gquestion, one should first
understand the term, associated liquids. Liquids whose
molecules are held together by hydrogen bonding are
associated liguids. Hydrogen bonding is an especially
strong kind of attraction between a hydrogen atom (that
is bound to a highly electronegative atom) and another
highly electronegative atom. This type of bond is formed
by purely electrostatic forces between the positive end of
one polar molecule and the negative end of another polar
molecule. For hydrogen bonding to be important, the
electronegative atoms must be F, 0, or N.

Thus, once the structures of the species are known,
one can tell if they are associated liquids.

(a) CH30H, (methanol);
H
He=— C —OH
|
H
It is an associated liquid because oxygen is bonded
to the hydrogen atom. And the hydrogen atom thus forms
a bond with another oxygen molecule of methane.
Liquid (b), CH,;0CH;, (dimethyl ether}
H H
H——-C-—-Ol—-?-——ﬂ
H H
is not an associated liquid; the oxygen is not bonded
directly to any hydrogen atom and therefore cannot form
any hydrogen bonds.
Liquid (c), CH;3Cl, (methyl chloride);
H

H —(I'.'—-H
Cl
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Step-by-Step Solutions to
Problems in this Chapter,
“Organic Chemistry I
Reactions”

ALKANES

® PROBLEM 751

4 liters of octane gasoline weigh 3.19 kg. Calculate what
volume of air is required for its complete combustion at
S.T.P.

Solution: To answer this problem, you need to write the
anced equation for the combustion of octane gasoline.
This means knowing what the molecular formula of octane
gasoline is and what is meant by combustion. Octane is a
saturated hydrocarbon, i.e., it is an alkane. Now, by
saturated hydrocarbon, you mean a compound that contains
only single bonds between the carbon to carbon and carbon
to hydrogen bonds. Alkanes have the general formula CNH2N+2'

where N = number of carbon atoms. Since the prefix "oct"
means eight, you know there are B carbon atoms, which
indicates that 18 hydrogen atoms are present. Thus, gascline
octane has the formula CsH,;;. Now, by combustion you mean
the reaction of an organic compound with oxygen to produce
CO: and H;0. With this in mind, you can write the balanced
equation for the reaction as

2CsH, ¢ + 250, + 16C0; + 18H;0.

To find out what volume of air is required for
combustion, you need the volume of 0; reqguired, since 20%
of air is oxygen (0:). To find the amount of 0:; involved,
use the fact that at S.T.P, (standard temperature and
pressure) 1 mole of any gas occupies 22.4 liters. Thus,
if you knew how many moles of O: were required, you would
know its volume. You can find the number of moles by using
stoichiometry. You are told that there exists 3.19 kg
or 3190 g (1000 g = 1 kg). The molecular weight (MW) of
octane is 114 grams/mole. Thus, since
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mole = 9Eams_lweight) yoy pave 2139 = 27.98 moles of

gasoline. From the equation's coefficients, you see that
for every 2 moles of gasoline, 25 moles of 0:; are required.
Thus, for this number of moles of gasoline, you need

(27.98) %3 = 349.78 moles of 0:.

Recalling that 1 mole of gas occupies 22.4 liters at
5.7.P., 349.78 moles of O: occupies (349.78)(22.4) =
7835.08 liters. Oxygen is 20% of the air. Thus, the amount
of air required is

%-%iggfiafii x 7835.08 liters O; = 39,175.40 liters air.

o PROBLEM 752
What is your understanding of a substitution reaction
mechanism? Illustrate your answer with a specific example.
—

Solution: A substitution reaction is one in which one
atom or group of atoms replaces another. In this type of
reaction, the overall change taking place in the alkane

is that one sigma bond is broken and a new sigma bond is
formed. At elevated temperatures, or in the presence of
ultraviolet light, one or more hydrogen atoms in an alkane
molecule may be replaced by atoms of chlorine, bromine, or
other similar atoms.

The substitution of a chlorine atom for hydrogen in
alkane molecules proceeds by a free-radical mechanism and
is a chain reaction. In the initiation step of chlorination
of methane, for example, high temperature or light furnishes
energy for dissociating chlorine molecules into chlorine
radicals as shown (unpaired electrons are shown with a dot):

light
(1) cly —— *Cl++Cl1

The chlorine atom collides with a methane molecule to
form a methyl radical and a molecule of hydrogen chloride.

(2) CHy + * Cl=—+ =« CH; + HCl

Subsequent collision of a methyl radical with a
chlorine molecule produces the desired compound,CH,Cl,
and another chlorine atom

{3) * CHy + Cl;=—= CH,Cl + + Cl,
so that the whole chain may be repeated.

Equations 2 and 3 are called propagation steps in
the chain reaction. Termination steps of this chain re-
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action are 4 and 5:
* Cl + +* Cl—/— Cl:
(4) * Cl + « CHy— CH,Cl
(5) * CHy; + « CHy— CH,CH;
These chain-terminating reactions tend to stop the

reaction between methane and chlorine by consuming
radicals necessary for the propagation steps.

e PROBLEM 753

A chemist has tert-butane. If he adds Br, and light, what
are the monobromo substitution products expected? Which
one will predominate and why? How would you prepare the
predominating compound by an addition reaction?

Solution: The first question concerns substitution in
alkanes. You are performing a halogenation substitution
reaction and are asked to predict the monohalogenation
products expected for tert-butane. This necessitates the
writing of its structure and analyzing its hydrogens,
since they will be replaced by the bromine atoms. Tert
butane can be written

CH,
CHy—C—CHj,.
H

All the hydrogens on the methyl groups are equivalent.
This means that if you substitute a bromine atom for one
hydrogen atom from a methyl group, it is the same as sub-
stituting for any other hydrogen on one of the other methyl
groups. The other hydrogen (the one attached to the 3°
carbon) is not egquivalent to the hydrogens bound to the
1° carbons. Thus you expect two moncbromo products. They are

CH, CH,
CHy — C — CH;Br and CH:—? —— CHj. You
H Br

could have placed the Br on the other two methyls and the
same molecule would be cobtained, for Example,

CH2Br CH,
CH;—?-—CH; is the same as CH3;— C — CH3Br

H H
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Solution: You are told about isomerism in the compounds A
and B, and their chlorinated products. When two compounds
are isomers they have the same molecular formula, but differ
in the sequence of linkages of atoms. These are structural
isomers. Ethyl chloride has the structural formula

H H
H—C—cC—<Cl1
I
u H
The equation for chlorination is its reaction with Cl,;

in the presence of light. Note that there exist two possible
carbons on which the chlorines can bond. These are the two
isomers A and B. Thus you can write

H Cl

c,
H H
[
H-—(I:—-KI:—C].
cl B
The gquestion is which one is A, as the other must be

B. You are told that A gives 2 isomers, while B yields 1,
if they are chlorinated again. Lets start with

H Cl
H—C—C—Cl .,
H H

If you chlorinate it, you would obtain

T 1T
H_?_?_CI and H_T_T_CI
Cl H H Cl

These are two different compounds in the arrangement of
atoms. They are structural isomers. Thus, isomer A must be

T 11
H—C—C—Cl, while isomer B is H—?—?—Cl .

H H Cl H
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If this is correct, then the chlorination of B should yield
only one product. Let's see if this is true.

H H H H

| |
H—C—C—cCl +C€l, =+ C€l—C—C—Cl and

I

cl H Cl H

HoCl H H

H— (I:— (I:—Cl. But Cl— é—(’:—*C]. is the same as
bk bob
H (1l

H—C-—C—Cl, which means B yields only 1 isomer.

|
€1 H

® PROBLEM 755

The ease of formation of carbonium ions is 3°>2°>1°>Ch,*.
Explain why.

Solution: A carbonium ion is a group of atoms containin

a carbon atom with only six electrons around it. I
Thus the carbonium ion is positively charged. The carbonium
ions are classified as primary (1°), secondary (2°), and
tertiary (3°) after the carbon bearing the positive charge.
For example,

H H R
H Cc R R:C:R R c R
+ + +
primary secondary tertiary

where R can be any alkyl group.

To understand why the ease of formation is
3°22°>1°>CH,+, you need to understand some of the proper-
ties of a charged system. According to the laws of
electrostatics, the stability of a charged system is in-
creased by the distribution of the charge. Alkyl groups,
for example, tend to donate electrons, so that any positive
charge is dispersed. Thus, the more alkyl groups donating
electrons, the greater the distribution of positive charges
in a carbonium ion, and, as such, the more stable it is.
The greater the stability of a substance, the easier it is
to form. In our example, the 3° carbonium ion has 3 alkyl
groups, the 2° ion has 2 alkyl groups, and the 1° ion
has one alkyl group. Note CH:* can be written
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H——-é-——H, which shows that no alkyl groups are present.
+

Therefore, 3°>2°>1°>CH,;* in ease of formation, since this
sequence is also the sequence for the number of alkyls
that distribute the positive charge, which results in in-
creased stability.

ALKENES AND ALKYNES

* PROBLEM 756

What is your understanding of an addition reaction mechanism?
Illustrate your answer with a specific example.

Solution: An important difference between saturated and
unsaturated hydrocarbons is the general type of reaction
that each will undergo. Alkanes react by substitution,
while alkenes react by addition reactions (as well as
substitution). In an addition reaction, the pi bond of
the double bond is destroyed and two sigma bonds are
formed, one to each of two carbon atoms.

A mixture consisting of only hydrogen and an alkene
undergoes no detectable addition reaction even at high
temperature and pressure. However, if a small amount of
finely divided metal, such as platinum, palladium, or
nickel is added as a catalyst, addition of hydrogen to
the alkene occurs quite readily even at room temperature.
(The same is true for alkynes, i.e. unsaturated compounds
containing a triple bond.)

According to the commonly accepted view, alkenes
and alkynes, with relatively loosely held electrons in
their pi bonds, act as electron-pair donors, that is,
Lewis bases, and protons from addition reagents, HX (where
X is H, C1, Br, ...}, act as Lewis acids, that is, e-
lectron-pair acceptors. The first step, then, in the
addition of HX to an alkene is the addition of a proton
in a Lewis acid-base reaction. The process involves the
formation of alkyl cations and chlorine anions as re-
action intermediates. Such alkyl cations are called
carbonium ions; they are groups of atoms that contain a
carbon atom having only six electrons.

An example of an addition reaction would be
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+

(1) H—-T = C—H + HCl— H— —T—H + Cl™

S—N—x

H H H
ethene a carbonium ion  anion
H H cl
+
(2) §—C—C—H +CI"~ H—(C—C—H
| | chloroethane
H H H H
» PROBLEM 75
——

Write the structural formulas of the hydrogenation products
of the following olefins: (a) propylene; (b) 2-methyl-2-
pentene; (c) l-methyl cyclohexene.

Solution: The most important reactions of alkenes
{olefins) involve addition of reagents to the double bonds.
An alkene can be converted to an alkane by addition of
hydrogen to the double bond. These reactions are usually
carried out by using a high pressure of hydrogen gas in
the presence of a catalyst such as finely divided platinum,
palladium, or nickel.

To solve this problem, draw the structural formulas
of each alkene. The addition of hydrogen breaks the double
bond, and the H; molecule attaches itself to the carbon
atoms involved. Thus,

H H H H H H
N 11 Pt L1
@ C=C—G—H + By s B—G—C—C—H
H H H H H
¥
TRy BEE
® H—C—C = C—C—C—H + H, Pt H—C— —-|—JI:——c-—n
ﬁ H H H H H &




e PROBLEM 762

What are the products when the following hydrocarbons are
oxidized with acidic permanganate solutions? (a) 2-butene;
(b) 3,4-dimethyl-3-hexene; (c) 2-methyl-2-butene.

Solution: Alkenes readily react with a number of oxidizing
agents. A test for the presence of an olefin is the reaction
with an acidic solution of permanganate ion (MnOT). The
purple color of permanganate ion disappears as the olefin
is oxidized. The course of such a reaction is that the
olefin cleaves into two oxidized fragments. A carbon atom
with two alkyl groups attached is converted to the carbonyl
group of ketone, while a carbon atom with one attached
hydrogen becomes the carboxyl group of an acid. This is
summarized by the following

H. " MnO.~ OH "
>C=C/R ————&R_c/ +Q-c/a

R St Yo e

To solve this problem, write the structural formula
of each hydrocarbon, find which alkyl groups correspond
to R, R', and R" in the general formula, and then substitute
into the general formula.

(a) Z c c i Hooe? 2CH
H—C-—C=C—=C—H e —
* [T : q*o

H H H

The product of this reaction is acetic acid.

H oW B H
| | | Mno,~ _FH,
(b)) H-C—-C-C ==C—C—C—H——s 2 0=C
[0 \cH,cH,
H H H H
H-C-2 H-C-X
i H

The product of this reaction is methyl ethyl ketone.

H
|

A
JoH
(du—c—T—c—c—ﬂﬂ&»cm—%b+cmcw:
| [ I

The products of this reaction are acetic acid and
acetone.
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ALCOHOLS

® PROBLEM 763

Perform the following conversions (synthesis) using any
inorganic reagents you require:

(A) CH;CH2CH;OH—— CH;CHCH,
OH
(B) CH,CHCH;———CH,CH;CH:C1
c1
{c) CE,!’I:HI:H:—*CH,(I:HCH,.

OH NH2

Solution: In any synthesis problem you can use a step by
step approach. Try to find reactions that lead to inter-
mediates from which the product can be obtained. In (A)

you want to shift the hydroxyl group from the 1° carbon

to the 2° carbon. You can do this through the correspond-
ing alkene. Once the alkene is obtained, the addition of
acid and water will generate the desired product. To
obtain the intermediate, add acid to the starting material.
Because it is an alcohol, it will dehydrate to the alkene.
You have,then,

CH3CH2CH20H + HY—— CH,CH=CH; + H;0
CH,CH = CHy + H%*/H;0—— CH ,(]:Hr.‘n,
OH
In (B) you want to switch the Cl from the 2° carbon
to the 1° carbon. Convert the starting material to an
alkene and from this the product can be obtained. You
have, therefore, the following process:
CH1CHCH KOH , cq,cH=CH; + KC1 + H30
cl

Potassium hydroxide has the ability to dehalogenate
an alkyl halide to an alkene.

CH,CH==CH, 3C1. peroxides , oy cy,cH,cl.

With peroxides, the hydrogen from the HCl adds to
the carbon with the least number of carbons attached. You
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are performing an addition reaction across a double bond.
In (C), you are converting the OH group to a NH: group.
You can convert the OH to Cl, first, since upon addition
of NHy, the NH; group is obtained. To cobtain the chlorine,
dehydrate the alcohol with acid te form the alkene, then
add HCl. You have the following sequence:

+
cn,tl:ucag —‘-k—» CHJCH = cH, —3CL
"
OH 20
CHyCH — CH, —DH1 cn,—ti:n—ca; + HCl
c1 NH;

¢ PROBLEM 764

I Synthesize CH,BrCH;Br from CH,;CH,OH. I
— — i

Solution: You are given the alcohol, ethanol, and are
asked to synthesize CH:BrCH.Br, 1,2 dibromoethane. The
fact that it is a dibromo compound suggests that the
bromine added across a double bond. Therefore, if you
could convert the alcchol to an olefin, namely, ethylene,
you could add Br:; in the solvent CCls, and via an
addition reaction, cbtain the desired product. To obtain
ethylene, remember that the alcohol can be dehydrated to
the corresponding olefin by the addition of acid., This
well~documented mechanism is as follows:

+
heat q
CH,CH,0H + H*(acid) 1""‘"——"""50.,c or | CH3CH,0H— CH,CH,+ + HOH

greater
— 3 CH:=CH: + H*

ethylene

When you add the acid, you protonate the alcochol.
Water is expelled and you obtain a carbonium ion, CHiCHa2*.
The carbonium expels a proton (H*), so that ethylene is
obtained. Now that you have CH; == CH:, add Br; and CCls
and you obtain CH;BrCH;Br, your desired product. The Br:
is added across the double bond in an addition reaction.

® PROBLEM 765

Ethanol, C;H(OH, reacts with HBr, hydrogen bromide, to
give ethyl bromide, C,HsBr, and water. Ethanol, however,
does not react with NaBr. Explain. Suggest a mechanism
for the reaction with HBr.
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® PROBLEM T67
— S ———

A chemist dissolves methyl alcohol in n-octane. He adds
this to excess methylmagnesium iodide, which is dissolved
in the high-boiling solvent, n-butyl ether. A gas is
evolved, which is collected at STP. It occupies a volume
of 1.04 cc. What is the gas and how many grams of methyl
alcohol were present?

Solution: Grignard reagents, which have the general
formula of RMgX (R is an alkyl or aryl group, Mg is
magnesium, and X is a halogen atom), are extremely re-
active. In the presence of any acid stronger than an
alkane, the grignard reagent is displaced to form RH.
This happens because the grignard reagent may be con-
sidered the magnesium salt of a weak acid RH. Thus, a
stronger acid displaces RH from its salt. Alcohols are
stronger acids than alkanes. Therefore, when methyl
alcohol (CH,0H) is added to methyl magnesium iodide
(CH3MgI), the following reaction occurs:

CH3;0H + CHyMgI-—CH, + H,COMgI.

At S.T.P. (0°C and 1 atm), CH., exists as a gas.
To find the amount of CH;OH present, remember that at
STP a mole of gas occupies 22.4 liters. The gas produced
here occupies only 1.04 cc or 0.00104 liters (1000 cc =
1l liter). Let x = moles of methane gas produced. Thus,
you can set up the proportion

22.4 liters _ .00104 liters
1 mole x mole

Solving, x = 4.64 x 10~% moles. From the stoichiometry
of the eguation, 1 mole of CH,OH produces 1 mole of CH..
Thus, you have 4.64 x 10~° moles of CH;0H. The molecular
weight (MW) of CH,OH is 32 g/mole. By definition, 1 mole
equals the weight in grams divided by MW. Substituting
and solving for weight in grams,

-3 rams of CH,0H |
4.64 % 10 moles = g-j-zml'— H

grams of CH,OH present = 32 (4.64 x 10™%)
= 1.48 x 10™? grams.

* PROBLEM 768

How would you distinguish between the following pairs:
(a) isobutane and isobutylene (b) sec-butyl alcohol and
n-heptane.

Solution: To distinguish between two compounds, try to
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select for a characterization test. Begin by writing the
structures of the compounds involved.

CH, Cl;g

{(a) isobutane H,C— T-— CH, isobutylene CH;— C == CH,
H

You see that iscbutylene is an alkene, and that
isobutane is an alkane. Thus, you should be able to
distinguish isobutylene from iscbutane by an addition
reaction. Addition reactions are characteristic of
alkenes and other unsaturated compounds. When Br;/CCls,
a reddish brown solution, is in contact with an alkene,
the following reaction occurs: I

e -
cC=C + Br,/CCly—— —C—C—
,nlkan‘i‘ | |
Br Br
When the alkene consumes the Br:, the red color disappears.
Thus, alkenes can be detected by their ability to decolorize
the red solution of Br,;/CCl..

You can also use a cold, dilute, neutral permanganate
solution, the Baeyer test, instead of Br;/CCl, to detect
the presence of an alkene. Permanganate solution is purple
colored, upon reaction with an alkene, the purple disappears
and is replaced by a brown manganese dioxide precipitate.
The reaction can be written | |

Sc=c¢” + MnOy— —— MnO;  + —c—cC—
“alkene™ purple Brown ppt. |
OH OH
colorless

Alkenes do give this reaction. Thus, you now have
two simple tests to distinguish isobutane from issbutylene.

{b) sec-butyl alcohol H;C-—-%-— %-——CH;

OH
H H H H H

n-heptane Hi;C—C —C —C—C—C —CH,
H H H H H

These two can be distinguished by using a chromic
anhydride reagent. Secondary alcohols, such as sec-butyl
alcohol, are oxidized by chromic anhydride, Cr0,;, in
agueous sulfuric acid. The clear orange solution turns
opague, blue-green when the alcohol is added. In other
words,

ROH + HCrO4~ — Opaque, blue-green
1° or 2° clear, solution
orange

N-heptane is an alkane, and, as such, does not turn
the solution blue green. Thus, you can distinguish sec-
butyl alcohol from n-heptane by adding chromic anhydride.
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® PROBLEM 770

Explain why benzene is a planar molecule, while cyclohexane,
CgHjis, contains a puckered ring of six carbon atoms.

Solution: The best way to approach this problem is to con-
sider the geometry of the carbon-carbon bonding. To do this,
consider its hybridization. Benzene can be written as shown
in figure A.

H
./?'J:\
H— —H

a—\/—u

T

H
Benzene

Figure A

Notice that each carbon has 4 bonds, and is bonded to
three other elements (2 other carbons and 1 hydrogen). This
suggests sp? hybridization. sp® hybridization allows bonding
to three other elements, and leaves a "free" p orbital. This
p orbital can overlap with another p orbital to give a pi
bond, which serves to form the double bond. With sp?
hybridization, the molecule must assume a geometry where
the orbitals are 120° apart. This is the only way that the
repulsion which occurs when like charges are brought to-
gether can be avoided. See figure B.

- 120°

alz hybridization
Figure B

An angle of 120° creates a planar geometry. This is
true because a planar molecule with bond angles of 120° is
a configuration where the 3 atoms involved are the farthest
ggart. Consider cyclohexane. It can be written as shown in

gure C.

Each carbon atom is bound to four other atoms (2
other carbons and 2 hydrogens). This suggests sp’ hybrodi-
zation. With sp® hybridization, a molecule must assume a
geometry that permits 109°28' bond angles. The atoms of the
bond are arranged in a tetrahedral formation, this allows



The attack on the benzene ring is generally accomplished
by an electron-deficient species such as a pesitive ion, or
the positive end of a polar molecule., The electron withdraw-
ing nitro group makes it more difficult for an electrophlilic
species to add onto the benzene ring; vigorous conditions
are required for further nitration of nitrobenzene. The nitro

up will "direct” the substitution of additional nitronium
ons in a meta orientation.

With this in mind, the structure of the isomer of
trinitrobentens is at once known. Each nitronium ion is di-
rected to the meta position of the other lon. Thus, the
structure is that of figure B

'NOz
H H
NOZ NO,
H
Figure B

and has the formula 1,3,5-trinitrobenzene.

¢ PROBLEM TT4

— —

Explain why the hydrolysis of an ester to yield alcohol
and acid is best carried out in basiec rather than acidic
solution. Use equations to illustrate your answer,

Solution: The best way to solve this problem is to con-
sider what products will be formed with acid and base.

The general formula of an ester is R'— C— OR.
o] o]

I + 1l
Acid: R—C—OR —f—+ R—C—OH + HOR
T

The carboxylic acid and alcchol are generated. But
esters are generated from carboyxlic acid and alcohols
by the use of H*. 1In other words, there exists nothing
to prevent the reaction from going back in the other di-
rection. That is, you have the following equilibrium:

+
ester —i carboxylie + aleochol
PER—
H20
Let us consider the reaction with base.
ti.i.' o]
- I
base: R—C—oOR —H R—C— 0" + HOR
H,0
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I1f the temperature is raised above 160°C, a different
set of reactions occur. Again, the acid protonates the

H
alcohol to form C:HsOH . Water departs to yield CiHs*.
” H H

Let us write this as H—C—C—H. This time, however,
+
H

it does not react with another alcohol molecule but expels
a proton immediately to form the alkene, ethylene or ethene.

H H
H H
H— C—C—H—+ >c =c” +u
+ H ~q
H

This is the final product, ethylene, at a temperature
greater than 160°C.

{2) Here you have citric acid reacting with a base,
KOH. This suggests the formation of a salt and water. To

predict which salt, write out the structure of citric acid.
The structure is,

CHz — COOH
OH~—C — COOH
CH;~—— COOH
To understand how it reacts, you need to know the origin
of its acidic nature. The acidic nature is determined by
the H of the carboxylic group, COOH. Thus, you can anticipate
the following reaction:
CH,—— COOH CH,—— COOTK+
OH— C—COOH + 3KOH + OH—C— C00 Kt + 3HOH

CH; — COOH CH; — COO~K*

& PROBLEM T79

Iindicate how you would prepare (1) acetone from acetic acid
and (2) acetic acid from ethyl alcohol.

Solution: This problem is concerned with synthesis of
organic compounds, In such problems you want to write out
the structures of the initial and final products involved,
so that you can identify functional groups. From this,
you employ reactions that change the functional groups
until the desired product is obtained.
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o

fl
(1) Acetone : CHy— C—CH,; Acetic Acid ¢ CHy— C—OH

i

If you had calcium acetate, |CH,— C—Olg Ca, you could
obtain acetone by heating it, since calcium acetate forms
calcium carbonate and acetone upon the addition of heat.
To obtain calcium acetate, add Ca(OH),, which is a base.
Because it is a base, the acid reacts with it to produce
the calcium acetate, which is the salt, and water. Thus,
the sequence of reactions becomes

o 0
I
CH,C—0OH + Ca(OH);—— {CHf¥— C—0); Ca—>

A
W CaCo, + CH;— C—CH,.

o

(2) Acetic acid : CH,C—OH

Ethyl alcohol : CH,CH;OH. To prepare acetic acid from

ethyl alecchol, you must know one important fact: Ethyl

alcohol is a primary alcohol, i.e., one where the OH group
is located on a carbon atom bonded to only one other carbon

atom. Primary alcohols can be directly oxidized to the

corresponding carboxylic acid by the addition of KMnO.,
potassium permanganate. Thus, you perform the following
reaction:

CHCH;0H —XMnO. _,  cy,c—oH

ethyl alcohol acetic acid

e PROBLEM 780

Explain how you would prepare benzoic acid from benzene.
Use any inorganic reagents.

o O

Benzene Benzoic acid

Figure A
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Solution: One of the most common ways of preparing benzoic
acld from benzene is through an intermediate grignard. To
plan this synthesis, first write your starting material

and desired product. Then, think of inorganic reagents that
lead you step by step through intermediates until you obtain
the product.

A grignard reagent can be represented as R-MgX, where
R is any aryl or alkyl group and X is a halogen. To obtain
this grignard intermediate, you must halogenate the benzene
ring. This can be accomplished by using a solution of
halogen and FeXs, where X is the halogen. Let the halogen
be Br. Thus, you have the reaction in Figure B.

Br
. E‘eBr3 O
Br2
Figure B

This is electrophilic substitution of a hydrogen in
the ring by a bromine atom. By electrophiliec, you mean
electron seeking. By addition of Mgy in dry ether, you obtain
the grignard reagent. See figure C.

r gBr
dry
@ +Me ey
Figure C

Now that you have the grignard, add carbon dioxide.
The reaction proceeds as shown in figure D.

MgBr OOMgBr
Q™ =—Q

Figure D

With the addition of the acid, HBr, the reaction in
figure E proceeds to the desired product benzoic acid.

COOMgBr
O + HBr—» O}-‘OOH + MgBr,

Figure E
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® PROBLEM 782

Show the mechanism for the transesterification of methyl
benzoate with ethanol in an acidic solution.

Solution: Begin this problem by defining
transesterification. An ester is an organic compound
(4]

Il
of general formula R— C—OR', where R and R are alkyl
groups that can be the same or different. In transesteri-
fication, the alcoholic portion of the ester is exchanged
for another alcoholic group. You are asked to give the
mechanism for the reaction shown in figure A.

O}m . O Foo, o

methyl benzoate ethyl benzoate + methanol

Figure A

You will note that you exchange the methyl alcochol
portion with ethyl alcohol. From radicactive isotopes, the
following mechanism shown in figure B has been established.

®on
i

3 o
o g

Figure B

Due to the electronegativity of oxygen, the oxygen of
the carbonyl group, _ C== 0, has a slightly negative charge
and the carbon has a slightly positive charge. The proton

from the acid is attracted to the oxygen as in figure C.
These two are in equilibrium with each other.

®
iy ™

Ei:Jrlb-(HZHa OCH,
—
-~
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CHAPTER 22

BIOCHEMISTRY |

Basic Attacks and Strategies for Solving Problems
in this Chapter. See pages 755 to 788 for step-by-
step solutions to problems.

Biochemistry is that branch of chemistry which deals with the chemistry
in living cells and organisms. Because living systems are organic, biochem-
istry is heavily dependent on organic chemistry. However, it is a very
specialized part of organic chemistry, and the two should not be confused as
being equivalent. Biochemistry, like organic chemistry, is a huge area with
many very complicated reactions and mechanisms of importance to living
systems. Only the simplest of the ideas can be introduced in this chapter.

Amino acids — molecules that contain both an amino (NH,) group and a
carboxylic acid (CO,H) group — are the building blocks of proteins in living
systems. These acids have two acid-base sites per molecule —one is the
carboxylic acid hydrogen, the other the basic amino site. These sites can
ionize independently or together according to the overall reaction.

R O R O
H,N—CH—C—OH < *H;N—CH—C—-0

where R group is an arbitrary organic group that will be different for different
amino acids. The ion on the right side of Equation 22-1, with both a positive
and negative charge, is called a zwitterion, There are two ionization constants
for this ion— one for the ionization of the CO,H group and one for the NH,+
NH, group. The pK, and pK, constants, shown in Problem 792 for several
amino acids, are the negative logarithms of the ionization constant for these
reactions. The pH that exists when there is no net charge on the ion is called
the isoelectric pH and is written as pl.
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Step-by-Step Solutions to
Problems in this Chapter,
“Biochemistry I”

CELLULAR CONSTRUCTION AND DIMENSIONS

® PROBLEM 784
——

A chemist has an E. coli bacterium cell of cylindrical
shape., It is ZY (microns) long and ly in diameter and
weighs 2 x 10~'? g, (a) How many lipid molecules are
present, assuming their average molecular weight to be
700 and lipid content to be 28?7 (b) If the cell contains
15,000 ribosomes, what percent of the volume do they
occupy? You may :ssume them Eo be spherical with a

diameter of 180 A; also 10* A = 1 micron.

Solution: (a) Because you are told the molecular weight
of an average lipid molecule, you need only compute their
total weight in the E. coli cell; and then find the number
of moles present, A mole is defined as weilght in grams/mo-
lecular weight (MW). From this, you use the fact that in
one mole of any substance, 6.02 x 10°? molecules
{Avogadro's number) exist.

The lipid content is given as 2%. If the total
weight of the cell is 2 x 10~'? g, the 11?14 molecules
must have a total weight of (.02)(2 x 10~'?) or 4 x 10-'*
grams, The average molecular weight of a li?id molecule is
given as 700 g/mole. Thus, you have 4 x 10-'“/700 =
5.71 x 10~'7 moles of lipid molecules. If 6,02 x 10** mo-
lecules are in_a mole, then in 5.71 x 10~'7 moles, there
are (6.02 x 10%%) (5,71 x 10='7) = 3,44 x 107 1lipid molecules.

(b} Calculate the volume of both the E., coli cell
and the total volume occupied by the ribosomes.

Volume of the E. coli cell: It is of cylindrical
shape. The volume of a cylinder can be found from the
product of its length and the area of its base. The area
of the base, a circle. is nr?, where r = radius. Because
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the diamater = 2r,the radius of the cylindrical E. coli
cell is ly divided by 2 or 0.5 p. This is converted to

o
5 x 10® A, by the conversion factor 10 i = 1 micron,

o
Similarly, 2u = 2 x 10* A = length of E. coli cell. Itu
total volume = (area of circle) (length) = [n(5 x 10%)2
2 x 10*] = 1.57 x 10'2,

Volume of ribosomes: Each ribosome has a diameter of

-] -]
180 A or a radius of 90 A. It is given that it is a aehere,
The volume of a sphere is given by the formula 4/3 =r?,
where r = radius. Substituting the volume of one riboscome =
4/3 n (90)* = 3,05 x 10°, If there exists 15,000 ribosomes,
their total volume must be (15,000) (3,05 x 10°%) =
4.58 x 10'°, Therefore, the percentage volume it occupies =

total volume of ribosomes , ,,, . 4.58 x 10'°

®x 100 = 2,9%,
volume of E, coll cell 1.57 x 1002

® PROBLEM 785
me——

An E. coli culture will grow to a limiting concentration
of about 10" cell per cm?. At this concentration what
percentage of the total volume of the culture medium is
occupied by the cells? Assume that an E. coli cell is
cylindrical and that it is 2,0y long and has a 1,0u
diameter.

Solution: This percentage can be found by first
determining the volume that one E. coli cell occupies and
then the volume that 10° cells occupy. This volume divided
by 1 cm’ multiplied by 100 equals the percent of the total
volume that the cells occupy.

The volume of a cylinder is equal to its length
multiplied by the area of its cross-section. Area of a
cizfle = nr?, where r = radius of the circle, 1y =
10°" cm

volume of 1 E. coli cell = (2.0 x 10~ cm) (%)
x{0,5 x 10”* cm)?
= 1.57 x 10~'* cm?®

There are 10° cells per cm® of solution, therefore
the volume that the cells occupy in 1 cm’ of solution is

10? x 1,57 x 10='? em® or 1.57 x 10~? em’.

Percent of total volume -1 1
that the E. coli cells = X:37 X 107 CM ., 1459 o 1573,
occupy 1.0 cm?
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o PROBLEM 786

a) Calculate the ratioc of the volume of a hepatocyte
to that of an E. coli cell. Assume the hepatocyte to be
a cube 20p on an edge, b) Calculate the ratio of their
;urfaceharoaa. c) Calculate the surface/volume ratios
or each.

Solution: A hepatocyte is an eucaryote, a large complex
cell, and an E. coli cell is a procaryote, a small

simple cell. An E. coli cell is cylindrical with a length
of 2.0y and a cross-sectional diameter of 1.0 u. The
volume of a cylinder is equal to the product of its length
and the area of its cross-section.

Volume of an E. coli cell = 2.0p x 7 x (0,5u)% = 1.57 u?
volume of a hepatocyte = (20p)® = 8.0 x 10% u?

The volume ratio is

1,1
hepat: te _ 8.0 x 10°u" _ 5.1 x 107 : 1
« CO 1,57 U’

b) The surface area of a solid cylinder is equal to
2nri + 27r?, where r is the cross-sectional radius and
is the length.

Surface area of an E. coli = 27(0.5u) (2,0p) + 2x(0.5p)?

= 6,28p% + 1.57y? = 7.85u?

The surface area of a cube is 6s?, where s is the
length of the edge.

Surface area of a hepatocyte = 6(20u)? = 2,40 x 10%y?

The ratio of their surface areas is
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hepatocyte _ 2.40 x 10* u*
E. coli 7.85 u?

= 306 : 1,

¢} Surface to volume ratios:

surface _ 7.85u?
volume 1_5?ug

E. coli; = §p=~!

surface _ 2.40 x 10%y?

= 0,3p~".
volume g 5 . 197,°

Hepatocyte;

e PROBLEM 787

The hydrated X* and C1~ ions are approximately spherical
o

in shape, with a diameter of 6.0 A. What fraction of the
total volume of the water phase of an E. coli cell is
occupied by these ions?

KC1 dissolving
in water.

Solution: A hydrated ion is an ion that is completely
surrounded by water molecules.Water gathers around ions
because of the strong electrostatic attraction between
the water dipoles and the ions, The O atom of a water
molecule is slightly negative and is attracted to the
positive K* ion and the H atom of the water is slightly
positive and is attracted to the negative Cl1™ ion.

The_concentration of KC1 in an E, coli cell is
150 % 10~ ! M, Because KCl dissociates into K* and C1-
ions, the ion concentration in the cell is 2(150 x 10=* M),
If one knows the volume of the agueous phase of an E.coli
cell, one can determine the number of moles of the ions
present. An E. coli is cylindrical; it is 2.0y long and
has a diameter of 1.0u. The volume of a cylinder is equal
to Lnr?, where { is the length of the cylinder and r is
the radius of its cross-section. ly = 10~* cm,
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The volume of a cylinder is equal to its length
times the area of its cross-section.
L x we?,

where & is the length of the cylinder and r is the radius
of the cross-section. 1lu = 10~" cm.

Volume = 1.8 x 10~* cm x 7 x (0.5 x 10™* cm)?
= 1.4 x 10~'? cm® = 1,4 x 107'% ¢

Solving for the number of moles of H* ion,

No. of moles = 10 ¢ moles/liter x 1.4 x 10-'% g
= 1.4 x 107! moles
There are 6.02 x 10®*' ions per mole.

No. of HY ions = 1.4 x 102! moles x 6.02 x 10%°? i:ri

= 843 H* ionms.

¢ PROBLEM 791

At pH values of 4 to 9, natural amino acids exist as
polar or zwitter ions: HpNCHZCO:. At a pH of 12, what
would be the predominant ionic type? What would it be at

a pH of 2? Can the uncharged molecular form, H:NCHZCO:H
ever predominate at any pH?

Solution: To answer these questions, you need to con-
sider the chemical composition of amino acids.

Amino acids are compounds whose molecules possess
both the amino (- NH:) and the carboxy (- CO:H) functional
groups. An amino group is basic - if it is an electron
donor. The carboxylic group is acidic: it releases
protons (H*), In a zwitter ion, as indicated, the carboxylic
group has donated its proton to become COO0™ = CO: and NH:

has received a proton to become NH}, The presence of such
an ion is dependent on pH, which is a measure of the H* or
hydronium ion (H;0*) concentration, Thus, pH gives an
indication of the acidity or basicity of a solution. The
lower the pH, the more acidic the solution, and, as such,
the greater the concentration of H* ions, The higher the
pH, the more basic the solution, and, the lower the con-
centration of H* ions. One can now proceed as follows:

pH = 12, At this pH, which is high, the H* con-
centration is low; the solution is basic., Thus, the amino
group (NH:) will probably not be protonated., The carboxylic



® PROBLEM 793

Paper electrophoresis at pH 6.0 was carried out on a
mixture of glycine, alanine, glutamic acid, lysine,
arginine and serine. (a) Which compound moved toward the
anode? (b) Which moved toward the cathode? (c) Which re-
mained at the origin?

Solution: A method of separating aminc acids is paper
electrophoresis. A drop of the solution containing the
amino acids is placed on a filter paper sheet, which is
then moistened with a buffer of a given pH. The ends of
the sheet dip into electrode vessels, and a high-voltage
electrical field is applied while cooling. Because of
their different pK' values, the amino acids migrate in
different directions and at different rates, depending

on the pH of the system and the emf (electromotive force)
applied. To determine whether an amino acid will move
towards the anode (positive end) or the cathode (negative
end), one must determine the charge on the particular
amino acid at pH = 6. This is done by calculating the
isocelectric pHI (the pH, where the amino acid is electrical-

ly neutral) of each amino acid. PHy = kka{ + pKj}). If pHI

is less than pH = 6, then the amino acid will be negatively
charged at pH = 6 and will move towards the cathode. When
the pH, of an amino acid is near 6, the amino acid will

not move.

glycine: pH; = 4(2,34 + 9,.6) = 5,97, This is very
near pi = 6, and glycine will remain in the center.

alanine: pHI = k(2,34 + 9.69) = 6,02, This is also
very close to 6 and alanine will not move from the center.

glutamic acid: As glutamic acid is titrated with base,
the following species come about:

COOH Coo~ coo™ coo=

] - ] - 1 - ’
+tan -C -8 9 4gnec -n O +gNec-n P myn-c-m

v - ' - [ - v

A

?Hz pK! ?Ha pKﬁ ?H: pK! ?Hl

COOH  a-COOH COOH Co0~ a-N H¥ coo™

A B C D

.

increasing pH

Species B is the neutral species, here, Therefore,
PHy = k(PK'+ pKp) = (2,19 + 4,25) = 3,22, 3,22 is much

less than 6 and therefore glutamic acid will be negatively
charged at pH = 6 and will move towards the anode.
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e CH,

R 3 #—Cry
Y A cytochrome.
[CHyle [?Hn]n R' and R* are
los  dos  different alkyl
5] groups.

Solution: From the accompanying figure, one can see that
there is one iron atom in each cytochrome molecule. Thus,
there is 1 mole of Fe atoms in 1 mole of cytochrome C.

If each molecule is 0.45 percent iron by weight, then in
1 mole of cytochrome C, 0.45 percent of the total mo-
lecular weight of cytochrome C is egqual to the weight of
one mole of Fe, MW of Fe =

(4.5 x 107?) (MW of cytochrome C)} = 55.8 g/mole

55.8 mole

" = 12,400 g/mole.
4.5 x 10"

MW of cytochrome C =

® PROBLEM B804

The hard shell of crustaceans (lobsters, etc,! and insects
{roaches, etc,) is a polysaccharide called chitin, On
enzymatic hydrolysis of chitin, N-acetylglucosamine is
obtained, Thig molecule resembles glucose except that at

"
C-2a =-N-C - CH; is attached instead of - OH, (a)
Write an open chain formula for N-acetylglucosamine.
(b) The structure of chitin is analogous to that of
cellulose. Draw a formula containing two joined N-acetyl-
glucosamine units. (e¢) If the molecular weight of chitin
is 150,000, how many units are in the polymer?

Solution: A polysaccharide is a chain made up of many
simple sugars. Chitin is a long unbranched chain of many
molecules of the sugar, N-acetylglucosamine.

(a) One is given that the only difference between
o

glucose and N-acetylglucosamine is that a - N - C - CH,
group replaces the - OH on C-2, The open-chain formula
of N-acetylglucosamine can therefore be written as shown
in Figure A.
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3

N-g-CH
H
l"igu:rc D

Because the O in the - OH on C-1 joins to a C-4
atom on the adjacent molecule and the ring structures
are called glycosides, this is termed a 1,4-glycosidic
linkage.

(c) To determine the number of units in one strand of
chitin, one can divide the total weight of the molecule

by the weight of one glycoside. From the ring structure of
a glycoside joined to another glycoside, one sees that
there are 8C's, 5 0's, 13 H's and 1 N. The weight of one
mole of this glycoside is (8 x 12) + (5 x 16) + (13 x 1) +
(14) = 203 g/mole.

. - 150,000 -
No. of units wm’?mﬁﬁm 739 units,

® PROBLEM 805

Calculate the density of the tightly coiled tropocollagen
molecule, which may be considered to be a cylinder
o o

2,800 A long and 14 A in diameter, It contains three poly-
peptide chains of 1,000 amino acid residues each.

¥ Conformation of polypeptide chains in
inle-stronded it peiml

tripl P il :
Each chain is o coil with mony repeoting

Figure A
sequences of Gly-Pro-Hypro.

e na e —am =

i
'

Single Three
palypeptide stranded
chain ol trupocnllagen
tewpoaintlagen molrcule
12800 A x 14 A}
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Here, ny is the number of molecules of molecular weight

M, per gram of dry polymer and X, is the mole fraction of
each component.

Solving for Moz
Hn = 0.5(100,000) + 0.5(200,000)

= 50,000 + 100,000 = 150,000 g/mole.

{b} In the weight-average M_, each item counts not

as a single unit but in proportion to its weight. The
molecular weight My is multiplied by the weight n; M

of material of that molecular weight rather than by the
number of molecules. The weight average molecular weight
M, is defined

i ny My
" ] n; M;
{ oy My E X; My
Because o = E X, My M= % v
i i

Solving for Mw:

_ 0.5(100,000)% + 0.5(200,000)2
0.5(100,000) + 0.5(200,000)

_ f1.0 x10%)? + (2,0 x 10%)? _ 5.0 x 10'°
(1.0 x 10%) + (2.0 x 10%) 3.0 x 10°

1.67 x 10* g/mole.

« PROBLEM 809

For a condensation polymerization of a hydroxyacid with a
residue weight of 200, it is found that 99% of the acid
groups are used up. Calculate a) the number average mo-
lecular weight and b) the weight average molecular weights.

Solution: a) The number average molecular weight is the
average weight of all particles present, where each unit
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is given equal weight. Thus, the number average molecular
weight is egqual to the individual residue weight times
the average number of residues., This number can be calcu-
lated from the fact that 99% of the acid groups have re-
acted to form the polymer chain, When monomers join to
form a polymer, the last monomer is left unreacted at
the end of the chain., If 99% of the acid reacts then 1%
is left unreacted, so that 1% of the average number of
monomers is equal to 1. Let the number average of the
monomers equal ih. Then,

.01 Xn =1

X, = 100
One can now solve for the number-average molecular
weight, M .
number-average mol.wt = mol.wt of a monomer x fn
= 200 g/mole x 100
= 2.0 x 10" g/mole.

b} The weight average molecular weight, M_, weights

molecules proportionally to their molecular weight in the
averaging process. It is found from some complex derivations
that

M, = Mntl + pl. where p is the extent of the re-

action. In this problem, p is .99, From this one can solve
for M
w

M, = (2,0 x 10* g/mole) (1 + 0.99)

= 3,98 x 10" g/mole.

¢ PROBLEM 810

For a condensation polymerization of a hydroxyacid in
which 99% of the acid groups are used up, calculate
(a) the average number of monomer units in the polymer
molecules, (b) the probability that a given molecule
will have the number of residues given by this value,
and (c) the weight fraction having this particular
number of monomer units,

Solution: (a) The average number of monomer units is
equal to

D |

N p '
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PHYSICAL ASPECTS OF BIOCHEMISTRY

® PROBLEM 811

Calculate the percentage of the total wet weight of a
hepatocyte that is contributed by the cell membrane.
Assume the hepatocyte to be a cube 20uy on an edge and

that the membrane is 90 i thick and that its specific
gravity, as well as that of the entire cell, is 1.0.

Solution: Because the specific gravity is the same for
the membrane and the rest of the cell, the weight per-
centage is equal to the volume percentage, If the
hepatocyte is assumed to be a cube, its volume is equal
to s’, where s is length of the side. The membrane is
composed of six rectangular solids, Each solid is

-]
90 A by 20y x 20y and one is found on each face of the
cube. The volume of the membrane is egual to the length
times the product of the height and width times 6. The
percentage of the total weight of the cell that is taken
up by the membrane is the quotient of the volume of the
membrane dividedoby the total volume of the cell multiplied

by 100. Since 1 A = 10™* y
Volume of cell = (20u)' = 8.0 x 10° u?
Volume of the membrane = (9.0 x 107y} (20u) (20p) x 6
= 21,6 i’

Percent of weight taken up by the membrane =

3
-2l.6u 100 = .27%.
8.0 x 10" v’

® PROBLEM 812

Calculate the molecular weight of a pure isocelectric
protein if a 1% solution gives an osmotic pressure of
46 mm of H;0 at 0°C. Assume that it yields an ideal
solution,

Solution: The relationship between molecular weight and
osmotic pressure is

M= < g,
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where M is the molecular weight, ¢ the concentration in
grams per liter, R the gas constant (0.082 liter atm
deg~! mole~?), T the absolute temperature, and n the
osmotic pressure in atmospheres., One is given these
guantities in the problem, but they are expressed in
different units than those needed to solve for molecular
weight, Converting these quantities:

Concentration: The solution is 1% by weight protein.
One liter of water weighs 1000 g; 1% of 1000 is 10 so
that ¢ = 10.

Osmotic pressure: The osmotic pressure is 46 mm H:0.
To convert to atmospheres, 46 mm H;0 must be converted to
mm Hg.

.9970 density of H,0

mn By = 46 mm H:0 X fyeyracioTty of g~ S0

There are 760 mm Hg in 1 atm. Therefore, the number
of atmospheres is equal to

3.39 mm Hg  _ -
o0 T HaZata - 443 x 1077 atm.
Temperature: T = 0°C + 273 = 273°K,

Solving for M:

10 g/liter liter-atm
M= —=—9g/2iker ., ng2 x 273°K = 50,300 g/mole
4.45 x 10~? atm K-mole !

® PROBLEM 813

The protein human plasma, albumin, has a molecular

weight of 69,000, Calculate the osmotic pressure of a
solution of this protein containing 2 g per 100 cm® at
25°C in (a) Torr and (b) millimeters of water. The ex-
periment is carried out using a salt solution for solvent
and a membrane permeable to salt,

Solution: When a semipermeable membrane separates a
solution of a protein in water from pure water, osmosis
will occur. The concentration - or the thermodynamic
activity - of water molecules in the protein solution is
less than in pure water, and the system will compensate
for this difference by net movement of the water from the
pure water compartment into that containing the protein
solution, until the concentration of the water is the same
on both sides of the membrane. Osmotic pressure is the
force that must be applied to just prevent such osmotic
flow. Osmotic pressure can be determined by using the
following equation.

¢ RT
M '
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[a]gse x pptical path length (dm) x concentration {g/ml)
100
observed rotation = 1.8 xlgés dm x 9.79 0.44°,

® PROBLEM 815

A student wanted to produce a sample of lactic acid. He
carried out the following synthesis: CH CH,CO:H -~
CH3CHC1CO:H = CH;CHOHCO:H. He obtained a product that
appeared to be lactic acid, and yet, it was optically
inactive. Does this mean the product was not truly
lactic acid?

CHy f"‘:
HO g Iy o4
New | v=c”
/ Models showing the
W two possible ammangements in space
COaM 02 of the four groups around the asym=
metric carbon atom of lactic acid
Note that the twa forms have an
object-mirtor image relationship
and that one cannot be superim.
posed on the other for all points to
i coincide.
o
L L}
IO g obyect

Solution: A carbon atom that has four different atoms or
groups attached to it is termed an asymmetric carbon atom
or a chiral center. These four groups can give two spatial
arrangements, whose relationship to each other is that of
an object and its mirror image. For example, see the
accompanying figure, The two arrangements are not identi-
cal, because they are not superimposable. In such cases,
these molecules,i.e. those which differ only in the
positioning of groups around asymmetric carbon atoms, are
called optical isomers.

Such isomers can rotate plane polarized light.
Plane polarized light vibrates in only one plane. When
substances can rotate plane polarized light, they are
optically active. Each of the two optical isomers
rotates the light in a different direction, The dextro-
rotary isomer rotates it to the right, while the levo-
rotatory rotates it to the left. If both isomers are present
in equal amounts, the light will not be rotated at all.
For one rotates it to the left and the other rotates it
to the right, which means there is a cancellation of the
rotations. When plane-polarized light is not rotated,
the solution is optically inactive. With this information,
one can now answer the question,
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The student formed CH)CHOHCO:H, which he believed
was lactic acid. The solution was optically inactive, and
yet, it is known that lactic acid is optically active.
The only possible explanation for this is that the student
formed equal amounts of the two possible optical isomers.
As mentioned, this results in optical inactivity, There
is every reason to believe that

H OH
L] L]
CH; - C* - COzH and CHy; = C* = CO:zH were
' v
OH H

formed in equal amounts. The star (*) indicates the
asymmetric carbon. Thus, the student did form lactic acid,
It is just that a mixture of the two optical isomers in
equal proportions is present.

® PROBLEM 816

Insulin controls the gluccse level in the blood, In 1969,
Hodgkin announced the secondary structure of insulin, the
first protein hormone to be resolved by X-ray diffraction.
{a) Chemial analysis shows insulin is 2,15% zinc by
weight. Calculate the minimum molecular weight. (b)
Osmotic pressure studies show the molecular weight of
insulin is about 6000, How many zinc atoms does the
molecule contain?

Solution: The minimum molecular weight of insulin can be
determined by assuming that there is one zinc atom per
molecule. This means that in 1 mole of insulin there exists
1 mole of zinc, From the knowledge that zinc is 2.15% by
weight of insulin, and that the MW of zinc is 65.3, one
can determine the minimum MW of insulin by using the
following relationship.

(.0215} (MW of insulin) = (MW of zinc)

MW of Md of In 65.3 mole _
insulin = T.02I5) - —(.0215 3037 g/mole

{b) If the true molecular weight of insulin is about
6000, then two of the units weighing 3037 g/mole make up
each molecule of insulin. Thus. there are 2 atoms of In
per molecule.

® PROBLEM 817
— —
The molar absorptivity of phytochome (a light-sensitive
pigment thought to control the process of flowering in
plants) is 76,000. What will be the absorbance of a
5.0 x 10”° molar aqueous solution of phytochome if the
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Solution: For spherical molecules, the molecular weight
M 1s related to the diffusion coefficient D by the follow-
ing equality.

1/
b = RT 4 = Nn
CPLELI B

where R is the gas constant in joules (8,314 J/mole °K},
N, is Avogradro's Number (6.02 x 10°"), n is the

viscosity of the solvent, and v the partial specific
volume of the protein.

Solving for M;
D=4,0 x 107! mi/s

(8,314 J/mole °K) (293°K) %
(6.02 x 10%%/mole) 67 (.001005 Js/m*}

4n(6.02 x 102’ mole)
3 %« Mx 0,75 x 10°°* m'/s }

11/:

4.0 x 107! m¥/s = (2.14 x 10-'® m¥/s) ¥

(3.36 x 10%¢/m) /2
1.87 x 10% = (3.36 x 10°%/m) />
6.53 x 10%* = 3,36 x 10°%/M

M = 5.15x 10° g/mole.

o PROBLEM 821
—

The sedimentation and diffusion coefficients for hemoglobin
corrected to 20° in water are_4.41 x 16-'? sec and 6, 3 x
10-'! m?/s, respectively, If UV = .749 cm’/g and "Hi0 =

0.998 g/cm at this temperature, calculate the molecular
weight of the protein. If there is 1 g-atom of iron per
17,000 g of protein, how many atoms of iron are there per
hemoglobin molecule?

Solution: One can calculate molecular weight by using the
Svedberg equation. This eguation is written

M= RIS __,
D (1 - vp)

where M is the molecular weight, R is the gas constant in
ergs (8.314 x 10’ ergs/mole °K}, T is the absolute tem-
perature, s is the sedimentation coefficient, D is the
diffusion coefficient, p is the density of the solvent,
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CHAPTER 23

BIOCHEMISTRY I

Basic Attacks and Strategies for Solving Problems
in this Chapter. See pages 789 to 807 for step-by-
step solutions to problems.

Proteins are among the most important, if not the single most important,
class of biochemical molecules. They are formed by the selective ordering of
amino acids into huge molecules with molecular weights in the tens and
hundreds of thousands. The peptide linkage, shown in Equation 23-1, is the
basis of the bond that is used to form proteins or polypeptide chains.

H O

P tide bond 23-1
—N—C— (pep )

This bond is hydrolyzed in acid to give back the amino and carboxylic acid
groups.

H O H 0]
[ | [
—N—C—+H,0—~ “H—N+HO—C—

Proteins are formed by polypeptide chains containing hundreds of amino
acids, some of which can be found in an d-helix structure. To work those
problems in this chapter that deal with the helical structure, the principles of
stoichiometry can be applied directly as in problems in previous chapters.

Enzymes act as incredibly selective catalysts for biochemical reactions.
They have the ability to promote one reaction while completely blocking
competing reactions. The “lock and key” theory has been proposed as the
mechanism for these very selective catalysts. Enzymes have a chemical
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Step-by-Step Solutions to
Problems in this Chapter,
“Biochemistry II”

PROTEINS

¢ PROBLEM 822

1f you hydrolyze a peptide bond in a protein molecule,
what type of compounds are formed?

Eolutign: When proteins are boiled in dilute acids or
ses ey are hydrolyzed, i.e. degraded or broken down,
to amino acids. Amino acids are compounds whose molecules
possess both the amino (- NH;) and the carboxyl (-~ CO:H)
functional groups. The general formula may be written as

H
H=-HN- é - ﬁ - OH, where 2 = gide group

H Z o

The union of amino acids, which result in the protein,
is due to bonds that come about as a result of the elimi-
nation of a hydrogen f£rom the - NH:; group and an OH from
the - COaH group. This linkage is termed a peptide bond.
It is depicted as

o]
ol
_N_c-
peptide bond

When this substance is hydrolyzed, the following reaction
occurs. In acid:
o] o
ol H I
-N-C- + HO* + - NH + HO - C -, You obtain

(back) the amino and carboyxlic group.
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Note: NH: is basic, so that in acid, you actually get
- NHi*. Thus, you obtain a compound that possesses an amino
and a carboxylic group, which is, as you recall, an amino
acid.With base, the same result is obtained, but, you
immediately obtain NH: and not NH,*, The carboxylic portion,
which is acidic, reacts with the OH™ from base to yield coOo™,

* PROBLEM 823

-]
Calculate the length (in A) of a polypeptide chain con-
taining 105 amino acid residues if (a) it exists entirely
in a-helical form, or (b} it is fully extended.

The average dimenions of the
«-helix., The pitch and the
rise per residue correspond
to the major and minor peri-
odicities of 5.4 and 1.5 A,
respectively. This drawing
shows a left-handed «-helix.

¢ c
AR
51A C e ———
2.6 Rt
i o
€ 5.4 A piten
Rise per} }JL__ (3.6 residues)
residue f1.5 A

Pig.A

(a) Peptide chains may assume the a-helix con-

figuration spontaneously, because this form is stable and has

the least free energy.

actions of the R groups or of the solvent.

pictured in Figure A.

providing there are no opposing inter-
The et-helix is

As shown, when the peptide chain ass}ma

this configuration each amino acid residue contributes 1.5

to the length of the chain.
tion contains 105 amino aclid residues, its locngth is

figu

1.5 A x 105 = 157.5 A.

If a chain in the c-helical con-



that in each 5.41 ; of leggth, there are 3,6 residues.
After converting 6 in to A, one can determine the number
of residues that are added per year to each strand. From
this, the number of residues added per second can be
calculated.

Solving for length:

lin=254em, 1A=10"*cm

length in A = 6 in x 2,54 cm/in x 1 A/10™* cm =
= 1,52 x 10° ;
Calculating the number of residues:

3.6 residues
5.41 A

-]
number of residues = length in A x

1.52 x 10° ; x 3.6 residues
5.41 A

= 1,01 x 10* residues
There are 1.01 x 10° residues produced per year.

Solving for the number of residues produced per
second

residues produced per second =
3 res 1l year 1 da 1l hr x 1 min
1.01 » 10 year * 365 days * 2¥ hrs " 50 min ~ 80 sec

= 32 res/sec.

® PROBLEM B26

There are some 25,000 ribosomes in an E. coli cell, If the
structucal proteins of these ribosomes were stretched out
end to end as fully extended polypeptide chains, how many
times could they encircle the E. coli cell? Assume that

the ribosomes are 180 ; in diameter, with a specific
gravity of 1,0, and that they contain 40% protein. Assume
that the E. coli cell is a sphere lu in diameter.

Solution: Ribosomes are complexes of nucleic acids and
protein, and are found in the c¥toplc!a of the cell, This
problem is solved by using the following series of steps.

(a) the volume of a ribosome



(b) the total weight of all the ribosomes present
and the weight of the protein

(c) the number of amino acid residues in the protein

(d) the length of the extended protein chain and the
number of times it will encircle an E. coli cell,

Solving:
(a) A ribosome is assumed to be spherical and, thus,

its volume can be found by using the formula 4/3 =r*, where
r is the radius of the sphere, If the diameter of a ribosome

o (-]
is 180 A its radius is 90 A or 90 x 10™* cm.

volume of one ribosome = % (90 x 10~* cm)?

= 3,06 x 107!% em?
(b) Because the specific grav1t¥ of the ribosome is
1.0, one ribosome weighs 3.06 x 10”'" g, There are 25,000
ribosomes present.
total weight = 3.06 x 10~'® g/ribosome x 25,000 ribosomes
= 7.65 x 107'* g
The protein comprises 40% of the ribosome.
weight of the protein = (.4) (7,65 x 10™!"* g)
= 3.06 x 10-'* g
(e} The molecular weight of an average amino acid
residue is 120. One can find the number of moles of amino
acid residues present by dividing the weight of the protein

by 120. The number of residues is found by multiplying the
number of moles by 6.02 x 10%?? residues/mole

3.06 x 10='*
no. of amino acid residues = -173—;75513——2

23y residues
x 6,02 » 10 “mole

= 1,54 x 10° residues

(d) When a protein &s fully extended, each amino acid

residue contributes 3.6 A or 3.6 x 10™* u to the length of
the chain.

length of the chain = 3,6 x 10™%py x 1,54 x 10°
= 5.54 x 10" y
The diameter of the E. coli is 1y, which means its

radius (%)}1lpy = 0.5y, As such the circumference of the
E. coli equals 2nr, where r is radius, or 27(0.5u) =



no detectable reaction., One molecule of the enzyme
amylase, containing the same amino acids, however breaks
(hydrolyzes) 4000 -0- bonds per second. (a) Estimate the mass
in picograms of glucose produced by an amylase molecule in 1
day. (b) The heat in calories liberated to a cell by the
oxidation of the glucose: CeH1:0¢(aq) + 602(g) + 6CO:(g) +
6H20(%). AH = - 686 Kcal. How many calories does the cell
obtain from the mass of glucose calculated in part {(a)?

Solution: (a) Five steps can be used to solve for the
number of picograms of glucose liberated from the amylose
by 1 amylase in a day.

(1) find the number of seconds in one day

(2) calculate the number of glucose molecules formed
per day

{3) determine the weight of one molecule of glucose

(4) solve for the number of grams of glucose formed
per day

(5) convert from grams to picograms.

Solving:

(1) There are 60 seconds in a minute,60 minutes in an
hour and 24 hours in a day.One can solve for the number of
seconds in a day by multiplying these factors together The
units will cancel out.

60 sec/min * 60 min/hour x 24 hours/day = 8.64 x 10" sec/day

(2) The problem states that cne amylase molecule
liberates 4000 molecules per second. Therefore the number
of molecules liberated per day can be found by multiplying
the number of seconds in a day by the number of molecules
formed per second.

no. of glucose molecules formed per day =
= 8,64 x 10" sec/day x 4000 molecules/sec
= 3,456 x 10* molecules/day

(3) The weight of one molecule of glucose is found by
dividing the molecular weight of glucose by the number of
molecules per mole, (MW of CgH,:0 = 1B0 g/mole, Avogadro's
Number = 6.02 x 102’ molecules/mole)

weight of one molecule =

180 g/mole
6,02 x 102! molecule/mole

= 2,99 x 10"?? g/molecule

(4) After one knows the number of molecules formed per
day and the weight of one molecule, one can find the weight



in grams of the glucose formed in one day by one amylase.

no. of grams of glucose formed per day =
= 2,99 x 107?? g/molecule x 3,456 x 10® molecules/day
=1.03 x 10~!? g/day.

(5) There are 10'? picograms in one gram. Grams can
be converted to picograms by multiglyinq the number of
grams by the conversion factor 10'? pg/g.

no. of pg produced = 1,03 x 10-'* g/day x 10'? pg/g
= 1.03 x 10~! pg/day.

(6} From the equation given one knows that 686 Kcal
are liberated when 1 mole of glucose is oxidized. One can
find the number of calories liberated by

1) determining the number of moles of glucose
present

2) solving for the number of Kcal produced

3) converting Kcal to calories,

Solving-

1) One has solved for the number of molecules produced
per day previously {part (a)(2)). Therefore one can find

the number of moles preduced by dividing the number of mo-
lecules produced by the number of molecules in one mole.

3.456 x 10° molecules/day _ ¢ 4 » y9-'¢
6.022 x 10** molecules/mole

moles/day.

2) There are 686 Kcal liberated per mole of glucose
oxidized, therefore the number of Kcal formed when 5,74 =
10-'* moles are oxidized is equal to

5.74 x 107'* moles/day * 686 Kcal/mole =
= 3,94 x 107'? Kcal/day.

3) There are 1000 cal in 1 Kcal, thus Kcal can be
converted to cal by multiplying by the conversion factor
1000 cal/Kcal

no. of cal produced = 3,94 x 107'? Keal/day x 1000 cal/Kcal

= 3,94 x 10™'° cal/day.

¢ PROBLEM 832

—
I Catalase, the enzyme that assists the breakdown of hydrogen l
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Solution: This guestion deals with proteolytic enzymes,
which may be defined as protein degradation catalysts.
Two factors that affect enzymic activity are pH, and
temperature. Whether these enzymes damage the stomach or
not will depend, to a great extent, on the conditions in
the stomach. The accompanying figure shows how pH can
alter enzyme activity of pepsin and trypsin., From the
diagram, you see that these enzymes do not function well
at extremely low pH. Due to the presence of HC1l in the
stomach as a hydrolysis agent, the acidity of the stomach
is high, which means an environment of low pH exists. It
becomes doubtful that these proteolytic enzymes would
have much activity at the low pH of the stomach. This
means that little, if any, damage would be done to the
stomach. Heating alters enzymic activity, also. It is
likely that most of the enzyme would be inactivated by
the cooking of the meat.

CARBOHYDRATES
® PROBLEM 834

Explain why it has been necessary to postulate the
existence of a cyclic form of glucose?

I'.' H;OH CH JOH CH,OH

“/,, N l/' A ;_‘/i_‘\ .
o ol \z y é_iﬁ

|
H OH OH
cyclic form (a) mn&m hﬂn cytl.l: form (8)

Solution: Glucose (CgH,204), is one of the isomeric
aldohexoses - a carbohydrate or sugar. Glucose exists
in two forms, one of which is the mirror image of the
other, Its configurational formulas may be written

H-C=0 H=-C=20
H—(IZ—OH I-!O-(ll-H
HO-(!:—H H-CI-CIR
H-(I:-OH HO-(ll-H
H-(['I-OH HO—(!‘.-H
ITIJHzOH éHzDH
(+) - glucose (=) - glucose



At one time, it was believed that these glucose
isomers existed in this linear form. Now, however, it
is believed that cyclic forms exist, as indicated in
the accompanying diagram, This has been postulated for
the following reasons: It has been found that when you
take a solution of pure (+) - glucose or a solution of
pure (-) - glucose form, a pair of optical isomers are
obtained, i.e., ones with the ability to rotate plane-
polarized light. For this to occur, in a solution of
pure {+) or (-) glucose, another asymmetric carbon must
be present.

An asymmetric carbon is one with 4 different atoms
or molecules attached. Asymmetric carbons can generate
optical isomers. In the formation of cyeclic structures,

the carbon atom of the aldehyde group ( C = 0} must be

the additional asymmetric carbon. This would account for
the two optical isomers formed., In other words, that
glucose exists in cyclic forms was deduced from the fact
that only in such a structure is an additional asymmetric
carbon generated, which would account for the optical
"somers produced,

® PROBLEM 835

There exists a carbohydrate that is slightly soluble in
water, does not have a sweet taste, but does dissolve
slowly when heated with dilute HCl. To what class of
carbohydrates does it probably belong?

Solution: Carbohydrates may be defined as simple sugars
and the substances that hydrolyze to yield simple sugars.
Carbohydrates are placed in three classes: (1) Mono-
saccharides -~ those that do not undergo hydrolysis; (2)
Disaccharides - those that may be hydrolyzed to two
monosaccharide molecules; and (3) Polysaccharides -

those which form many monosaccharide molecules after
hydrolysis.

It is given that the carbohydrate dissolves in
dilute HCl, Thus, one can immediately eliminate mono-
saccharides as a possible case, The fact that it dissolves
when HCl is present suggests that a hydrolysis reaction
has taken place. Only disaccharides and polysaccharides
have the ability to undergo such a reaction. Thus, the
carbohydrate belongs to either the class of disaccharides
or polysaccharides, To determine which one it is, use the
information that it is not sweet or very soluble in water,
The more carbons in a molecule the more unlikely it will
be soluble in water. Carbon-carbon bonds are nonpolar,
while water is a polar molecule, Thus, a polysaccharide,
which possesses many more non-polar bonds than a di-
saccharide, should have a tendency to be less soluble
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100% '*N. But only 50% of the nitrogen is '°®N, This
means, therefore, that half of the DNA from the parents,
which is not newly synthesized, is used in the new
generation. Half of the DNA is newly synthesized (!°N)
and half already present ('*N). This implies the exist-
ence of two strands. This can be better seen if you write

+DNA strands

l . If each strand is 100%
1 N IhN

of that type of nitrogen, and there are 2 strands, each
type makes up only 50% of the total nitrogen.

(b) The new generation is reproducing on *“N. The
pro?eny will have one half of its DNA newly synthesized
on '*N and half of its DNA already present. You can
picture it as the following:

(first generation progeny)

parents
1 N IkN*
/ \ + second generation progeny
llN llN 1 N 1 N

The starred nitrogen 14 is that already present, The
unstarred was that newly synthesized. From this, you see
that half of the second new DNA generation would be ex-
pected to contain only '“N strands (starred and unstarred),
and the other half would contain 50% '*N and 50% '°®N.



POLLUTION PROBLEMS

® PROBLEM 843

One of the major atmospheric pollutants emitted by fuel-
combustion power stations is a sulfur oxide mixture general-
ly designated as sox. It consists mainly of SO: but may

contain anywhere from 1 to 10 % 50; computed as percent by
weight of the total mass. What would be the approximate
range to assign to x?

Solution: One finds x by determining the number of 0O
atoms present for each 5 present. For purposes of calcula-
tion assume that one always has 100 g of the mixture of
50; and 80;. Thus when 1 & of the mixture is 50,;, there
will be 1 g of 50, present and 99 g of 50; present. One
then finds the number of moles present of each element.
The ratio of S : O is then determined.

Solving for x when 1 % of the mixture is 50;:
(MW of S0; = 64, MW of SOy, = 80). The number of moles
present is equal to the number of grams present divided
by the molecular weight.

For S0;: ﬁ%ﬁ = 1.25 x 10~? moles
For 50;: a%%m = 1.55 moles.

Because there is one S present in each compound the
total amount of S is 1.55 moles + 1.25 x 10~? moles or
1.56 moles. In 1 mole of SO, there are 3 moles of O,
therefore in 1.25 x 10~? moles of SO; there is three times
that amount.

no, of moles of O in SO; = 3 x 1.25 x 107? = 3,75 x 1072

There are 2 moles of O in 1 mole of S0;, thus in 1.55 moles
of S0; there are 3.10 moles of O. The total number of moles
of O present is equal to the sum of the moles contributed
by the S0; and the S0;.

total no. of moles of 0 = 3.75 x 102 + 3,10 = 3,14 moles

The formula for this compound is 5, .40, ;4. The
simplest formula is SO, ,,. When there is 1 % of SO: present,
x = 2.01. x = 3.14/1.56.



When there is 10 % of 50, present, a similar method is
used to find x.

1) Find the number of mcles present of 50; and 50;.

2} Determine the number of moles of S and O contributed
by the S50: and S0,

3) write the formula and simplify.
Solving for x:

1) For a 100 g sample of gas where 10 % of the total
weight is S50,;, 10 g of the gas is 50, and 90 g is SO0;.

no. of moles of S0, = 33%231? = 1.25 x 10! moles.

no. of moles of 50; = ﬁ%g?ﬁ = 1.41 moles

2) The total number of moles of S present is equal to
the sum of the number of moles of 50; and S0, present
because each compound contributes 1 5 per mole of compound
present.

no. of moles of § = 1.25 x 10~! + 1.41 = 1.54 moles
no. of moles of O from $0y = 3 x 1.25 x 10~}
= 3.75 x 10! moles.
no. of moles of O from §0; = 2 x 1.41 = 2.82 moles
total no. of moles of O = 3.75 x 10~! + 2.82 = 3.20 moles.

3) The formula for this compound can be written
S;,se03,20. x = 3.20/1.54= 2,08, thus the simplest formula
is 502, 04a-

The range of x then is from 2.01 to 2.08.

® PROBLEM 844

Analysis of the exhaust composition of the supersonic
transport for one hour of flight yielded the following
information:

Compound Molecular Weight (g/mole) Mass (q)

H20 18 8.0 x 107
co, 44 6.6 x 107
co 28 3.6 x 10°
NO 30 3.6 x 10°
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Compute how many moles of H;POV are present. A mole
is defined as grams (weight)/molecular weight (M.W.). The
M.W. Di H:POy = 96.97 g/mole. The number of moles of
H:POT 1B

= 367,454 =
m 5852 moles.

According to the reaction eguation, one mole of
H:POV generates one mole of precipitate. The M.W. of the
precipitate = 245 g/mole. Recalling the definition of a
mole, the amount of Mg(NH4)PO.*H,0 = (5852) (245) =
1.433 x 10° g = 1.433 x 10° kg.

® PROBLEM &

The SO, content in air may be determined by passing the air
through water to produce a solution of sulfurous acid, H250;.
The subsequent reaction of this solution with potassium
permanganate, KMnO., establishes the amount of SO; absorbed
from the air. (a) Write the balanced eguation for the re-
action of SO; with water to produce H;S0;. (b) Write the
balanced equation for the reaction of H,S0, (or S0%~) with
KMnO, (or MnO37) to form MnSO,, K* and H;S0,, among other
products. (c) If 1000 liters of air are passed through

water and the resulting solution requires 2.5 x 10~° moles
of KMnO, for complete reaction (part b), what is the con-
centration (in ppm) of SO: in the air. Assume STP conditions.
N

Solution: (a) An 50:; molecule reacts with a water molecule
to form an H,50; molecule according to the following eguation:

S0z + H0 - H3S80,4

However, H;50, is a diprotic acid and dissociates into
2 protons and a sulfate ion

H280; + 2H* + 50,%

Thus, for every mole of 50; consumed 1 mole of 50,
are produced.

(b) This reaction is a typical redox reaction and the
eguation must be balanced using the standard rules.

From the problem, one knows initially that
H:50; + mb + MnSO, + Hz50, + Kkt
This reaction is not balanced in terms of charge and
elemental constituents. The first rule is to separate the
above reaction into a reduction and an oxidation reaction.
red: KMnO, + MnSO, + K*

Mn is reduced from +7 to +2 state.
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2 moles of H;0.

To solve this problem, calculate how many moles of S0;
are polluted into the air by dividing its weight by its
molecular weight (MW S0: = 64 g/mole).

From the stoichiometry of the equation, determine how
many moles of S would be produced, and then calculate the

weight of S by multiplying the number of moles of 5 times
its molecular weight (MW S = 32 g/mole). Thus,

number moles of $0; = @-&W =1.02 x 107 moles

From the stoichicmetry of the equation 1 mole 50, +
3 mole S or 1.02 x 107 mole S0, -+ 3.06 x 107 mole S.

weight of S = (3.06 x 107 mole S) (32 g/mole)

= 97.9 x 107 g = 979,000 kg.

o PROBLEM 848

—

Iodine pentoxide (I;0s) is a very important reagent because
it can oxidize carbon monoxide (CO), which is a major
pollutant of the atmosphere, to carbon dioxide (CO2) in
the absence of water. The reaction involved is

I;0s + 5C0 + I; + 5CO:

How many kg of I,0s is needed to completely clear 140,000 kg
of CO from the air?

Solution: From the stoichiometry of this equation, 1 mole
of I:0s completely reacts with 5 moles of CO. To solve this
problem, calculate the number of moles of CO that will re-
act by dividing its weight by its molecular weight of

28 g/mole. Determine, also,how many moles of I;0s will
completely react with this, and then calculate the weight
of I,0s that will completely react by multiplying the number
of moles of I:;0s by its molecular weight (MW of I,0s =

334 g/mole). Thus,

- 140,000,000 g cO _ .
number moles CO = ~“—fp=—try 9 =2 = 5.00 x 10° mole.

This means that one fifth of this number of moles
will be the moles of I O0s required. Recall, there will
exist 5 moles of CO for every mole of I:0s. Therefore,

moles 1,05 = ,_1;{5 x 10%) = 1 x 10° moles.

This means that

{1 x 10®* moles) (334 g/mole) = 3.34 x 10°® grams of
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I,05 is needed to completely clear 140,000 kg of CO from
the air,

¢ PROBLEM 8

The average concentration of Earticulatn lead in a city with
highly polluted air is 5 pg/m”’. If an adult respires 8500
liters of air daily and if 50 per cent of the particles
below 1 um in size are retained in the lungs, calculate how
much lead is absorbed in the lungs each day. Of the particu-
late lead in urban air, 75 per cent is less than 1 um in
size.

Solution: To solve this problem (1) determine the total
percentage of particulate lead remaining in the lungs,
(2) determine the amount of lead absorbed into the lungs.
The problem states 75 % of particulate lead is less
than 1 um in size, therefore, 25 % of the lead is greater
than 1 um in size and does not remain inside the lungs. Of
the 75 % particulate lead less than 1 uym in size, only 50 &
of this is retained in the lungs. The total percentage of
lead retained is 37.5 %.
The total volume of air-intake is 8500 liters, so that
total volume of air-intake = (8500) (10~ m?/liter) = 8.5 m?
The total amount of lead-intake is
amount of lead = (8.5 m’) (5 wg/m*) = 42.5 ug lead.
The total amount of lead absorbed is

amount of lead absorbed = (42.5 pg) (0.375) = 15.9 ug.

* PROBLEM 850

In 1932, many cities showed higher sunlight levels than in
the previous year. Explain this observation.

Solution: To answer this problem, consider the effect of
atmospheric particles on the amount of sunlight received
and what happened in 1932.

By 1932 three years of slackened industrial activity
had passed. Then as now, industries released massive a-
mounts of particulate matter, i.e. solid and liquid aerosols,
into the atmosphere. These particles have the ability to
scatter and absorb light. Because industrial activity was
drastically reduced, fewer particles were released that
could scatter or absorb the sunlight. The cities, therefore,



received more sunlight in 1932 than in years when industry
was thriving.

It is interesting to note that because of particulate

matter, cities receive about 15 to 20 % less solar radiation
than do rural areas.

e PROBLEM 851

The air pollutant, sulfur dioxide, is considered particular-
ly foul. Explain why there is so much concern with this

compound.

Solution: To solve this problem, consider the reactions
that can occur between sulfur dioxide (SO:) and other
elements, and/or compounds, in the natural environment.

S0; can enter the atmosphere from both natural and
man-made sources. Besides causing eye irritation and plant
damage, it can cause other health problems because of
its ability to form acids in the atmosphere. When SO:
comes in contact with water (H:0), the followidg reaction
occurs.

S0; + H;0 + H3;S50,
sulfurous acid

502 can also be oxidized in air to sulfur trioxide (50;)
by the reaction

250; + 0: + 250;.

Sulfur trioxide, when exposed to water, produces sulfuric
acid by the reaction

803 + H0 + Hgsag
sulfuric acid

These two acids, sulfuric and sulfurocus, account for
the corrosion of metal parts exposed to the atmosphere.
They are also responsible for the decay of stone statues
and buildings. This occurs because most stones consist of
CaCO; (calcium carbonate), which, upon addition of H:50,,
undergoes the following reaction:

CaCOs + H2S0, + CaS0, + H:0 + CO;.

CaSO, is soluble in water and will wash away with the rain
causing the wearing away of the stone.

e PROBLEM 852

— —
I If the carbon dioxide content of the air doubled, what I
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then reacts with oxygen (diatomic - 02) to produce O
(ozone), a toxic element in the lower atmosphere. However,
the ozone reacts with the NO that was previously produced
to again form NO2, which allows the cycle to repeat.

Now, based on the above information, consider what
happens at rush hour. The cars and busses release hydro-
carbons. Among these fragments of hydrocarbons are free
radicals which are extremely reactive. They proceed to
react with NO, reducing its concentration. When the NO is
depleted, there is little of it available to react with
ozone to produce NO: and O:. Thus, Os builds up. It is
found that this process takes 2 hours, which explains why
the O; concentration increases after the peak hydrocarbon
concentration.

e PROBLEM 854

Given that the earth's mean radius = §.37 x 10° m, normal
atmosphere pressure = 1.013 x 10* N/m?, and the gravi-
tational acceleration = 9.8 m/sec?, what is the mass of
the homosphere?

Solution: The homosphere is that part of the atmosphere
that extends from the surface of the earth up to 80 kilo-
meters. The constituent gases in the homosphere are well
mixed. The proportions of the principal constituents at
high altitudes do not differ to a great extent from those
found at sea level. To find the mass of the homosphere,
calculate the total mass of the atmosphere.

The homosphere is equal to 99.99% of the atmosphere
and, hence, their masses are approximately equal.

The mass of the atmosphere can be derived from
the atmospheric pressure. Since

Force
Are

Pressure = and Force = mass x gravity

Combining these two equations one obtains

Pressure = mass x gravity

Area

Since one is solving for mass the equation can be
rearranged to

= Pressure % Area
mass gravity

One is given the atmospheric pressure and the force
of gravity. The surface area of a sphere is equal to 4nrl.
Suhstitutin? and solving for the mass of the homosphere:
(N = kg-m/s°)
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amounts of algae can lead to the death of marine life.
This is one major problem associated with eutrophication.

A second problem also results from the depletion of
oxygen. Remember that anaercobic bacteria, i.e. bacteria
that can live without oxygen, still function effectively
under the conditions described above. These bacteria feed
on decaying algae. As a result of their metabolic process,
they produce compounds such as hydrogen sulfide, which
cause the putrid odor associated with decaying organic
matter. The water becomes foul smelling and foul tasting.

A reduction of phosphate would alleviate eutrophica-
tion because it is one of the major nutrients of algae. A
smaller amount of phosphate in the water would limit the
growth of algae.

® PROBLEM 857

The combined effects of pollution have been known to bring
about the phenomena of synergism and antagonism. Explain
each of these terms. Provide specific examples of each.

Solution: The effects of individual pollutants can be
dlsastrous to health, while the combined action of two
or more pollutants can be completely different on health
and/or the environment.

When the combined effects of two or more polluntants
are more severe Or gqualitatively different from the indi-
vidual effects, a condition called synergism exists. For
example, in 1966 and 1967, there was injury to peanut crops
due to the synergistic action of ozone and sulfur dioxide.

A condition termed antagonism exists when the combined
effects are less severe. For example, cyanides in industrial
wastes are quite poisonous to aquatic life, however, in the
presence of nickel, a nickel-cyanide complex is formed. This
nickel-cyanide complex is not as toxic as the cyanides
originally produced.

* PROBLEM 858

(A) Explain the purpose of a coliform bacteria count in

natural water. (B) What is meant by hard or refractory
organic compounds?

Solution: (a) One of the most important problems

associated with polluted water is the possible presence
of disease-causing bacteria. A test for the presence of
bacteria is made by measuring the amount of common coli-
form bacteria in water. (Coliform bacteria are harmless
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and reside in the large intentines of humans.) Coliform
bacteria are present in plentiful gquantities in feces,
which become part of sewage wastes. Since coliform bacteria
do not thrive in an aguatic environment, they give an in-
dication of how recently and to what extent sewage pol-
lution has occurred by their count (which is proportional
to the amount of disease-causing bacteria present). If the
count is high, human sewage contamination has taken place,
possibly accompanied by the presence of dangerous bacteria.

(b) Hard or refractory organic compounds are nondegradable
substances that decay very slowly in water. Degradation
refers to the breaking down of substances into simpler
forms. Examples of nondegradable substances are certain
pesticides and detergents.

® PROBLEM B59

A chemist has a quantity of steam. He wants to determine
whether or not it has been polluted with acidic mine
drainage (AMD). How should he go about determining this?

Solution: AMD occurs yearly when millions of tons of
sulfuric acid seep out from coal and copper mines to
pollute waterways.

It begins by the oxidation of iron pyrite (FeS:) to
sulfate:

FeS: 'Ti%%_"’ Fe?* + s0i-.

The ferrous ions are then oxidized to ferric ions:

Fe®t _%fa-_’ Fe'+,

This process can be sped up by microorganisms. The
ferric ions can react with water to give hydrogen ions
and a precipitate of hydrated ferric oxide:

re'+ H28 | peo.0,-H,0 + HY.

Thus, acidic mine drainage is a diluted sulfuric acid
solution carrying iron. If the steam has AMD, it must carry
iron. Addition of thiocyanate to ferric (iron) solutions
will yield an intensely red-colored complex ion. The re-
action is as follows:

Fe't + SCN~ +  FescN®?
thio- red-colored
cyanate complex ion

Thus, the chemist can detect for AMD pollution in the

steam by adding thiocyanate. If a red-colored material
is formed, he knows it is contaminated.



* PROBLEM 861

gauge in winter at 0*C as 30 pounds per square .lnch (psi)
{2.0415 atm). The gauge the dif the
actual tire p and the ic pressure (15 psi).
Assume that ﬂw tire does not leak air and does not change its
wvolume. What will the nev gauge pressure be if the same

tire is measured during the summer at 50°C?

in an ile tire is by a tire

Solution: We will sclve this problem by employing a

form of the ideal gas law. The ideal gas equation

is PV = nRT, where P is the total pressure (P = atmospheric
pressure + gauge pressure), V is the tire volume, n the
number of moles of air, R the gas constant, and T the
absclute temperature. Bearing in mind the fact that n, V,
and R are constant, we may write this equation for the two
separate sets of conditions, as

P V=n RT and P

& umme 1 B LM winter V= n B,

winter”

Dividing the first by the second gives

Poummer ¥ _ " *Tsummer Psummer _ Tsummer
F V " @ mf °F f il .
winter winter winter winter
Solving for F' e ve have
P - T s umme r x P . R
summer vinter winter

PLinter = dtmospheric pressure + gauge pressure

= 15 psi + 30 psi = 45 psi (3.06 atm).
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Ts c = 50°C = 323°K, and Twinter = 0°C = 273°K. Hence,
P - Csummer , p = 23K « 45 psi = 53 psi.
summer T ior winter K (3.606 atm)

The gauge pressure will be P_ r " atmospheric press-
ure, or 53 psi - 15 psi = 38 psi (2.586 atm)

e PROBLEM B62

The pressure in interplanetary space is estimated to be

of the order of 10~'* torr. This corresponds to a density
of about 4 molecules per cubic centimeter. What temperature
must be assigned to the molecules in interplanetary space
for this to be true?

Solution: To solve this problem, one assumes that
interplanetary space is an ideal gas at a low concentration
and at a very low pressure. This means that the ideal gas
law can be used, i.e.,

FV = n RT

The pressure, P, is known 10~'® torr = 10-'% torr x
{1 atm/760 torr) = 1.32 x 10~'? atm and R, the gas constant =
0.082 atm-liter/mole-°K, is also known. The volume, V, and
the number of moles, n, are unknown, but if n is divided
by V, then this value becomes a density (moles/liter) and
can be determined from the given density of 4 molecules/cm .
To do this, (1) convert the number of molecules to moles
using Avogadro's number and (2) convert cm’ to units of t
using the conversion 1 ecm? = 1 mi = 0,001 i. Thus, the
density is

4 molecules 1000 cm’/1
1 em? 6.02 x 102? 99%§§§555

= 6.64 x 107! moles/%
Rearranging the ideal gas low from PV = n RT to
g § = T, and substituting the known values, yields

(1.32 x 10~!* atm) 1
l atm-liter 6.64 x 10-2! moles

]
n

0082 vx_moTe

2.42 x 10% °K

T = 242°K = 242°K - 273° = - 31°C.



® PROBLEM 863

Assume that a thermonuclear explosion 1000 ft above ground
quickly heats 10,000 ft.® of air at standard pressure from
273°K to 1,092,273°K. The air would attempt to expand to
what volume as an outgoing pressure-blast wave develops?

Solution: To solve this problem, Charles' Law is used,

where V = volume and T = absolute temperature., The pressure,
(since the expansion is done in open space) remains at
standard pressure of 1 atm. Thus,

vy, = 10,000 ft.*, T, = 273°K, T; = 1,092,273°K
and V; is solved for

3
v, = YTz (10,000 £¢. 1) (1,092,273°K) _ 45,010,000 t.°.

The air expands by a factor of

3
40,010,000 fe.~ _ 4,001.
10,000 ft.°®

® PROBLEM 864

An aerosol spray at room temperature, 25°C, is under a
pressure of 10 atm at a volume of 0.5 . If someone re-
leases all the contents to fill an empty 4.6 L box at
standard pressure, what is the temperature of the contents
inside the box?

Solution: To solve this problem the general gas law,
:asGEIng ideal gas conditions, for two different states
s used.

BV - BV, )
T T3

where P; = 10 atm, V; = 0.5 &, T, = 298°K, P, = 1 atm,
(standard pressure), V; = 4.6 L, and T, is unknown.
Solving for T: and substituting the known values into
this equation gives

{1 atm) (4.6 2) (298°K)

P.V,T
T2 = PV = atm .

= 274°K = 1°C.

The decrease in temperature is significant; the
change is from 25°C to near freezing.
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© PROBLEM 865
P

In the Van Slyke method for determining CO: capacity in
blood, you place the sample over mercury in a closed flask.
CO; is released from the sample by the addition of acid.
The volume and pressure of the released is then measured.
In a 0.2 ml sample of blood, the CO: released exerts a
pressure of 162 mm Hg at a temperature of 27°C and occupies
a volume of 0.5 cc. What is the corresponding volume of the
C0; at standard temperature and pressure (STP)?

Solution: STP refers to conditions where the temperature =
0°C or 273°K and the pressure = 760 mm Hg or 1 atm. To find
the volume of the CO; released under these conditions, apply
the Combined Gas Law.

2491« 2%+ constant

where P = pressure, V = volume, and T = absolute temperature
and the subscripts refer to different states.

To solve this problem substitute the known values into
this equation:

P; = 162 mm P; = 760 mm
Vi = 0.5 cc=0.5ml V=2
T, = 27°C = 300°K T; = 273°K

where P; and T: are the standard conditions at STP. Thus,

(162 mm) (0.5 m1) _ (760 mm)V
(273°K)

Solve for V:;, the volume of CO; at STP,

v, = {362 0m) (0.3 2L (273°K) . 9.0969 ml = 0.0969 cc.

* PROBLEM 866

Carbon monoxide poisons humans by irreversibly binding to
hemoglebin in the bloodstream. Although not dangercus in
minute concentrations over long exposure times, a CO con-
centration of 0.4 % by volume is quickly lethal. If a
defective automobile in a sealed garage having a volume of
4.1 x 10" liters produces 0.60 mole of CO per minute, how
long will it take to reach this lethal concentration of C0?
Assume that the volume remains constant at 27°C and the
pressure at 1 atm.

————
Solution: This problem is solved by first converting the




concentration, 0.4 % by volume, to a partial pressure and
determining the number of moles that will give rise to this
pressure. The time it takes to reach this pressure is then
determined by dividing the number of moles of CO corre-
sponding to this pressure by the rate of CO formation.

wWhen the concentration of CO is lethal, it occupies
0.4 % of the atmosphere by wvolume. Therefore, its partial
pressure, P, is 0.4 % of the total pressure, or p =
0.4 ¥ »x 1 atm = 0.004 atm.

The ideal gas equation reads pvV = nRT, or n = %%

where n is the number of moles, V is the volume, R the
gas constant, and T the absolute temperature. Since V =
3.1 x 10" liters, R = 0,082 1iter-atm/mole-deg, and T =
27°c = 300°K, the number of moles of CO corresponding to
a partial pressure of 0.004 atm is

v _ 0.004 atm  x 4.1 x 10" liters _
n = B% = 57087 ilter-atn/mole-degree x 300°K 6.7 moles.

Since the automobile produces CO at a rate of

0.60 mole/min, it will take 6.7 moles/0.60 mole/min =
11 minutes for CO to reach the lethal concentration.

* PROBLEM 867

The average density of the Universe is very low, various
estimates of the average density being between 1.0 x
10-?° g/cm? and 3.0 x 107%* g/cm?. Using an intermediate
value for the average density, 1.5 x 1072° g/em?, and
assuming that the Universe consists solely of hydrogen
atoms, what is the average volume of space that contains
a single hydrogen atom?

Solution: To solve this problem, we will convert the
Tensity (in g/cm’) to a molar density {moles/cm’) and
then express this as the number of atoms per unit volume
(number density). Inverting the number density will give
us the volume occupied by a single atom.

To convert from density to molar density, we divide
by the atomic weight of hydrogen (1.0 g/mole). This stems
from the fact that grams/atomic weight = mole. Hence,

molar density = density + atomic weight
= 1.5 x 1072% g/em’ + 1.0 g/mole
= 1.5 x 10”%? mole/cm’.
To convert from molar density to number density, we

must multiply by the number of atoms per mole (Avogadro's
number). Hence



number density = molar density * Avogadro's number
= 1.5 x 10~2? mole/cm® x 6 x 10?? atoms/mole
= 9.0 x 10°° atom/cm’®.

The average volume occupied by a single H atom is the
reciprocal of the number density, or

1

volume per atom =
.0x 10~* atom/cm?®

1
number density 9

= 1.1 x 10* cm’/atom.

Hence, on the average, each 1.1 x 10% cm® (110 liters) is
occupied by a single hydrogen atom.

* PROBLEM 868

An anaesthetic can be prepared by mixing gaseous cyclo-
propane (C;Hs, molecular weight = 42 g/mole), and oxygen
(0;, molecular weight = 32 g/mole}. If a gas cylinder is
prepared with cyclopropane at a partial pressure of 170
torr (0.223 atm) and oxygen at a partial pressure of 570
torr(0.75 atm), calculate the ratio of the number of _

moles of cyclopropane to that of oxygen [

nC,H;/“H,o]‘

Solution: We solve this problem by relating the ratio of
moles, nC,H./“HQO' to the ratio of partial pressures,

PC,H.,PH,O' For a given volume V and fixed absolute tem-
perature T, the ideal gas law reads:
= E
Peyg = Pogue v

for cyclopropane, and

for oxygen, where R is the gas constant. Dividing the
first of these equations by the second gives

Peytte . Mcatte MV Neum,
poa B, RT/V g,

Since pc;H. = 170 torr and Po, = 570 torr,

Pe,He _ 170 torr Pe,n
_C3Hs
B = ST torr - 030 =
[+ 1 [+
/n

or, = 0.30.

nC;B. 02



at l1l0°cC.

l The vapor pressure of water is 17.54 mm at 20°C and 9.21 mm I
— d

Solution: (A) Relative humidity is defined as the ratio of
the partial pressure of water vapor in the air to the vapor
pressure of water at that temperature of the air. Given
that the partial pressure of water vapor at 20°C is 10 mm
and that its vapor pressure is 17.54 mm at 20°C:

relative humidity = Imf'ﬂ% = 0.57.

Expressed as a percent; relative humidity = 57 %.

(B} Most of the time, air is not saturated with water
vapor. However, it can be saturated if it is cooled to a
temperature where the vapor pressure of water becomes
equal to the partial pressure of the water vapor in the
air. This is the temperature of the dew point. To calculate
the dew point in this problem, change the temperature until
the vapor pressure equals 10 mm (the partial pressure) .
Given that the vapor pressure is 17.54 at 20°C and 9.21 at
10°C, the dew point must be between these two temperatures.
To find the exact temperature (the dew point) the following
proportion can be set up where 10 mm is the Vvapor pressure:
Let x = dew point.

10 mm X

17.54 mm ~ 30°C
Solving for x; x = 11.4°C.

¢ PROBLEM 871

A controlled environment for guinea pigs is made by con-
structing a 294 liter box to be maintained at 21°C and

40 % relative humidity, and in which the entire air volume
is changed every minute.In order to maintain this relative
humidity, what weight of water must be added to the dry
air flow every minute. The equilibrium vapor pressure for
water at 21°C is about 19 torr.

—— —

Solution: To solve this problem, we use the relative

y and the equilibrium vapor pressure of water to
obtain the partial pressure of water. The ideal gas law
is then used to calculate the amount of water corresponding
to this partial pressure.

The relative humidity is defined as the percent ratio
of the partial pressure p to the equilibrium vapor pressure,
pe. Hence,

relative humidity = l;L x 100 8, or
e

832



relative humidit 40 %
p-pexﬂm—hi-lBtcrr*m

=19 x 1—3% torr = 19 x 0.4 torr.

Converting to atmospheres, p = 19 x 0.4 torr X
1 atm/760 torr = 0.01 atm.

The ideal gas equation may be written as

PV = NRT = I RT,

where V is the volume (V = 294 liters), R is the gas
constant (R = 0,082 liter-atm/mole-degree}, T is the
absolute temperature (T = 21°C = 294°K), and n = numbers of

moles = m/MW, where m is the mass, and MW is the molecular
weight of H20 (MW = 18 g/mole). Solving for m we obtain

PV (MW) 0.01 atm x 294 liters x 18 g/mole 2.2 g.
m = RT = 0. ter-atm/mole-degree x 294°K

Thus, 2.2 g of H:0 must be supplied to the dry air flow
every minute to maintain a relative humidity of 40 %.

® PROBLEM 872

The pistons in an automobile engine are driven by the
following reaction between octane (CyH,,, molecular
weight = 114 g/mole), and oxygen (0:, molecular weight =
32 g/mole}, which takes place in the cylinders.

2CgH s + 250; = 16C0O; + 18H:0

If the cylinders have a total volume of 6.15 liters, and
one-fifth of the air filling this volume at 1 atm and
27°C is oxygen, what weight of octane is necessary to
combine exactly with the oxygen?

Solution: To solve this problem, we first determine the
partial pressure of oxygen. Using this value and the ideal
gas law, we then calculate the number of moles of oxygen
present and finally, the number of moles of octane re-
quired to react with it.

One-fifth the total volume is occuped by oxygen.
This corresponds to 20 % oxygen by volume (1/5 x 100 & =
20 %). The partial pressure of oxygen, poz.is equal to the

percent oxygen multiplied by the total pressure, or Po, =
20 % x 1 atm = 0.20 atm.

The number of moles, LI of oxygen present is
calculated from the ideal gas equation,



nﬂz-—.ﬁf— !

where V is the volume (V = 6.15 liters), R is the gas
constant (R = 0.082 liter-atm/mole-degree), and T is the
absolute temperature (T = 27°C = 300°K). Then,

P v
- .0 = 0.20 atm x 6.15 liters -
o, = ~RE ~ 0.087 Ilter-atw/mole-deg % 300°K - 0-05 mole.

From the equation for the reaction between octane and
02, we see that 2 moles of octane react with 25 moles of 0j.
Setting up the following proportion

2 moles CaH;p - ﬂClHIl

25 moles 0, noa

and solving for the number of moles of octane, n

obtai CoHye" V€
n

= _2 moles = _2 moles -
“CyHys 75 moles * "o, ~ 25 moles © 0r05 = 0.004 mole.

The required mass of octane is obtained by multiplying
the number of moles of octane by the molecular weight of
octane, or

0.004 mole x 114 g/mole = 0.46 g.

* PROBLEM 873

50: {(sulfur dioxide) can be used as a preservative for
meats, wine, and beer; as a bleaching agent for foods;
in pulp and paper industry; and in tanning. Express the
equilibrium constant, k:, in terms of the eguilibrium
constant k;, in the two gaseous equilibria involving S0,;.
Namely,

S02(g) + % 0:(g) * 80;(q) )
2503 ~ 2502(g) + 0:(q) k2

Solution: An equilibrium expression is an equation where
the equilibrium constant is equated with the ratio of
concentrations of products to reactants, each raised to
the power of its coefficients in the chemical reaction.
For ki,

Ky = [ [S0,

s0,][0:]
2
For k2, k: = 0:J1S0
[505]?



Now that this is written,k; can now be expressed in
terms of k; by solving these equations in terms of some
common concentration. For example, solve the k; equation
for [S0:].

[S03] = k, [0:] [0.1%.
[504]* = ki x [5023% [02].
Substitute this into the k: equation,

K2 = [02](8027*
[s0s1?

The result is ky = —L021(8027%
ki [50: ]szz]

. This reduces to

kz = — .,

ki



APPLIED LIQUID AND SOLUTION PROBLEMS

® PROBLEM B74

—
The maximum safe concentration of fluoride ion in drinking

water is 2.0 ppm (parts per million). Express this con-
centration in milligram &%.

Solution: Milligram percent is the number of milligrams
of solute in 100 ml. of liquid. It is given that there are
2 g. of fluoride in 1.0 x 10* g H;0. Because 1 ml of H;0
weighs 1 g, there are 2 g of fluoride in 1 x 10° ml of H,0.
Solving for mg %:

100 ml x 2g x 1000%_
1 x 10°% ml

milligram & = .20 mg %.

The concentrations of substances in body fluids such
as urine or blood are rather low, and for this reason they
are generally expressed in milligram %.

e PROBLEM 875

Suppose a rain cloud has a water volume of 10° liters.

If the cloud forms over a chemical factory which puts 50,
into the air and each 50; molecule bonds with one out of
10" H,0 molecules (to form H;SO0.), what is the molarity
of the H;80, in the cloud?

Solution: To solve this problem, the number of moles of
H:50, must be determined. This is done by applying the
stoichiometric rules to the equation of this particular
reaction:

H30 + SO3 -+ H2S80.

According to this equation for every mole of S0, consumed,
one mole of H;SO, is produced or, in other words, if the



number of moles of S0y consumed is known, then the number
of moles of H;S0, produced is also known. The number of
moles of S0; can be found since it is the same number as
H20 (from the stoichiometry of the equation). The number
of moles of H;O consumed can be found by dividing its
weight by its molecular weight (MW = 18.02) or

= (10% liter) (1000 liter)
number of moles of H20 WEL

= 5.5 x 10* moles
Note: 1000 g/liter is the density of water (rain).

However, the number of water molecules is needed
and thus,

number of H,0 molecules
= (5.5 x 10* moles) (6.02 x 10?* molecules/mole)
= 3.3 x 10?" molecules.

The Eroblem states that S0; molecules bond with one
out of 10" H,O0 molecules. From this, the number of S0,
molecules is determined,

3.3 x 10*° H,0 molecules

10° T30 molecules
50, molecules

The number of moles of S0O; can now be obtained.

= 3.3 x 10?% S0, molecules.

(3.3 x 10%* S0, molecules)

:3 molecules
6.02 = 10 Sols

number of moles of S0, =

= 5.5 x 10? moles
or 5.5 x 10® moles of H,S0, are formed.
The molarity of the H:50., produced is thus

5.5 x 10? moles = 5.5 x 10= M.
10% liter

® PROBLEM B8T76
—

What is the molarity of ethanol in 90-proof whiskey?
Density of alcohol = 0.8 g/ml.

Solution: Molarity is defined as the number of moles of
solute per liter of solution. By definition, 90-proof
whiskey is 45 % ethanol by volume. Thus in 1 £ (= 1000 ml)




of whiskey there is (45 %) (1000 ml) = 450 ml of ethanol.
To determine the number of moles of ethanol in 1 & of
whiskey first calculate the weight of ethanol in 1 &

by multiplying the density of ethanol by the volume of
ethanol in 1 L. Then, divide the weight of ethanol in

1 & by its molecular weight (MW ethanol = 46 g/mole).
Therefore,

(450 ml ethanol) (0.8 g/ml) = 360 g ethanol

molarity = numb:rwnoiezyethanol - 360 g/46 g/mole _ 7.83 M.

® PROBLEM 877

A nurse mistakenly administers a dilute Ba(NO,): (a
soluble, strong electrolyte) solution to a patient for
radiographic investigation. What treatment would you
provide to prevent the absorption of soluble barium
and subsequent barium poisoning?

Solution: An electrolyte is a compound that conducts
electricity when dissolved in water. Electrolytes are
able to do this by dissociating into ions in water.
Because Ba(NOj); is a strong electrolyte, it will com-
pletely dissociate into ions according to the reaction

Ba(NO,;),(s) + Ba** (ag) + 2NOF (aq)

To prevent barium poisoning, the Ba’* ions, must
be removed from the solution as an inscluble compound
so that they cannot be absorbed. One way to precipitate
out the barium ion (Ba?+) is by adding a dilute solution
of Na,SO,. The reason is that Na;SO, reacts with Ba’+
and NO3 ions to produce BaSO, and NaMO,. The barium
sulfate is extremely insoluble as indicated by a solubility
product constant of 1.6 x 10~° mole? liter—?. (A solubility
product constant is indicative of a salt's solubility in
solution. If this value is low, the salt is insoluble or
barely soluble.)

Therefore, by adding the Na;SO., the Ba’* pre-
cipitates out and is not absorbed.

® PROBLEM 878

A household cleaning solution has a hydronium ion
concentration of 10~'! M. What is the pH of the solution?
Is the solution acidic or basic?

Solution: The pH of any solution by definition is



determined by us‘ng the following equation.
pH = - log [H*]
Thus, if hydronium concentration = 10~!' M,
pH = - log 10~'!' or pH = 11.

The solution is basic because it has a pH greater
than 7.

& PROBLEM 879

10 cc of battery acid (density 1.21) is diluted to 100 cc.
30 cc of the dilute solution is neutralized by 45 cc of
0.5 N base. What is the normality of the diluted acid?
What is its strength in grams per liter? What is the
strength of the undiluted 1.21 density acid in g/17

Solution: To solve this problem, use ¢ following
relationship for the neutralization of acids and bases

NaVa = Nbvb

where N, is the normality of the acid at volume v, and N
is the normality of the base at volume V,. Thus, the normal-

b
ity of the diluted acid is
NV,
N, = 3 b _ (0.5 N}fo.als ) . 0.75 N.

Note: 1 cc = .001 &.

The undiluted acid has a density of 1.21 g/cc; thus
10 cc of acid, weighs 12.1 g. Thus, when 90 cc of H:20 is
added to form 100 cc of the diluted acid the weight of
the entire soclution becomes 90 + 12.1 = 102.1 g, but the
weight of the acid is still 12.1 g. In a liter of diluted
acid, there are

Pld .0 = PL0d-121 g/t of acia.

For the undiluted acid, the density is:

1.21 g _ 1000 _ 12109 _
“i"ce® * Tooo = Toooas = 1210 /2.
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UNITS CONVERSION FACTORS

This section includes a particularly useful and comprehensive table
to aid students and teachers in converting between systems of units.

The problems and their solutions in this book use SI (International
System) as well as English units. Both of these units are in extensive
use throughout the world, and therefore students should develop a good
facility to work with both sets of units until a single standard of units
has been found acceptable internationally.

In working out or solving a problem in one system of units or the
other, essentially only the numbers change. Also, the conversion from
one unit system to another is easily achieved through the use of con-
version factors that are given in the subsequent table. Accordingly, the
units are one of the least important aspects of a problem. For these
reasons, a student should not be concerned mainly with which units
are used in any particular problem. Instead, a student should obtain
from that problem and its solution an understanding of the underlying
principles and solution techniques that are illustrated there.

For the reverse,
To convert To Multipty by multiply by
.1 4.356 x10¢ 2.296 x 10-%

4047 2471 x 104
ampere-hours . . | 3600 2778 x 104
AMPELE-UMS ......covvecee e | 1257 0.7958
ampere-turns per cm. .. | ampere-turns per inch.. .| 2.54 0.3937
angstrom units inches 3937 % 10-2 254 x 108
angstrom units meters 10-1° 10"
atmospheres ............... | feet of water ..o | 33.90 0.02950
atmaspheres ... . | inch of mercury at 0°C 2092 3.342 x 102
atmospheres ... kilogram per square meter ....... | 1.033 x 10* 9.678 x 105
atmospheres ... millimeter of mercury at 0°C ... | 760 1.316 %1072

1.0133 = 108 0.9869 x 10-%

1470 0.06804

9.870 x 107 1.0133

100 10-¢

10% 10-%

14.504 6.8947 x 10-2

1.0548 x 100 9.486 x 10-1

.1 7783 1.285 % 102

1054.8 9.480 x 104

0.252 3989

3.968 x 107 252

3.087 0.324

4.185 0.2389

PCx95)+32="F |(*F-32)x5M="C




For the reverse,

To Multipty multiply by
kelvin *C+2731=K K-2731="C
angstrom units ..... 1% 100 1% 108
centimeters feat 0.03281 30.479
i square meters per second........ | 1x 10-% 1x 108
square centimeters ... 5.067 x 10-¢ 1973 x 10°
circular mils square mils .. 0.7854 1.273
cubic feet gallons (liquid U.S.) . 7.481 0.1337
cubic feet liters 28.32 3,531 x 102
cubic inches ................ | cubic centimeters................... | 16.39 6.102 x 10-2
cubic inches .... cubic feet ....... 5.787 = 104 1728
cubic inches tubic maters ... 1639 % 108 6.102 x 104
cubic inches gallons (liquid U.S.) . 4329 x 107 231
cubic meters ... cubic feet .... 35.31 2.832 x 10
cubic meters ... cubic yards....... 1.308 0.7646
curies ......coo..... . | coulombs per minute ... 1.1 %10 091 x 102
degrees (angle) mils 573 %107
degrees (angle) radians 1.745 x 102 57.3
dynes pounds 2248 x 10-¢ 4,448 x 108
electron volts joules e | 1,602 % 10-12 0.624 x 10"
RIS ooverrsressnnrsssrneeeroone | TOO1-POURGS .o 1.356 = 107
ergs joules 107
ergs per 5econd .......... | Was ..oo.ccevrcrrivi 107
£rgs per square cm. ... | watts per square cm.... 100
Fahrenheit kelvin 1.8K - 459.67
Fahrenheit Rankine *F+45967="R R - 45967 =°F
ampere-hours . 26.8 373 =102
centimeters ..... 3048 3281 %102
meters 0.3048 i
mils 1210 8.333 x 103
meters 10-1% 10%
fux 10.764 0.0929
candelas per square meter ....... | 3.4263 0.2918
gram-centimeters......... 1.235 % 10-%
1.98 = 108
7.233
kilowatt-hours . 2.655 x 108
. | ounce-inches... 5208 x 102
gallons (liquid U.S.) ..... | cubic meters ... e | 3.785 % 102 2642
gallons (liquid U.S.) ..... | gallons (liquid British Imperial) | 0.8327 1.201
gammas teslas 10-% 10°
lines per square cm. ... 1.0 1.0
lines per square inch ... 6.452 0.155
teslas 104 10¢
webers per square inch............. | 6.452 « 10-® 1,56 x 107
amperes 0.7958 1.257
radians 1.571 = 102 63.65
grams 0.06480 15432
pounds K 7000
dynes 980.7 1.02 x 103
prains 1543 6.481 x 102

v



To

Muttiply

ounces (avdp) .......
poundals ..........
acres

Btu per minute ..............
foot-pounds per minute .
foot-pounds per second .
horsepower (metric) .

inches

inches

inches

joules ...
joules ...
kilograms .
kilograms ..
Kkilograms .....
kilometers

kilometers

kilometers per hour ......
kilowatt-hours

lumens per square ioot
lumens per square meter
[T ——

3.527 x 102
7.083 x 102
24N
42418
33x10*
550
1.014

28

39.37

6.214 x 104
1.094
6076.1




For the reverse,

To convert To Multiply multiply by
mils ... 254 x 105 3.94 x 10¢
mils ... - 3438 0.2909
rninmes {angle] 1.666 x 102 60
minutes (angle) .... 2.909 x 104 3484
newtons 108 108
BEWIONS coovevcnvcserraens 0.1020 9.807
newtons per sq. meter . 1 1
NEWIONS ....ocoviesiainne 0.2248 4.448
0Ersteds .........couvvuveennee 7.8577 x 10 1.257 x 102
ounces (fluid) 3.125 % 102 32
ounces (avdp) .............. 6.25 x 102 16
(11111 S, 0.50 2
poundals 1.383 x 10* 7.233 x 10-%
pOUNdals ... 3.108 = 102 3217
pounds 4536 2205x 107
pounds (force) ............. | newtons .. 4.4482 0.2288
pounds per square inch dyncspersquarecm 5.8946 x 10° 1.450 x 105
pounds per square inch | pascals .... 6.895 x 10° 1.45 x 10
quarts (U.S. liquid)....... | cubic nentlmeurs 1.057 x 10~
radians mils 1072

[t i 2.909 x 10+
4.848 « 108
9.549
3876 x 10°
........... 0.6854
A 3.108 x 10-2
square centimeters... 929,034 1.076 x 102
square inches...... 144 6.944 x 102
square miles....... 3.587 x 10 27.88 x 108
square centimeters... 6.452 0.155
square miles.... 0.3861 259
square meter per second 104 10+
kilograms ... 107
pounds ....... 5x 104
newtons per square meter ....... | 133.32 75% 107
Btu per hour ... - 0293
foot-pounds per mlnuu 2.26 x 107
horsepower ... 746
1
10-¢
10+




CHAPTER 1

UNITS OF MEASUREMENT

Basic Attacks and Strategies for Solving Problems
in this Chapter. See pages 1 to 12 for step-by-step
solutions to problems.

Any measured or calculated quantity has two parts —a numerical value
and a unit. Sometimes, when the unit is likely to be understood, it is not
written. For example, if the United States Weather Service reports that the
temperature in Phoenix is 108, it is understood to be 108°F. However, fewer
errors in scientific and engineering calculations are made when the rule of
always writing both the value and the unit for each quantity is strictly
observed as illustrated below.

2 grams (2 g), 0.5 seconds (0.5 s), 6.28 meters (6.28 m), 98.6°F

There are only seven quantities — length, mass, time, thermodynamic (or
absolute) temperature, electric current, amount of a substance, and luminous
intensity — for which base units are defined and from which all other units can
be derived. These quantities and their respective units and symbols are listed
in the table below.

1

Table 1

PHYSICAL QUANTITY _ SI UNIT SYMBOL
Length meter m
Mass kilogram kg
Time second s
Amt. of substance mole mol
Thermodynamic temp. kelvin K
Electric current ampere A
Luminous intensity candela cd




A unit of velocity is derived, for example, by dividing a unit of length by
a unit of time to obtain miles per hour, feet per second, furlongs per fortnight,
elc. In this chapter, only base units for length, mass, and absolute temperature
are discussed, along with derived units of area (length squared), volume
(length cubed), density (mass divided by volume), and the common Celsius
(°C) and Fahrenheit (°F) temperature scales. If the rules illustrated with these
units are learned and understood, they can be applied to any units that may be
encountered.

Units can be treated like ordinary algebraic variables in equations when
quantities are added, subtracted, multiplied, or divided. Two rules, borrowed
from algebra, must be remembered:

1. The numerical values of two quantities can be added or subtracted only
if the units are the same. This is true whether or not the units are the same
quantity —e.g., the mixture of mass and length units in (b) or the two different
length units in (c) below.

a) 5 feet— 2 feet = 3 feet (Sx—2x=3x)
b)5Sgrams-2feet=? (Sy-2x=17)
c)Smeters—2feet=? (5z-2x=7)

2. Numerical values and their associated units can always be muitiplied
or divided.

a) 15 grams + Scm*=3 g/em®  (15y + 5x = 3y/x)
b)7 cm x 5 cm = 35 cm? (7y x 5y = 35y%)

Conversion of Units

Most new scientific work is now performed and reported in the Interna-
tional System of Units (SI units) but, for practical reasons, many other
systems of units are still in use and will remain so for many years. It is
essential, therefore, that rules for converting from one system or set of units
to another be understood. There is one simple rule that covers most cases for
converting from one unit or set of units to another:

Multiply or divide by the appropriate conversion factor or factors
including the units—i.c., be certain to multiply and/or divide the
units of each conversion factor as well as the numerical values.



The exception to this rule occurs when the zero points of two units, such
as exists with the Celsius and Fahrenheit temperature scales, are different.
The conversion then requires a linear transformation —i.e., y = mx + b, where
m is the ratio of the magnitude of the unit y to the unit x, and b is the value of
ywhen xis zero. Except for the example of temperature scales, such cases are
rare, indeed. In virtually all other cases, the zero point is independent of the
unit; a velocity of zero, forexample, is zeroin any velocity unit — ft/sec, miles/
hr, m/sec, etc.

Conversion factors are tabulated in handbooks but, in simple cases, can
be drawn from memory. Conversion factors for units formed by adding the
common prefixes —centi (c), milli (m), kilo (k), etc. — are simply the factors
associated with those prefixes— 1072, 10-, 10%, etc., —respectively. Let us
convert, as an example, a length measurement from feet to inches. To do this
we multiply or divide by the appropriate conversion factor including its units.
In this case, most people know the conversion factor(s) from memory—12
inches/ft or 1 ft/12 inches.

15 ft x 12 inches/ft = 180 inches 1-1

Note that the numerical values (15 x 12 = 180) and the units (ft x inches/
ft = inches) are each multiplied separately to obtain the correct answer which
includes both a value and a unit. The reciprocal conversion factor, 1 ft/12
inches, can also be used, but it is necessary, then, to divide rather than to
multiply.

15 ft + 1 f/12 inches = (15 + 1/12)[ft + (f/in)] = 180 in 1-2

Observe how careful multiplication or division of the units as well as the
numerical values can help to avoid errors in the conversion of units. In this
case, suppose that the conversion factor in the first equation, 12 in/ft, was used
but division rather than multiplication was employed mistakenly.

15 ft + 12 inches/ft = (15/12)[ft + in/ft] = 1.25 ft¥/in 1-3
The unexpected unit in the answer signals that an error has been made.

Several successive multiplication and/or division steps can be used to
convert one or more units. If careful multiplication and/or division of the
units, as well as the numerical values is observed, the correct unit will result.
If the expected unit is not obtained, the probability of an error in the
calculation is signaled. Let us convert, as an example, the density of water,

1-C



62.4 Ib/ft*, to the appropriate value in grams per cubic centimeter. The answer,
in this case, is known in advance to be 1.0 g/cm® or 1.0 g/cc. The needed
conversion factors (454 g/lb, 2.54 cm/in, 12 in/ft) can be obtained from a
handbook with a table of conversion factors.

62.4 Ib/ft* x 454 g/lb + [12 in/ft x 2.54 cmfin]’ =
62.4 x 454 + (12 x 2.54)° [Ib/Rt° x g/lb + (in/ft x cm/in)’] = 1.0 g/em’
14

Many tables of conversion factors contain a factor for conversion directly
from centimeters to feet (30.48 cm/ft) and from cubic centimeters to cubic feet
(28,317 cm/ft’). These factors can also be used and the calculation is
simplified as follows.

62.4 1b/ft* x 454 g/lb + (30.48 co/ft)* = 1.0 g/em?® 1-5

62.4 Ib/ft’ x 454 g/lb + 28,317 cm'/ft* = 1.0 g/em® 1-6

As shown, more than one procedure can lead to the correct answer, and
some may result in fewer or simpler calculations than others. If careful

attention is paid to the multiplication and division of units as well as numerical
values, the chance of making an error is diminished.

1-D
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