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PREFACE

The objective in preparing the fourth edition has been to make the
book as nearly self-teaching as possible. Accordingly, complete solutions
are given for illustrative problems of every type encountered. In addition,
complete or partial solutions are given for many of the more sophisticated
problems. In numerous instances suggestions or clues rather than complete
solutions are offered.

In cach chapter or section the problems are arranged in such order that
the easier and more basic problems arc found at the beginning while the
more sophisticated ones are found toward the cnd; the latter are identified
by the arrow preceding the number of the problem.

Answers to all problems are given in the back of the book. This gives
the student an incentive to check his work if he fails to get the correct
answer, and it provides a boost for his morale when he knows that he has
solved the problem correctly.

As in the third edition, the concept of the mole is stressed throughout
the book.

A chapter on balancing redox equations has been added.

Because each chapter contains problems of all ranges of difficulty, and
because as few or as many of the chapters may be covered as the require-
ments of a particular course warrant, the book is flexible enough to serve
the needs of practically any student or any general chemistry group.

The author wishes to express his indebtedness to the members of his
general chemistry teaching staff for their assistance in the preparation of this

revised edition.
C. H. Sorum
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Every problem you encounter, whether in chemistry or elsewhere, is solved
in essentially the same fashion. First, you size up the situation or read the
problem carefully, and decide what you are supposed to do and what you
have to do it with. Second, having determined what you are supposed to do
and what you have to do it with, you figure out how to do it. Last, you go
ahead and solve it according to plan. The first two steps represent the analysis
of the problem. The third step represents the arithmetical calenlations. Some
problems are knottier than others, but they are all solved by these three
fundamental steps. ’

To be more specific, when you go about solving any problem in this
or anry other book or in any test or examination:

1. Read the problem carefully. Note exactly what is given and
what is sought. Note any and all special conditions. Be sure you understand
the meaning of all terms and units and that you are familiar with all chemical
principles that are involved. Every problem in this book is designed to
illustrate some principle, some relationship, some law, some definition, or
some fact. If you understand the principle, relationship, law, definition, or
fact you should have no difficulty solving the problem. The one big reason,
the only reason in fact, why students have difficulty with chemistry problems
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2 How to solve a problem

is failure to understand, exactly and well, the chemical principles involved
and the meaning and value of all terms and units that are used in the problem.

2. Plan, in detail, just how the problem is to be solved. Get into
the habit of visualizing the entire solution before you execute a single step.
Insist on knowing what you are going to do and why you are going to do
it. Aim. to learn to solve every problem in the most efficient mannet; this
generally means doing it the shortest way, with the fewest steps.

3. Specify definitely what each number represents and the units

in which it is expressed when you actually carry out the mathematical .

operation of solving the problem. Don’t Jjust write

192
7=
Write
- 192 g of sulfur

32 g of sulfur per mole of sulfur 6 moles of sulfur

or whatever the case may be. Always divide and multiply the units as well
as the numbers. This is one Way to give cxactness to your thought process
and is a very good way to help avoid errors. You should jot down the unit
or units in which your answer is to be expressed as the first step in the actual
solution. For instance, if you are solving for the number of grams of oxygen
in 200 g of silver oxide, you should Jot down the fact that the answer will be
"= _ _gofoxygen” In reality, every problem is worked backward, since
you first focus your attention on the units in which the answer is to be
expressed and then plan the solution with these units in mind.

4. Having solved the problem, examine the answer to see if it is
reasonable and sensible. The student who reported that 200 g of silver
oxide contaimed 1380 g of oxygen should have known that such an answer
was not sensible. When the slide rule is used, errors due to incorrect location

of the decimal point are very likely to creep in unless you get into the habit -

of checking the answer to see if it is of the tight order of magnitude.

3. If you do not undetstand how to solve a problem have it
explained to you at the very earliest possible time. To be able to solye
the later problems you must understand the carlier ones. After a problem
has been explained to you, fix the explanation in your mind by working
other similar problems at once, or at least within a few hours, while the
explanation is still fresh in your mind.

It will be assumed in this book that every student is fami-liar, throug'h
laboratory experience, with the common units of measure in the mlc?tnc
system. and that he has a fair idea of the volume represented by 1 liter,
100 ml, and I ml, the mass represented by 10 g, 100 gorl kg, and the length
represented by 760 mm, 10 cm, and 1 m, etc. Also, it will be assumed that
he is familiar with the Celsius (centigrade) thermometer scale: ‘

It should be recalled that the metric system employs decimal notations
in which the prefix milli- means one thousandth, centi- means one hundredth,
and deci- means one tenth, while kilo- means one thousand times. . -

Conversions of metric units {grams, liters, milliliters, cubic centi-
meters, centimeters, ctc.) to ‘other units (po.unds, quarts, inches, feet, étc.)
are not often required. The following table will serve where such conversions

are called for.

Conversion units

1 meter (m) = 10 decimeters (dm) = 100 centimeters (cm)
= 1000 millimeters (mm} = 39.37 inches (in.)
= 1.09 yards (yd)




4 Units of measurement

1 kilogram (kg) = 1000 grams (g) = 1,000,000 milligrams (mg)
= 2.2046 pounds (Ib}

1 gram (g) = 1000 milligrams (mg)
1 milligram {mg) = 0.001 gram (g)
1 pound (Ib) = 453.6 grams (g)

Hiter (I) = 1000 milliliters (ml) = 1000 cubic centimeters (cc)
= 0.264 U.S. gallons (gal) — 1.06 U.S. quarts {qt)

1 milliliter (ml) = I cubic centimeter {cc)
1 cubic centimeter is the volume of about 20 drops of water
A new U.S. 5-cent piece has a mass of 5 g

Interconversion of Celsins(centigrade)
and Fahrenheit temperature readings

"The thermometers used in the laboratory are graduated in Celsius
degrees, designated by the letter C. (It should be pointed out that the correct
term is “Celsius degrees” or “degrees Celsius™ rather than “centigrade
degrees” or “degrees centigrade,” in honor of the Swedish scientist, Anders
Celsius, who devised the scale. Henceforth in this textbook the term
“Celsius” rather than “centigrade” will be used. In anty case the abbreviation
is always C.) Most houschold thermometers are graduated in Fahrenheit
degrees, designated by the letter F. The fixed points on both the Celsius
and Fahrenheit temperature scales are the boiling point and freczing point
of water. On the Celsius scale the freezing point of water is 0° and the
boiling point is 100°; the space between the fixed points is divided into 100
units and the space above 100° and below 0° is divided into the same size
units. On the Fabrenheit scale the freezing point of water is 32° and the
boiling point is 212°; the space between the fixed points is divided into 180
units and the space above 212° and below 32° is divided into the same size
units. Since the space between the freezing point and boiling point of water
is divided into 100° on the Celsius scale and 180° on the Fahrenheit scale, it
follows that 100 Celsius degrees must represent the same temperature
change as 180 Fahrenheit degrees. That means that 1 Celsius degree is equal
to [.8 Fahrenheit degrees; or expressing it in fractional form, 1 Celsius degree
is equal to $ Fahrenheit degrees and 1 Fahrenheit degree is equal to § of a
Celsius degree.

Units of measurement 5

With these facts in mind we see that, if we wish to find the Fahrcnhfzit
value of a certain number of Celsius degrees, C, we first multiply the Ceistlus
reading by £; this gives us £ C. Since the reference temperature (tiae frgezn%g
point of water) on the F scale is 32° above zero we must add 32° t0 $ C in
order to get the actual reading on the Fahrenheit scale.

9 .
Fahrenheit temperature = 5 Cel8ius temperature + 32

or

)
(1) F=C+ 82
Equation (1) can be transposed to the form,
5
(@) C= 5 (F— 32)

Equation (2) tells us that, to find the value, in degrees C'efsius,_ of a
Fahrenheit temperature, we first subtract 32° from thf: Fal;renhczt tempera-
ture (because the Fahrenheit freczing point reference is 32° above zero) and
then take & of that answer.

To illustrate the use of the above relationships:

(a) Convert 144°F to a Celsius reading.

In thinking our way through this problem we note that 144°F is
(144 — 32) or 112° above the freezing point of water. Since 1 Fahrenheit
degree is equal to § of a Celsius degree, 112 Fahrenheit degl;ccsl must be eql.JaI
to 112 x § or 62.2 Celsius degrees. That means that 14‘% F is 6_32.2 Celsius
degrees above the freezing point of water. Since the freezing point of water
is 0°C, 62.2 Celsius degrees above the freezing point of water will be 62.2°C.

(b) Convert 80°C to a Fahrenheit reading.

In thinking our way talrough this problem we note that 80°C is 80
Celsius degrees above the freezing point of water. Since 1 degree C cqua}ulls
2 degrees F, 80°C will be 2 x 80 or 144 Fahrenhe:t degrees above n}: e
freezing point of water. But the freezing point of water on the Fahrenheit
scale is 32°. Therefore, we must add 32 to our 144 to get the actual Fahren-
heit temperature, 176°F.

PROBLEMS

2.1 What temperature, in degrees Celsius, is represented by each of
the following Fahrenheit temperatures?




6 Uhits of measurement

(a) 72.0°F

Solution:  See solutions of problems given above.

(b) —20.0°F

22 What temperature in degrees Fahrenheit is represcnted by each
of the following Celsius temperatures?

(a) 12.0°C

(b} —50.0°C

2.3 At what temperature will the readings on the Fahrenheit and

Celsius thermometers be the same?

2.4 Supposc you have designed a new thermometer called the X

thermometer. On the X scale the boiling point of water is 130°X and the
freezing point of water is 10°X. At what temperature will the readings on
the Fahrenheit and X thermometers be the same?

2.5 On a new Jekyll temperature scale water freezes at 17°] and boils
at 97°J. On another new temperature scale, the Hyde scale, water freezes
at 0°H and boils at 120°H. If methyl alcohol boils at 84°H what is its boiling
point on the Jekyll scale?

Chemical problems often involve numbers which are either very large or
very small. Such numbers are most conveniently expressed in exponential

form.

To illustrate:

The number, 100, is 102, called “10 squared” or “10 to the second
power,” which is 1 X 102; 1000 is 1 x 10% and 1,000,000 is 1 x 10¢,

The number, 2,000,000, is 2 x 1,000,000, which is 2 x 108,

The number, 324,000,000, is 3.24 » 100,000,000, which is 3.24 x 108;
but it is also 32.4 x 10,000,000, which is 32.4 x 107, and 324 x 1,000,000,
which is 324 x 10% In other words, 324,000,000 may be represented as
cither 3.94 x 108, 32.4 x 107, or 324 x 108 The first of these, in which
there is only one digit to the left of the decimal point in the non-exponential
factor, is the preferred form.

Note that, in the above examples in which we are dealing with numbers
farger than 1, a decimal point is placed to the right of the first digit in the
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8 Exponents

number; the resulting expression is then multiplied by 10 raised to a positive
power equal to the number of terms to the right of this decimal point.

To illustrate:

602,000,000,060,000,000,000,000 = 6.02 x 102
and
31,730,000 = 3.173 x 107

The number 0.0001 is one tenthousandth, which is 1/10,000, which
is 1/10¢,

Keeping in mind that {a) 1 = 109 (b) the fraction, 1/10%, means 1
divided by 104, and (c) in division of exponential numbers the exponent of
the denominator is subtracted from the exponent of the numerator, then

L0 gee 01 x 100
[T T
Likewise,
1
0.00002 = = — 10
2 =2 X 5000~ 2 X 155 = 2 X
and

1 !
—— = 38 X — =38 x 1077 .
10,000,000 < Tor = 38 X

Note that, in dealing with numbers less than 1, a decimal point is
placed to the right of the first term to the right of the zeros and the resulting
expression. is then multiplied by 10 raised to a negative power equal to the
number of terms to the leff of this decimal point.

Thus

0.00000038 is 3.8 x

(.00000257 = 2,57 x 108

and
0.0000i6 = 1.6 x 108

Just as 3.24 % 108, 32.4 x 107, and 324 x 10¢ all represent the same
number, so 2.57 x 10-%, 25.7 3% 107 and 257 % 108 are all the same
number, and 48 X 10-% is equivalent to 4.8 x 10-5,

Note that, in changing 48 x 10-% to its equal, 4.8 x 10-%, and in
changing 32.4 x 107 to 3.24 X 108, we divide the first factor (48 and 324}
by 10 and multiply the second factor (10-% and 10%) by 10. Likewise, in
changing 0.23 X 107* to 2.3 x 10-"'we multiply the first factor (0.23) by 10
and divide the second factor (1074) by 10. Since, in cach example, we
multiply one factor by 10 and divide the other by 10, the valuc of the
number is not changed.

T

Exponents 9

Thus

2.36 X 1075 =23.6 X 107 =236 x 10-7 = 0,236 x 10-%

and
492 x 106 == 49.2 x 10* =492 % 10% = 0.492 % 108

The use of exponents makes it quite easy to determine the correct
number of digits in the answer to an operation involving multiplication and
division of many numbers. Thus, if the expression

417,000 x 0.0036 % 15,300,000
0.000021 x 293 x 183,000

is changed to the form

417 x 108 x 36 % 103 x 1.53 x 107
2.1 x 1075 % 2,93 x 102 x 1.83 x 105

it can be determined at a glance that the answer is approximately 2 x 107,
Likewise, when the expression

0.0045 x 0.682 x 600
204 x 23

is changed to the form

45 x 1078 x 8.2 x 102 x 6 x 102
2.04 x 102 x 2.3 x 1(#

it can be seen that the answer is approximately

48 X, 10-¢ or 4.8 x 10-®

PROBLEMS

3.1 Express each of the following numbers in exponential form:
(a) 21,000,000,000

(b 760

(c) 0.0027

(d) 0.0000018

(e} 0.10



10 Exponents

3.2 Carry out each of the following operations;
number in exponential form:

(2 156,000 x 0.000322 % 273
0.082 x 4200 x 1202
(b)

120 >.309 x 800
273 x 600
3.3 Solve each of the following:
1.76 x 10-3
() B0 w 102
8.0 x 10
In solving this problem it may be h

17.6 x 107* rather than leave it as 1.76 x 103, This will give the answer

2.2 X 107 rather than 0.22 % 10-5, Although these two numbers have the
same value, the preferred expression is 2.2 x 10-¢,

(0.0234 x 103
(b} ———"
3.6 x 10

first write each

clpful to express the numerator as

R
B,
s
B '3--.'b-: %B!': ?I%PG Chadiee s
T e 450 [ S2esne |5 R0 T pic

Atomic weight

The atomic weight of an element is a number which tells us how the mass of
an average atom of that element compares with the mass of a standard reference
atom. In the modern system of atomic weights, adopted in 1961, the atom
of carbon-12 (**C) is the reference standard and is assigned a value of exactly
12. The atomic weight of gold, listed in the table on the inside back cover,
is 196.967. This means that the mass of an avetage atom of gold is to the mass
of an atom of *2C as 196.967 is to 12. Likewise, the mass of an average atom
of calcium (whose atomic weight is 40.08) is to the mass of an atom of 12C
2540,08 is to 12, and so on down the list of elements. Since all atomic weights
are referred to the same standard it must foltow that thesc atomic weights are
the relative masses of the average atoms of all the elements. That is, the mass
of the average gold atom is to the mass of the average calcium atom as
196.967 is to 40.08, and the mass of the average calcium atom is 40.08/196.967
times the mass of the average gold atom, and so on.

11




12 Afomic weight.  Gram-atomic weight, Gram atom. Mole.

The terms atomic weight and atomic mass, as commonly used, both refer
to the same thing—namely, the mass of the atom. Strictly speaking, the
term atomic weight is incorrect; the correct term is atomic mass. The weight
of a substance is a measure of the pull of gravity on that substance; its value
varies with its altitude. The mass of a substance represents the number of
standard units of mass required to counterbalance the substance; its value is
independent of the position of the substance and, hence, does not change as
long as the substance maintains its identity. The term atomic weight is used
by most scientists and is generally accepted as referring, correctly, to the
mass of the average atom of the particular element. When the mass of an.
atom of a specific isotope of an clement is under discussion the term atomic
tass is generally used.

Gram-atomic weight

Atomic weight, as defined above, is simply a number. To give it more
precise meaning we can say that the C atom has a mass of 12 atomic
mass units (amu) and not be concerned about what these units represent. The
atomic weight of calcium then becomes 40.08 amu, of gold, 196.967 amu,
and so on.

But we would like to use these atomic weights for solving problems,
and since the most commonly employed unit of mass (weight) is the gram, it
will be most convenient if atomic weights can be expressed in units of grams.
To do this we take a large enough “handful” of atorms of 2 given element so
that its mass, in grams, is exactly equal to the atomic weight of the element.
For oxygen the mass of the handful is 15.9994 g, for sulfur it is 32.064 g,
for magnesium it is 24.312 g, for helium it is 4.0026 g, etc. This mass in
grams of an element equal to its atomic weight is called one gram-atomic weight of
the element.

It has been determined that one gram-atomic weight of helium
(4.0026 g) contains 6.023 X 102 helium atoms. A similar figure has been
obtained in numerous experiments wich other elements. From these data

it can be concluded that one gram-atomic weight of any element consists of

6.023 x 10% atoms of that element.

The argument that one gram-atomic weight of any element contains
6,023 x 10% atoms runs like this: The atomic weight of helium is 4.0026
and of sulfur is $2.064. That means that 1 atom of helium is 4.0026/32.064
times as heavy as 1 atom of sulfur. Therefore, 10 atoms of helium must be

Atomic weight. Gram-atomic weight. Gram atom, Mole, 13

4.0026/32.064 times as heavy as 10 atoms of sulfur and 6.023 x 10% atoms
of helium must be 4.0026/32.064 times as heavy as 6.023 X 102 atoms of
sulfur. But 6.023 x 10% atoms of helium have a mass of 4.0026 g. T'here-
fore, 6.023 x 10% atoms of sulfur must have a mass of 32.064 g. Since
4.0026 g is one gram-atomic weight of helium and 32.064 g is one gram-
atomic weight of sulfur, and since the above argument can be applied to
cach of the other 102 elements, it can be concluded that one gram-atomic
weight of any element consists of 6.023 x 10% atoms.

Gram atom

The term, gram-atomic weight, is abbreviated to gram atom. “One
gram atow” of an element means one gram-atomic weight of that element.

Mole

The quantity, 6.023 x 10% atoms, is referred to as one gram mole of
atoms or, simply, one mole. It follows from what has been stated above that
one mole of atoms means one gram atom or one gram-atomic weigh.t. As we
proceed, we shall learn that “mole” is a very widely used term. It is applied
to molecules, ions, clusters of atoms, and electrons as well as to atoms., One
mole of a species is 6.023 X 10% units of that species.

The Avogadro number

The number, 6.023 x 102, which represents the number of units in
one mole of a substance, is referred to as the Avogadro number, in honor of
the Italian scientist who first postulated its existence. It is denoted by the
letter N,

Review

Since, as has been noted above, the term gram atom is an abbreviation
for gram-atomic weight, since one gram-atomic weight of an element is




14 Atomic weight, Gram-atomic weight.  Gram aton,. Mole.

6.023 x 102 atoms, since one mole of atoms means 6.023 x 10% atoms, and
since the number, 6.023 % 1028, is the Avogadro number, N, it follows that,
when applied to a particular element, the terms
onte mole of atoms
one gram atom
one gram-atomic weight
6.023 x 102 atoms
N atoms
all mean the same thing.
Specifically, 32.064 g of sulfur is

one mole of sulfur atoms

one gram atom of sulfur

one gram-atomic weight of sulfur
6.023 % 102 ztoms of sulfur

N atoms of sulfur

Symbol

The name of an element is commonly represented by an abbreviation,
referred to as the symbol for that element. Thus the symbols for sodium and
oXygen are, respectively, Na and O.

When the symbol for an element is used in a
it is understood that it refers to one gram atom of the
been noted, one gram atom means one mole
symbol for an element, when used in any chemical formula or equation, refers to one

mole of atoms of that element. This is a very important fact to remember;
it is a basic fact in the solution of most chernical problems,

ny chemical formula or equation
element. Since, as has already
of atoms, it follows that fhe

Pound-atomic weight, ton-atomic weight,
pound atom, ton atom, pound mole, ton mole

It has been pointed out that, because the mass of 1 average atom of
sulfur is to the mass of 1 average atom of helium as 32.064 is to 4.0026, the
mass of any number, X, of atoms of sulfur is to the mass of the same number,

Atomic weight. Gram-atosmic weight.  Gram aton:. Mole. iH

X of atoms of helivm as 32.064 is to 4.0026. If we tak? 6.023 x 102 atoms Ozf
hélium they will have a mass of 4.0026 g; therefore, if we take 6.023 x 10 :
atoms of sulfur they will have a mass of 32.064 g. St_zppose X atoms of
helium have a mass of 4.0026 pounds. If X atoms of helium ha;Je a miass o
4.0026 Ib, X atoms of sulfur will then have a mass of 32.0(?4 b, f ﬁtoms
of hydrogen will have a mass of 1.00797 1b, X atoms of :-sodlu.m v&; ave a
mass of 22.9898 1b, and so on down the list of elements. lee“r'lﬁe}’]l Y atoms
of helium have a mass of 4,0026 tons, Y atoms of hydrogen will have a mas;
of 1.00797 tons, Y atoms of sodium will have a mass of 22.9898 tons,
atoms of sulfur will have a mass of 32.064 tons, and so on. ';‘he quantity,
4.0026 pounds of helium, is one pound-atomic weight, one poun atom, or one
pound mole of He. The quantity, 32.064 tons of sulfur, is one ton—at(l)lrmc
weight, one ton atom, or one ton mole of S. In o'therlwords, just as wel a;lve
gram-atomic weights, so we can have pound-atomic weights, ton-atomic weig E,
pound atoms, ton atoms, pound moles and ton moles.. A Pound—agom:c weight
is 2 mass in pounds of an element equal to its atomic We.lgl'u:,.arlx1 a éss)n—atcumcc1
weight is a mass in tons of an element equal to its atomic weig ;:O ne pg_un .
mole of § is 32,064 pounds and one ton mole of Ag is 107.870 tons. f111]-c1e
the atomic weight table tells us how the masses of the average atoms of 1:h te
clements compare with each other, the numemc_al values of the_ atomic wex:gi s
will be the same regardless of the unit in which they are bc.m.g exlpresse .
It should be noted, however, that the number of individua atomi1 in
a pound mole of an clement will not be 6.023 < 10% acoms. The Avogadro
number, 6.023 x 10%, represents the number of atoms in onz %rcém atom,
that is, in one gram mele. Since 1 ton — 20001b and 11b 1:235 6g, onj
pound mole of an element will contain 433.6 6.02233 x 10% atoms an
one ton mole will contain 2000 x 453.6 x 6.023 » 10% atoms. S
Unless specifically stated ptherwise i f?mﬂ always be understoo tm{) the
tword mole means gram mole. This is an important fact to remember.

PROBLEMS

4/i> What fraction of a mole of zinc atoms is 12.00 g of Zn?

Solution: The atomic weight of zinc is 65.37. Therefore, 65.37 g is
1 mole of Zn, and 12.00 g is 12.00/65.37 mole of Zn.

The caleulation, in detail, is

12.00

12,00 g of Zn = 65.37 ¢ of Znfmole of Zn = =7 mole of Zn
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Since any fraction represents a process of division, the calculation can
take the form
12,00 g of Zn 12.00

§5.57 g of Zn/l mole of Zn G537 "oc °of 28

Note that g of Zn in the numerator cancels g of Zn in the denominator.
The answer is then in moles of Zan.
The solution can also be carried out as follows: We are given 1200 g
of zinc. We want to know how many moles of zinc this represents.
We reason that, if we multiply
g Qon % M
gof Zn
then g of Zn in the numerator and denominator will cancel and the
answer will be in units of moles of Zn. Since 1 mole of Zn has a mass
of 65.37 g the actual calculation will be
I mole of Zn  12.00

12, =
2.00 g of Zn X 5537 g ol 7n  05.37 mole of Zn

4.2 A mass of 30.42 g of calcium is what fraction of a mole of calcium
atoms?

4.3 A mass of 120.0 g of helium is how many moles of He atoms?

4.4 Calculate the mass of 2.32 moles of carbon atoms.

Solution: The atomic weight of carbon is 12.011. Therefore, 1 mole
of C has a mass of 12.011 g.

2.32 moles x 12.011 gfmole = 279 ¢
(g/mole means “grams per mole”)

Note that moles in the numerator and denominator cancel. The
answer is in grams.

4.5 Calculate the mass of 4.72 moles of Huorine atoms.
4.6 Calculate the mass of 0.140 mole of sodium atoms.
4.7 Calculate the mass of 0.821 gram atom of manganese.
4.8 Calculate the mass of 3.20 ton moles of Si.

f@ How many atoms are there in 20.00 g of boron? ‘f‘? s

1
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Solution: We know that there are 6.023 X 10% atoms in 1 mole of B,
If we know how many moles of B there are in 20 g of B we can then
multiply moles of B by 6.023 x 10*® atoms per mole. The atomic
weight of boron is 10.811. That means that there are 10.811 g in |
mole of B. Therefore

20g of B 20

= les of B
@) 10811 g of Bjmole of B 10811 " * i
20
_ FB x 6.023 x 102 astoms/male of B
@ TN moles o /
20

= —— % 6.023 % 10% gtoms
10.811

= 11" % 1028 atoms
= 1.1 x 10?* atoms

The entire calculation can be combined in one operation:

20¢g
10.811 gfmole

Note that grams cancel grams and moles cancel moles.
o,

@.10 An amount of 4.63 x 102! atoms is how many moles of Sn?
Solution: 6.02% % 102 atoms is 1 mole of Sn. Therefore, 4.63 x 1021
atoms is

% 6.023 % 1028 atoms/moie = 1.1 x 10% atoms"

4.63 x 102

m mUIe Of Sn

The detailed calculation would be
463 x 102 atoms 463 X 1021 o
6.023 x 10% atoms/mole  6.023 x 10
= 0.772 x 102 mole
= 7.72 % 10~ mole

ole

e

1\; How many grams of copper will contain 3.22 x 10* atoms of
coppet T
Solution: The atomic weight of copper is 63.54. This means that there
are 63.54 g of Cu in 1 mole of Cu. If we know how many moles of Cu
are represented by 3.22 X 10% atoms we can multiply these moles by

63.54 g of Cu per mole.

'
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We know that one mole contgins 6.023 x 10% atoms; cherefore, : and 37.00, respectively. If the chlorine was pure 3*fCl its atomic weight
3.22 % 102 atoms is ' would be 35.00. If it was pure 37Cl its atomic weight would be' 87.00.
Since 80.009, of the atoms are #5Cl and 20.009/ are 3’Cl the mass of the
M moles 357 is 0.80 x 35.00 or 28.00 and the mass of the 37Cl is 0.20 % 37.00
6.023 x 10%

or 7.40. The atomic weight of the mixture is then 28.00 -} 7.40 or
3.22 x 1024 35.40.

6.023 x 102 moles x 63.54 g/mole == 539 g ® 420 An element X whose atomic weight is 22.7 is a mixture of two

. . . . . ‘ isotopes with atomic masses of 24.1 and 22.5, respectively. Calculate the
The entire calculation can be carried out in one operation

relative abundance (mole percent) of each isotope in the mixture.
3.22 » 102 4t0ms

6.023 x 10% atoms/mole

% 63.54 g/mole = 339 g

4.12 How many atoms are there in 120 g of magnesium?
413 Calculate the mass in grams of 8.00 x 10% atoms of iron.

4.14 How many grams of chromium will contain 4.00 % 102 atoms
of chromiam?

415 How many atoms of sulfur will have a mass of 40.0 g? é

4.16 What fraction of a mole of aluminum atoms will contain
4171 » 1020 atoms?

4.17 How many atoms are there in 125 pound moles of nickel?

Solution: Since 11b=453.6g, 1251b moles — 125 x 453.6 gram
moles. One gram mole = 6.023 x 102 atoms. Therefore, the com-~
plete calculation is

125 pound moles x 453.6 gram moles/pound mole
% 6.023 % 10% atoms/gram mole = 3.41 x 102 atoms
4.18 How many atoms are there in 0.0260 ton moles of chromium?

# 4.19* A sample of chlorine consists of 80.00 mole percent of %Cl
with atomic mass 35.00 and 20.00 mole percent of 37Cl with atomic mass
37.00. Calculate the atomic weight of the chlorine in the sample.

Solution: The symbols #*Cl and 3°Cl refer to the two isotopes of
chlorine whose mass numbers are, respectively, 35 and 37 and whose
atomic masses, according to the facts given in the problem, are 35.00

* The arrow preceding the number denotes the more sophisticated problems,




When atoms combine to form compounds they always do so in definite
proportions by weight. Asa result, the composition of every pure compound
is definite and constant. This is the law of definite composition.

The definite composition of a particular compound is represented by
its chemical formula. To illustrate, it has been found by experiments that
22.9898 g of sodium will always combine with 35.453 g of chlorine to form
58.443 ¢ of common salt. From the table of atomic weights we learn that
22.9898 g is 1 gram atom of sodium, while 35.453 g is 1 gram atom of
chlotine. That means that sodium combines with chlorine in the ratio of
1 gram atom of sodium to | gram atom of chlorine to form the compound
sodium chloride. We represent 1 gram atom of sodium by the symbol Na
and 1 gram atom of chlorine by the symbol Cl. The formula for sodium
chloride is therefore NaCl. This formula, NaCl, means that the compound,
NaCl, is made up of sodium and chlorine combined in the ratio of 1 gram
atom of sodium to 1 gram atom of chlorine. Since, as has already been
emphasized, the symbol for an element refers to one mole of atoms of that
element, the formula, NaCl, means that the compound, NaCl, is made up

20

i
:
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of sodium and chlorine combined in the ratio of 1 mole of Na atoms to 1 mole
of Cl atoms. The expetimentally determined formula for hydrogen sulfide
is H,S, which tells us that in this compound the hydrogen and sulfur are
combined in the ratio of 2 moles of H atoms to 1 mole of S atoms. Similarly,
the chemical formula of every chemical compound that will be encountered represents
the experimentally-determined mole ratio in which the atoms of the clements
in the compound are combined. ,

The term molecule refers to the neuiral unit in which a substance exists
and displays its characteristics as a pure substance. In many instances the chemical
formula of a compound represents the actual number of atoms of cach
element in a single molecule of the compound. Thus a single molecule of
catbon disulfide, CS,, contains 1 atom of carbon in combination with 2
atoms of sulfur; the actual composition of each molecule is represented,
correctly, by the true chemical formula, CS,. Likewise, [1,S, CO, CO,, HC,
NHj, O3, CHy, CoHg, and H,O are true chemical formulas; they Teprosent
the actual number of atoms of each component element in a molecule of the
compound.

A great many compounds, however, exist as ions, not as molecules in
the scnse that a molecule is a neutral partidde of substance. Thus, every
crystal, handful, and barrelful of solid sodium chloride and every cubic
centimeter of melted NaCl is made up of many Nat+ and CI* jons but no
neutral NaCl molecules. For every Nat ion there is one Cl~ jon; the mass of
salt is neutral. The quantity of sodium chloride and the size of the crystal
may vary, but the ratio of sodium to chlorinc is constant and is correctly
represented by the empirical formula, NaCl. The same is true of the hundreds
of other salts, metal oxides, and metal hydroxides. Their formulas are
empirical formulas, not true chemical formulas; each represents the ratio
in which the elements combine but does not represent the number of
individual atoms in a single molecule of the compound. Since, in most
problems, the ratio in which elements combine is the important thing, the
fact that we do not know the true chemical formula of 2 compound causes
no real difficulty.

The sum of the atomic weights represented by the formula of a sub-
stance is its formula weight. If the true chemical formula of a substance is
known the formula weight is also the molecular weight. Thus, the formula
weights of NaCl and CS,, are, 58.443 and 76.139, respectively; 76.139 is the
molecular weight of CS,.

The number of grams equal, numerically, to the formula weight is the
gram-formula weight; expressed in pounds or tons it is the pound-formula
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weight or ton-formula weight. The formula weight of NaCl is 58.443; 58.443
grams is one gram~formula weight of NaCl, 58.443 pounds is one pound-
formula weight, and 58.443 fons is one ton-formula weight.

The number of grams equal, numerically, to the molecular weight, is
the gram-molecular weight; expressed in units of pounds or tons it is the
pound-molecular weight or ton-molecular weight. The molecular weight of
CH, is 16.043; 16.043 grams is one gram-molecular weight of CH,, 16.043
pounds is one pound-molecular weight, and 16.043 fons is one ton-molecular
weight.

Just as the symbol of an element, when used in a formula or an equa-
tion, represents one gram-atomic weight of that clement, so the formula of a
compound, when used in an equation, represents one gram-formula weight of that
compound. If the true chemical formula is known, this formula represents one
gram-molecular weight.

One gram-molecular weight of any substance contains6.023 % 108 molecules.
The reasoning that leads to this conclusion can be illustrated in the case of the
compound whose true chemical formula is CS,. 'This formula tells us that
I atom of C combines with 2 atoms of S to form 1 molecule of CS,. There-
fore 6.023 x 10 atoms {1 mole) of C must combine with 2 x 6.023 x
162 atoms (2 moles) of S to yield 6.023 % 102 molecules of CS,. Therefore
1 gram~-molecular weight of CS, must contain 6.023 x 10% individual
molecules. In a similar manner it can be rcasoned that 1 gram-molecular
weight of any substance whose true chemical formula is known contains 6,023 % 10%
molecules.

But 6.023 x 1023 units is, by definition, onc mole. Since the formula
represents one gram-molecular weight, since one gram-molecular weight
consists of 6.023 x 1023 molecules, and since 6.023 x 1023 molecules is
1 mole, the chemical formula of a compound, when used in any equation, represents
one mole of that substance. This is an important fact to remember.

We will define one mole of NaCl as that guantity of NaCl which
contains one mole of Nat ions and one mole of Cl- ions; since the symbol
for an element represents one mole of atoms of that element, the formula,
NaCl, will, in fact, represent one mole of NaCl. Likewise, one mole of

Na,SO, is defined as that quantity of Na,SO, which contains 2 moles of -

Na* ions and 1 mole of SO~ ions; the formula, Na,SQ,, does, in fact,
represent one mole of Na,SO,. The same line of reasoning can be applied
to all compounds which, like NaCl and Na,SQ,, exist as jons rather than as
discrete neutral molecules. Accordingly, the statement that the formula of a
compound, when used in a chemical equation, represents one mole of that
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compound applies to all compounds even though they may not exist as
discrete neutral molecules. -

Use of the term ““mole”

In the present-day use of the term mole, the symbol or formula for any
chemical substance, whether it is an element, a compound, or an ion, when
used in a formula or equation, represents one mole of that substance. So that
there may be no question about the identity of the mole of substance, its
symbol or formula should always be given. The following statements, each
of which represents correct usage of the term mole, will illustrate this point:

The formula, XClO,, tells us that 1 mole of KCIO, contains I mole
of K, 1 mole of Cl, and 3 moles of O.

One mole of KCIO,, when heated, will yield 1 mole of KCl and 1.5
moles of O,

One mole of Na,SO, contains 2 moles of Nat ions and 1 mole of
SO, ~ ions.

In the reaction represented by the equation, C + Oy = CO,, 1 mole
of C atoms combines with 1 mole of O, molecules to form 1 mole of CO,
molecules. A mole of CO, molecules can be considered to consist of 1 mole
of C atoms and 2 moles of O atoms.

In the reaction, Agt + Cl- = AgCl, the Ag* ions and Cl~ ions com-
bine in the ratio of 1 mole of Ag" ions to 1 mole of Cl~ ions to form 1 mole

of AgCi.

If the true chemical formula is known, the term “one mole”” means one
molecular weight, expressed in the proper units of mass. If only the cmpirical
formula is known, “one mole” means one formula weight.

Since the unit of mass commonly employed is the gram, the term
“mole’” will, unless otherwise stated, be understood to mean gram mole and
represents either the gram-atomic weight, the gram-molecular weight, or
the gram-formula weight. If the unit of mass employed is the pound or ton
we will have a pound mole or fon wmole. To illustrate, 1 mole of NaCl is
58.443 g and ! mole of CS,is 76.139 g. One pound mole of CO, is44.01 1b
and 1 ton mole of H,SO, 15 98.10 tons.
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Determining the formula of a compound

Attention has already been called, in one of the preceding paragraphs.

to the experimental facts and scientific reasoning which lead to the con-

clusion that the empirical formula for the compound, sodium chloride, i
NaCl. The formula of every compound that you will meet in d;)el istry
has bee-n determined experimentally in the same manner and b exacg[1 ISt}:Y
same kind of reasoning. Because it is imperative for the so]utionyof all fi ytt .
problems that the significance and meaning of the chemical form ;1‘-111)"3
clearly understood, the method used in the determination of a fi }1 will
now be discussed in detail. o tonme W}H
Let us remember, first of all, that the chemi
gives the ratio of the namber of atoms of eairf?lccy; ltizrgﬁéf;trs 21(1:?:}1? Pomd
pound. Since the ratio of the number of atoms of cach element in a nf ?m?
of the compound is the same as the ratio of the number of moles of to y ef
each elft-rnent in a mole of the compound, what we are trying to do v:homs .
determine the formula of a compound, is to find the mumber of ‘in W‘;
atoms of each element in one mole of the compound neee
Suppose we want to determine the chemical fos i
we synthesize pure water (prepare it from pure oigﬂ;rran;if ;3;‘?’13‘5(‘13; ey
We find, by a careful experiment, that 15.999 g of oxygen com{ine%:r:'n)};
exactly 2.016 g of hydrogen to form exactly 18.015 g of water. We ch ll':k
our results by analyzing (breaking down) these 18.015 g of wa'ter and -
find that they yield exactly 15.999 g of oxygen and 2.016 g of h’ dro .
The gram-atomic weight of oxygen is 15.999 g and the gram—atomiz Welgelfllr-:
of hydrogen is 1.008 g. That means that I gram-atomic weight (I rg
atomn) (1 mole) of O has combined with 2 gram-atomic wei ghts (@ e
atoms.) (2 moles) of H to form 1 gram-molecular weight ofg water nga}?l
chemical formula for water is therefore HyO. The subscript to th i he
and below the I1 means that there are 2 atoms of hydrogen (I:Jombine‘zf i?lvgtl:
l atom of oxygen. We obtained the 2, representing the number of atomslof
H, by dividing the 2.016 g of hydrogen by 1.008 g (the gram-atomic weigh
of hydrogen). That is, i e

2.016 g of H
1.008 g per gram atom of H
15.999 ¢ of O
15999 g per gram atom of O
Thercfore, the chemical formula is H,0.

= 2 gram atoms of H

=1 gram atom of O
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Since 1 gram atom of an element is 1 mole of atoms of that element,
the calculation given above can be represented as follows:
2016 g of H
1.008 g per mole of H

15999 ¢ of O
15.999 g per mole of O

= 2 moles of H

= 1 mole of O

Summarizing what we did in getting the formula for water, we pro-
ceed as follows in determining the empirical formula for any chemical
compound. _

1. Determine the exact composition of the compound, that is, the
mass of each element that combines, or the percent of each
element in the compound, either by analysis ot by synthesis.

9. Divide the mass of cach clement, or the percent of each element,
by its gram-atomic weight. The simplest ratio between the
quotients gives the empirical formula.

In Problems 5.1-5.10, which are designed to show how formulas are

determined, the results of the experimental analysis or synthesis will be given.
Only the subscquent calculations will be required.

Rounding off numbers

Up to this point the cxact values of the various atomic weights have

been used in making calculations. Since it is strongly recommended that 4

dide rule be used for alt calculations, and since the average slide rule reading

is not cxact beyond three op four digits, nothing is gained by using such

exact values. Accordingly, the “rounded off” values given in the table on
the inside front cover will be used in all future calculations.

A number is “rounded off” by dropping digits starting from the right.

In the case of atomic weights we will round off by dropping enough digits

so that there is only one digit to the right of the decimal place. Thus 39.096

becomes 39.1 and 35.457 becomes 33.5.

The following rules govern the rounding-off process:

1. When the digit dropped is less than 5, the pext digit to the left

remains unchanged. Thus 69.72 becomes 69.7, and 12.011 becomes

12.0.
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2. When the digit dropped is greater than 5, the value of the next

digit to the left is increased by 1. Thus 65.38 becomes 65.4 and 35.457
becomes 35.5.

3. When the digit dropped is exactly 5, 1 is added to the digit on the
left if that digit is odd but nothing is added if that digit is even.
Thus 95.95 becomes 96.0 and 51.75 becomes 51.8, but 55.85
becomes 55.8 and 51.65 becomes 51.6,

Significant figures

Before we proceed further with calculations, it is desirable that we
consider the question: To how many decimal places, if any, should we report
the answer to a problem? In other words, we would like to know how
many significant figures our answer should contain, A significant figure is
one that is reasonably reliable. Suppose you have a yardstick which is
divided into 36 one-inch units and suppose each inch is divided into tenths
of an inch, but there are no smaller divisions. Now suppose you wish to
measure the length of a table top using this yardstick. You can read the
stick accurately to tenths of an inch. Thus, if the length of the table fell

exactly on the twenty-eight and two-tenths mark, you could say the length

was 28.2 in. All three of these numbers would be accurate, all three would

be significant, and you would say that you had measured the length to three
significant figures. Suppose, however, that the length of the table doesn’t fall
exactly on the 28.2 mark but falls somewhere between 28.2 and 28.3. You
estimate that it falls two-tenths of the distance between 28.2 and 28.3, and
you report the length as 28.22. The last digit in this four-digit number js not
exact because you had to estimate its value. So your answer still has only
three absolutcly significant figures, 28.2. If you were asked to report the
length to the strictly significant figures only, you would report 28.2, not
28.22. However, experience has shown that e
made are so close to being exact that they are considered to be significant
and can be recorded as such. In other words, in the average careful measure-
ment which involves taking a reading on a graduated scale of discernible
length or width, the first estimated digit is considered to be significant and
can be recorded. So, under ordinary circumstances, you would be justified
in reporting the length of the table top as 28.22 in.

Suppose that this table whose top you have measured happens to stand
end to end with a fine stainless-steel bench which you have just received

stimates of the sort that you
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from the National Bureau of Standards. The top of this benc}:1 ha:is be-ei
carefully machined and has been measured by the Bureaun of Stanl ar4s'w1t'
a very accurately graduated rule and is certified to be exactly 31.96 hm. 13
length. The Burcau of Standards measurcment is of such precision tk a; ;:,:
five digits in the number 31.964 are significant. Now you are asked to
report the combined length of your table and the _bench. The quegt;gn is,
will the combined length be reported as 60.184 in. (31.964 4+ 28.22) or
60.18 in.? The answer is 60.18 in. The rule is t}.lat the sum canhhavc nc:is m?}tl'z
significant figures than the least signiﬁcant otf its E:rts. In other words,
i its least accurate part.
o lsl\?(:wri?ll;pics?;ajs i&?sr}ll to calculate the Iziro:a of the above table top.
You have already found its length to be 28.22in. You mcasure_th; Wldtﬂ
and report it, justifiably, as 20.16 in. To get the area in squire Elc es *irlc;l 1
multiply 28.22 % 20.16 and get 568.9152. The question is, what %urc sh i
you report? The answer is 568.9 sq in., and the rulfa is that the. pls:‘o uct ; dal !
contain no more significant figures than are present in the multiplier v;r:t o
least number. Tn other words, the product can be no more exact than teg
Jeast exact multiplier. By the same rule the Prod‘uct- of 1.56 x 1.7?6;: ;}epo];' 4
as 2.78, not as 2.7768. Only three digits are mg{uﬁca.nt, s0 2.7768 has t.cc
rounded offto 2.78 in accordance with the rules given in the previous section.
In division also, we apply the same rule, namely, that-thc ans;vs:r c;n
be no morc accurate than the least accurate of: the terms mvoLve ;;1 2t ©
operation. It follows, therefore, that the quoticnt obtal}led when 2 ;S
divided by 47.24 is 1.61, not 1.613. The quotient obtained ‘when (;xaéog
200 s divided by exactly 3 is 66.66 . .. 6, because Jf the 200 is exact 8r ’
and the 3 is exacily 3, the numbers can be written 200.000 = 3fn
3.0000. . .0, respectively. In other words, a whole num‘ber hfa}s,_m nixg: ity,
an unlimited number of significant figures. The question o s;dg_ tt::lance
comes into the picture only when the number is the result, either directly or
indi 1 ment.
mdlrc'cIt‘}?; sjglfiy(;f(c)gll ;ifa:;ruining that it does in fact represent, correctly,
some measured value, has three significant figures, while thc; Iél:ln'lber 131;4::
has four significant figures. Ziros to the 16% of. ah%r:;p r;*he 1;5;2 Sat; ot
ted as significant figures but zeros to the right are. ;
f:f;:u:lserve onigy to locate the decimal point. The quotient glz)tf??u;ec%) ;:i:fst
0.00134 is divided by 0.023 Wogld be reported as 0.057, not 0.0573,
two significant figures. o
e 2$c21(1)1?60134- h%s three significant ﬁgurc{s,‘ 1.34 % 1075, whl;:ga ﬁs equa(l)
to 0.00134, also has three significant figures. Likewise 1.5 X 1072 has tw
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significant figures, and the product of 2.32 and 1.5 x 10-20 will be '

3.5 x 10-20,

The number 6.023 X 102 has four significant figures. It illustrates the
fact th.at a more realistic picture of the degree of precision can be conveyed
by writing large numbers in exponential form.

The question may arise as to why a number as small as 1.22 x 10-15
moles can ha've as many significant figures as the larger number, 235 g{mole.
The answer is that, even though, in the first number, the unit 1 x 10715, is
very small, we are certain that we have 1.22 such units (not 1.2 or 1.223).
In the number, 235, the unit is large, but we are only certain that we have
235 of‘ these units. In an exponential number the exponential term defines
the umtlof measure while the non-exponential term defines the number of
these units; the latter determines the significant figures.

‘ .The upshot of all this discussion is that the answer obtained in multi-
plication or division of fractional or mixed numbers should never have
any more digits than the number with the least number of significant digits.
'Ithfl: answer obtained in addition or subtraction should never have any more
dTgfts to the right of the decimal point than does the number with the least
digits to the right of the decimal point.

Certain refinements of the above rules must be considered in specific
cases, but they need not concern us in this book.
~ The answers to all problems in this book are rounded off to the nearest
significant figure. It should be stated, also, that all answers in this book have
been obtained by slide-rule calculation and are, accordingly, subject to the
normal chance of slight variation present in all slide-rule calculations. A
student should never feel that he must duplicate the answer to the problem
exactly. The correct method of solution is more important than the identi-
cally correct answer.

A slide rule should be used when solving problems. Longhand calcu-
lations are much too laborious and time-consuming.

Calculation of the formula of a compound

PROBLEMS
. 5.1 It was found that 56 g of iron combined with 32 g of sulfur.
culate the formula of the compound that was formed.

S"l"m‘m-'f The formula of 2 compound gives the number of moles of
atoms of each element in one mole of the compound. The atomic

i
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weight of iron is 56 and of sulfur is 32. Therefore, 56 g is 1 mole of
Fe and 32 g is 1 mole of 8. Therefore, Fe and S are combined in the
ratio of 1 mole of Fe to 1 mole of S. Since 1 mole of iron atoms is
represented by the symbol, Fe, and 1 mole of sulfur atoms by the
symbol, S, the empirical formula for the compound, iron sulfide, is

FeS.
5.2 When heated, 43392 g of a pure compound yielded 401.22 g of
mercury and 32 g of oxygen. Calculate the empirical formula of the

compound.

Solution: To find the number of moles of atoms of each element
present, we will divide the quantity in grams of each element by the
imass of | mole of atoms of the element, that is, by the atomic weight of

that element.

40122 g of Hg
- = 2 moles of H
200.61 g of Hg per mole of Hg moles oL HS
32gof O

16 g of O per mole of O

= 2 moles of O

The formula would thus appear to be Hg,O,. However, since we are
interested in getting the simplest formula (the empirical formula), we
will take the simplest ratio. Since 2 is to 2 as 1 is to 1, the empirical

formula is HgO.

5.3 When burned, 4.04 g of magnesium combined with 2.66 g of
oxygen to form 6.70 g of magnesium oxide. Calculate the empirical formula
of the oxide.

Solution: 'T'o find the number of moles of Mg in 6.70 g of magnesium

oxide we will divide themass in grams of the magnesium by the gram-

atomic weight of Mg, and to find the number of moles of O we will
divide the mass in grams of the oxygen by the gram-atomic weight

of O.
4.04 fM
moles of Mg = §Or Ve = 0.166 mole of Mg
24.3 g per mole of Mg
66 O
moles of O = 266g o = 0.166 mole of O

16.0 g pet mole of O

Therefore, the magnesium. and oxygen are combined in the ratio of
0.166 mole of Mg to 0,166 mole of O, But0.166 is to 0.166 as I isto 1.
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Therefore, the simplest formula i MgO. The formula represents the

simplest whole-number ratio of the moles. In this case the simplest
ratiois I to 1.

5.4 A pure compound was found on analysis to contain 31 9%, potas-~
sium, 28.9%, chlorine, and 39.29/ oxygen. Calculate its empirical formula.

Solution: To say that a compound contains 31.9%, potassium, 28.9%
chlorine, and 39.29/, 0xygen 1s equivalent to saying that 100 g of the
compound contain 31.9 g of potassium, 28.9 g of chlorine, and 39.2
of oxygen. Therefore, to find the number of moles of each element in

a mole of the compound, we will divide the percent of each element
by its atomic weigh.

_ 319gof K
T 391 g/mole of K
ol — 289 g of Cl
~ 35.5 g/mole of Cl
_ 392gof O
16 gfmole of O

The mole ratio of K to CJ
this, we divide all three of

= 0.815 mole
= 0.815 mole

= 2.45 moles

to O is 0.815 to 0.815 to 2.45. To simplify
these numbers by the smallest.

- 0.815 - 0815 : 2.45
T 0815 T 0815 T 0815

The simplest formula of the compoundis, therefore, KCIO,,

3.5 A sample of 2.12 g of copper was heated in oxygen until no
further change took place. The resulting oxide had a mass of 2.65 g. Cal-
culate the empirical formula of the oxide.

5.6 It was found that 10.0
of K, 3.33 g of Cl, and 3.02
compotund.

g of a pure compound contains 3.65 z
g of O. Calculate the empirical formula of the

3.7 A compound contains 29.19/

sodium, 40.59, sulfur, and 30.49/,
oxygen. What is its empirical formula?

58 In the laboratory 2.38 g of copper
sulfur. In a duplicate experiment 3.58 g of cop
of sulfur. Are these resultsin agreement with the |

combined with 1.19g of
per combined with 1.80 g
aw of definite composition ?
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59 A compound was found on analysis to contain 21.6%, magnesiium%
27.99% .phosphorus and 50.5%, oxygen. Calculate the empirical formula o
- (8] b
the compound.

519 Tive pure chemical compounds, when carefully analyze}éll, Cia;e_:
the res:.ﬂts shown below. Calculate the empirical formula for eac

pound.

(2) 621.6 g of lead; 64.0 g of oxygen.

iron; f oxygen.
(b) 2.24 g of iron; 0.96 g o .

; : 11,49 nitrogen.

(c) 58.5%, carbon; 4.1, hydrogen; 26.0‘%; oxygenr,l %
{d) 52.3%, carbon; 13.0% hydrogcn; 34.7 /Uoox?;gc : 619, oxygen
() 14.09% potassium;9.7%, aluminum; 30.2% silicon; 46.1%

Calculations from the formula of a compound

PROBLEMS

511 Calculate the formula weight of KCL N
Solution: The formula ‘weight is the sum’ of the atomic ;;lef 5o
the atoms represented by the formula. The atomic weig

39.1. The atomic weight of Cl is 35.5.

39.1 - 35.5 = 74.6

5.12 Calculate the formula weight of KCIC.):,. .
Solution: 'The formula shows that KCIQ3 is made up E) OP;ZSSium t(;
chlorine, and oxygen combined in the ratio of 1 at:o:)rrli1 0 ‘Eei s Yo
1 atom of chlorine to 3 atoms of oxygen. The formula e g

sum of the masses of the’atoms represented by the formu .

1K = 3%9.1
1Cl=35.5
30 =480

formula weight = 122.6

513 Calculate the formula weight of Alg(S(?e;) g o sl
Solution: The chemical formula, Al,(SO,),, indicates t ?;ti;ed in the
sulfate is made up of aluminum, sulfur, and Ofyglcfl‘l C(::I;l 12 atoms of

i f aluminum to 3 atoms of sultur to e
f)i;oge(;xf ?Tf: I;Cs)f“ — radical'is enclosed in parentheses with a subscrip
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3 outside the parentheses. This means that the radical is taken three-

times. The subscript 2 applies only to the aluminum atom: the
subscript 3 applies only to the SO, radical.

2Al= 540
385 = 96.3
120 =192.0

formula weight = 342.3

‘{;5.14 }What is the mass of a mole of H,$0O,? \ i i

i A i . N
Solution: A mole is the mass in grams of the elements represented by

the formula of a substance. Therefore, to find the mass of a mole of

HeSO, we simply find the sum of the gram-atomic weights of its
constituent atoms.

2H= 20¢g
185=321¢g
40 =640g¢g

_ mole of H;SO, =981 g
(515} Calculate the mass of 0.0200 mole of K,Cr,0,.

SO

Solution:  One mole of K,Cr,O, can be calculated (see Problem 5.14)
to be 294.2 g. :

0.0200 mole x 294.2 g/mole = 5.88 g
Note that moles cancel, giving the answer in grams.

5.16 ‘What fraction of a mole of CH, is 7 g of CH,?
Selution:  One mole of CH, is 16.0 g.

7¢gof CH, 7 le of CH
16 g of CH,/1 mole of CH, 16 ¢ 0t &t

Note that g of CH, cancel, giving the answer as moles of CH,.
5.17  An amount of 20 g of NH, is what fraction of a2 mole of NH,?
518 What fraction of a mole of CO is 12.0 g of CO?

319 An amount of 120 g of CO, is how many moles of CQ,?
Solution:
120 g of CO,
44 g of CO,/1 mole of CO, 2.7 moles of CO,
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520 How many moles of NapSQO, are there in 240 g of Na,50,?

521 How many moles of P are there in 2.4 moles of Py0;,?

Solution: The formula P40y shows that 1 mole of P,Oy contains
4 moles of P.
meee 4 moles of P

T —96moles of P
1 mole of P,Oy,

2.4 moles of P,O44 X

Note that moles of P,O5, cancel, giving the answer as moles of P.

5.22 How many moles of § are there in 265/310.3 mole of As,Sy?

Solution: 1 mole of As,Sy contains 5 moles of S.

265 5 moles of S

mole of As,S; X

T T = 42T molesof §
310.3 1 mole of AsyS;

523 How many moles of C are there in 0.283 mole of KFe(CN),?
524 How many moles of H are there in 8.6 moles of N H,?

5.25 How many moles of CCl, will contain 2.4 moles of C1?

Solution:
2.4 moles of Cl

4 moles of Clj1 mole of CCl,

= .60 mole of CCl,

Note that moles of Cl cancel, giving the answer as moles of Cdl,.

5.26 Iow many moles of CgHs will contain 23 moles of ¥1?
5;7\3 How many molecules are there in 2.70 moles of H,;S?
\‘N;Sﬁw:;on: One mole of 1,8 contains 6.023 x 10% molecules.
6.023 x 102 molecules of HyS

1 mole of H,S

= 1.62 % 102 molecules

2.70 moles of H,S X

Note that moles of H,$ cancel, giving the answer as molecules.
528 How many molecules are there in 0.0372 mole of CO?

529 How many moles of CH, will contain 4.31 x 102 molccules of
CH,?
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Solution:

4.31 x 10% molecules of CH,
6.023 x 10* molecules of CH,/mole of CH,

= 71.5 moles of CH,

3.30  How many moles of NH; will contain 5.16 X 102 molecules of
NH,?
3.31  How many molecules of SO, are there in 200 g of SO, ?

Solution: 'The molecular weight of SO, is 64.1. Therefore, 200 g of
SO, is 200/64.1 moles of SO, : )

200
S moles of SO, X 6.023 x 102 molecules/mole of SO,

= 1.88 x 10% molecules
532 How many molecules of CH, are there in 1.25 g of CH,?

5

533 How many grams of CO, will contain 5.10 x 102 molecules
of CO37"

Solution:  One mole of COy has a mass 0f 44.0 ¢ and contains 6.023 x
102 molecules.
5.10 x 102 molecules
M fCO, =
oles o 6,023 x 10 molecules/l mole of CO,

= 8.49 moles of CO,
= 364 g of CO,

44.0 g of CO,

8.49 mol T mole of CO,
moles of CO, x I mole of CO,

The above calculations, in one operation, are:

3.10 x 10* molecules of CO, 44.0 g of CO,
6.023 x 10% molecules of CO,/1 mole of CO, * 1 mole of CO,
— 364 g of CO,

The calculation can also be carried out as follows:
44.0 g of CO,
6.023 x 10% molecules of CO,
=364 g of CO,

Note that, in the above calculations, moles of CO, cancel moles of
CO, and molecules of CO, cancel molecules of CO,.

3.10 x 10% molecules of CO, x
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534 Calculate the mass in grams of 9.00 x 1022 molecules of SO,

5’;;} The mass of 2.60 moles of a compound is 312 g. Calculate the
molecilar weight of the compound. -
Solution: The molecular weight is the mass in grams of 1 mole.

312¢g
2.60 moles
molecular weight = 120

= 120 g/mole

Note that any fraction, when solved, expresses the value per one unit.

3l2¢g

i = ole.
Thus, in the above calculation, TE0 moles 120 g per one m

536 A 62 mole sample of a compound has a mass of 1054 g.
Calculate the molecular weight of the compound.

537 A 0.040 mole sample of a compound has a mass of 1.2g.
Calculate the molecular weight of the compound.

538 How many grams of salfur are there in 2.20 moles of HyS?

Solution: One mole of H,S contains 1 mole of S. One molg of S has

f352.1 g.
B e 5 1 mole of S 321gof§

— 70.6 OfS
2.20 moles of H,S$ X T mole of H,5 X Tmole of § &

Since it is obvious that one mole of H,S contains 32.1 g of S, the second
factor in the above equation can be omitted to give

32.1 g of S

e 706pofS
2.920 moles OfE'IzS X 1 mole of H,S &

5.39 How many grams of sulfur are there in 1.67 moles of P,S83?

540 How many moles of SiO, will contain 50.0 g of oxygen?
541 How many moles of O are there in 182 ¢ of KClO4?

Solution:
e 182 g of KCIO, 3 moles of O
" T nole of KCIO
122.6 g of KCIO,/mole of KCIO; 1 mole o 3
= 4.46 moles of O

542 How many moles of S are there in 0.0142 ¢ of CS,?
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543 How many grams of SbySs will contain 4.80 moles of .

5.44 How many grams of oxygen are there in 120 g of CuO?

Selution:  One mole of CuO contains 1 mole of O.
Therefore, moles of O — moles of CuQ.

The formula weight of CuO is 795 Th
9. Therefore, 120 ¢ of CuO j
120/79.5 moles of CuO. Therefore, there are 120f79.5 m%)les of uO ’

120
—— moles of O x 1608 of O

79.5 I mole of O

=242¢0 of O

The entire calculation can be carried out in one operation.
120 ¢ of CuO I mole of O
79.5 g of CuO/mole of CuO * ] mole of CuO

16.0g of O
I mole of O
5.45 How many grams of phosphorus are there in 160 g of P,0,,7

Solution: One mole of P,O
P =4 x moles of P,Oy,.

160 g of P,0,, 160
-___M —_— —
284 g of P,0,y/mole of P,0,, 284 mole of P40y,

=242g0of O

10 contains 4 moles of P. Moles of

moles of P = & x 160
284
4 x 160 31.0g of P
~—g—moleof p x "B Y
264 Tmole of p — 088 of P
The solution, in one operation, is
160 g of P,0,, 4 moles of P

— 5“4
284 g of P,0,,/mole of POy, x I mole of P,0,,

31.0g of P
I mole of P

How many grams of S are there in 0.163 g of Na,5,0,?

= 69.8¢ of P
5.46

547 How many grams of oXygen are there in 1.64 g of K,Cr,0,?
348 How many grams of S5O; will contain 2.00 g of oxygen?
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549 Calculate the percent of carbon in CO,,.

Solution: By definition percent means parts per 100 parts by mass.
So all we need do in this problem is find how many grams of C there
are in 100 g of CO,; the answer will then be the percent of C in pure
CO,. A more gencral definition of percent is that it is the ratio of the
number of parts by mass of the particular thing you want to find to
the parts by mass of the whole thing, That is,

mass of the C in CO,

mass of the CO,

A mole of CO, has a mass of 44.0 g and contains 12.0 g of C. There-
fore,

percent of Cin CO, =

120g of C
44.0 g of CO,
This gives a decimal (fractional) percent. To change this to the
standard notation, we simply multiply by 1009,. Doing the whole
calculation in one operation

percent of C in CO, = = 0.273

petcent of Cin COy = i_i—g x 1009, = 27.3%,
The general form of this relationship is:
percent of an element in a compound
mass of the element in the compound
" " formula weight of the compound

X 1009,

5.50 Calculate the percent of oxygen in:

(a) Feo(SOy)s

(b) (NH,),CO,

5.51 What is the percent of chromium in K,Cr,0,?
5.52 For the compound C;H;NO, calculate:

(2) moles of CHNO, in 200 g of CII;NO,

(b) grams of C in 5.00 moles of CH;NO,

(c) grams of C in 200 g of C;H;NO,

(d) grams of C per 10.0 g of N

() moles of O in 150 g of CHNO,

{f) moles of C;HNO, which contain 5.0 g of N

{g) grams of C;H;NO, which contain 0.500 mole of C
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(h) molecules of CgHNO, in 3.00 g of C,;H,NO,
{i) atoms of Cin 3.00 g of C;H,NO,

(j) the percent of carbon

(k) atoms of N per atom of C

(I) grams of H per gram of C

(m) grams of C per mole of I

5.53 How many pounds of combined sulfur are there in 600 1b of
Na,S0,?

pound contains 2 moles of Na, 1 mole of S, and 3 moles of O. Since
the atomic weights of Na, S, and O are 23.0, 32.1, and 16.0, respectively,
the formula weight of Na,SO, is 126.1. That means that the 3 elements
are combined in the ratio of 46.0 parts by mass of Na, to 32.1 parts by
mass of §, to 48.0 parts by mass of O to give 126.1 parts by mass of

Na,SO;. In other words, 126.1 parts by mass of Na,SO, will contain _

32.1 parts by mass of S. Now it doesn’t matter whether we express the
parts by mass as grams or pounds or tons, as long as we use the same
units throughout. That is, 126.1 g of Na,SO, will contain 32.1 g of
sulfur, 126.11b of Na,SO, will contzin 32.11b of sulfur, while
126.1 tons of Na,SO, will contain 82.1 tons of sulfur. It makes no
difference what units of mass we use; it is always true that 126.1 parts
by mass of Na,SO; will contain 32.1 parts of the same unit of mass of
S, and 32.1/126.1 X any mass of Na,SO, = mass of S. Therefore,
321

T96.1 X 6001b = 153 1b

We can also express the calculation as follows:

3211b of S
126.1 Ib of Na,SO,

600 1b of N2,50; x = 153 1b of §

Keep in mind that the second term in the above expression means
“32.11b of § per 126.1 Ib of Na,50,."

5.54 How many tons of Fe,O4 will contain 12.0 tons of Fe?

W 5.55 Dealer A sells NaClO bleach at 80 cents per pound of NaClO
content. Dealer B sells the same identical bleach at $1.00 per pound of CIO
content. Which dealer offers the better bargain?

Solution: The formula, NaySO,, tells us that one mole of the com-
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56 The element M forms the chloride, MClI,. This chloride contains

) 5‘ - -
75‘.:)% chlorine. Calculate the atomic weight of M, knowing that the
atomic weight of chlorine is 35.5.

Solution: What must be the numerical value of the term,

o/, of M/atomic weight of M ]
9/, of Clfatomic weight of Cl

57 The elements X and ¥ form a compound which is 40% X and

» 2 ht of X is twice that of Y. What is the

60%, Y by mass. The atomic weig
empirical formula of the compound? - .
Solution: Assign some value, 1 for instance, for the atomic weight

of V. The atomic weight of X will then be 2. Then proceed as in
Problem 5.4.

# 5.58 The metal M forms two chlorides, MCI, lznd MCL,. MCl,
contains 50.9 mass percent M and 49.1% Cl. MCI, contains 4-6‘.4-% M and
53.6%, Cl. The atomic weight of Cl is 35.5. Calculate the atomic weight of
M an(()i the formulas of the two chlorides. . o

; bers. Calculate the ratio, bfa.
Solution: a and b are small whole num
T‘L: :;lues of a and b and the atomic weight of M can then be calculated.
Tn making the calculations note that, for M_Cla, mass of M/mass of
chlorine = 50.9/49.1; mass of M=1x atomic weight of M, and mass
of chlorine = ¢ X atomic weight of Cl. Similarly, for MCl, (1 %

at wt of M)j(b % at wt of Cl) = 46.4/53.6.

NaCl contains 38.97 mass percent of soéium.
The relative abundance {mole percent) of the two chlqrme 1so§?7p§g 1;102}16
sample are: 3$5C], atomic mass .35.00, 80%: 37Cl, a_tomlc n;gs(s)o . d, X N/ﬂ_
The sample contains the two isotopes, ?2Na, atomic masfs h. , an " a,
atomic mass 23.00. Calculate the relative abundance of the two sodium

isotopes in the sample.

% 5.59 A sample of pure

® 560 Three pure compounds are formed when l-gram. portions of
element X combine with, respectively, 0472 g, 0630 g and 0.789 g of

clement Z. The fisst compound has the formula, XyZs. What are the

empirical formulas of the other two compounds? How does the atomic

weight of X compare with that of 2.2 | ' .
Solution: Arbitrarily assign some convenicnt value, 0.50 for instance,
for the atomic weight of X. Then proceed as in Problem 5.56.




Boyle’s Law

We know from experience that if pressure is applied to any gas, to the air in

a football, basketball, or tennis ball, for example, the volume of the gas will:

be decreased. As the pressure goes up the volume goes down; that is an
inverse proportion. If we double the pressure, keeping the temperature
constant, the volume will be reduced one half. We can state, therefore, that,
at constant temperature, the volume of a mass of gas is inversely proportional to
the pressure. This is Boyle’s law. If we call P, the original or first pressure and
V1 the original or first volume, then if the pressure is increased to a second

value, P, the volume will be decreased to a second value Vo We can
represent the change as follows:

P 2
1
.
1
Va

The pressure goes up, from P, to P,; the volume goes down, from Vito V.
As already stated, this is an inverse proportion because as one increases the

40
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other decreases. That is,

P,V

Pl V‘E

or v, p,
V2 Pl

This is the formula for Boyle’s law. It tells us that, at constant temperature,
the volume of a mass of gas is inversely proportional to the pressure.

Standard pressure

The pressure on a gas is usually expressed in units of miilimeters'()}f
mercury or atmospheres. A pressure of 740 mm means t}f' %fcsilre Wl}uc 1
iquid mercury 740 mm high. At sca leve
would be exerted by a column of liqui :
here is 760 mm of mercury. A pressure
h rage pressure of the atmops '
f)fCT%‘E}Cmfn E‘. therefore, called standard pressure. A pressure of 760 mm is

; s atmosphere, o ,
Ic{errc'{'ihgofzilgﬁing pr}:)blems will illustrate the application of Boyle's law.

PROBLEMS

6.1 A gas has a volume of 500 cc at a pressure of 700 mm of mercury.

What :volumc will it occupy if the pressure is increased to 800 mm, the
. 9

temperature remaining constant? o ,

¢ Solution: One way of solving will be to substitute in the Boyle's

law equation
! t V¥ p,

Ve Py
The first volame, ¥, = 500 cc.
The second volume, V,, is what we want to find.
The first pressure, Py = 700 mm.
The second pressure, Pp = 800 mm.
Substituting these values in the formula, we have

500 cc 800 mm
vV,  700mm
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Solving,
. 500 cc X 700 mm

_ —4
2 800 mm 37 cc

Solving by substitution in the Boyle’s law formula is an acceptable
method as long as we understand the formula in the first place and
are careful to keep our values straight,

A second way of solving will be to reason that since the volume is
going to be changed by the changc in pressure, the new volume will
be the result of a pressure effect on the old volume. That is,

new volume = old volume X a pressure effect

The “pressure effect” will be the ratio of 800 mm to 700 mm. We
know, since the pressure has gone up from 700 to 800, that the volume
must have gone down. That is, the answer {the new volume) must be
less than 500 cc. If the new volume is going to be less than 500, the
“pressure effect” by which we multiply the old volume (500 cc) in the
formula '

new volume = old volume % pressure effect

must be less than 1. But the pressure effect is the ratio of 800 mm to
700 mm. Now 800/700 = 1.14, which is greater than 1, and 700/800 —
0.875, which is less than 1. (If the numerator is greater than the de-
nominator the value of the ratio is greater than 1. If the numerator is
smaller than the denominator the value of the ratio is lesss than 1.)

Therefore, to get the correct new volume, we will multiply 500 cc by
700 mm{800 mm. That is,

700
new volume == 500 cc x —mm 437 cc
800 m

This, you will notice, is exactly the same combination of terms as we
obtain in the final step of our solution by substitution in the formula.

Of the two methods, the solution by reasoning is the more desirable
one.

6.2 The volume of a gas is 800 liters at 750 mm and 20°C. What
volume in liters will it occupy at 710 mm and 20°C9 '

6.3 Thevolumeofa gas is 20 cu ft at 600 mm and 0°C. What volume
in cu ft will it occupy at 1000 mm and 0°C 9
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6.4 A mass of hydrogen gas has a volume of 1200 liters at a pressure of
one at;nospherc. To what value in atmospheres must the pressure be
changed if the volume is to be reduced to 2.00 liters?

6.5 A stecl cylinder in which compressed helium gas is kcpt&las 23
interior volume of 1.20 cu ft. When it was opened and the gas was a o'\:d X
to escape into a dry storage tank ata pressure of 800 mm, t}lllel_gas occuptlo as
volume of 420 cu fi. Under what pressure in mm was the heliom gas s

in the cylinder?

The effect of change of temperature

When a gas is heated it expands. That is,lwhen the temperatutieaf(zzz
up the volume increases. This is direct proportion, so we c}ein :ZZl hat the
volume of a gas varies directly as the temperature. Wiacn the thepvolume
increases the volume increases. When the temperature decreases

decreases.

Absolute zero

Suppose we were to take exactly 273 cc of some gas, heliur?ffor

example, at exactly 0°C and at some constant Precsisurc, sal)lr 750 xl?m. luzz
: i note how the vo

| this gas, keeping the pressure constant, and T : :

f:lc':;)ngcs tlgle results obtained will be as summarized in the following table:

WHEN 'FHE TEMPERATUEE 1§ THE VOLUME OF THE GAS IS
° 273 cc
-—(i"g 272 cc
—2°C 271 cc
—3C 270 cc
—4°C 269 cc
—5°C 268 cc
—10°C 263 cc
—20°C 253 cc
—100°C 173 cc
—200°C 73 cc
—250°C 23 cc
—270°C Jcc
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Notice that the volume has decreased by 35 of the volume at 0°C for

each degree drop in temperature. If the volume were to keep on shrinking -

at the same rate, then at —273°, the volume would be zero. Since cooling
below —-273°C would, on the basis of these data, give a volume less than
zero, and since it is reasonable to assume that there is no such thing as negative
volume, it can be concluded that —278°C is the lowest tetnperature theo-
retically possible. Therefore, —273°C is designated as absolute zero. (The
exact value is —273.15°C. The value, —278°, is sufficiently accurate for all
calculations in this book.) It is represented by the notation, 0°K. K means
degrees Kelvin. Notice that absolute zero is 273° below Celsius ‘zero.
Zero degrees Celsius is therefore 273°K, and 273°C is 546°K. In other
words, to change Celsius temperature to absolute temperature expressed
in degrees Kelvin we simply add 273° to the Celsius reading.

Charles’ law

If we had taken the 273 cc of helium gas at 0°C and heated it we would
have found that, at 273°C, the volume would have increased to 546 cc.
That is, at 0°C the volume is 273 cc while at 273°C it is 546 cc, or just twice
as great. But 0°C is the same as 273°K (absolute) and 273°C is the same as
546°K. When we double the absolute temperature (from 273°K to 546°K)
we double the volume (from 273 cc to 546 cc). That means that the volume
of @ mass of gas, at constant pressure, is directly proportional to the absolute tem-
perature. This is Charles’ Law. The formula for Charles’ Taw is

v, Ty
vV, T,

Standard temperature

Zero degrees Celsius is referred to as standard femperature. Standard
temperature (0°C) and standard pressure (760 mm) are commonly referred
to by the notation STP. The following problems illustrate the application
of Charles’ Law.

PROBLEMS

6.6 A gas occupics a volume of 200 cc at 0°C and 760 mm. What
volume will it occupy at 100°C and 760 mm ?
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Solution: Since the pressure is constant, this is a prob%em involving’
temperature change only. We can solve by substituting in the Charles

Law formula,
vy Ty

Ve T
V, =200 cc; Ty = 273°K {0 4 278%); T, = 373°K (100 4 273°).
200cc 273°K

v, 873K
V. e 200 cc X 378K _ 273 cc
2 273°K

This problem can also be solved by applying the follf)wing logical
reasoning: since the change of absolute temperature will change the

volume, we can say that

new volume = old volume X a temperature effect
The temperature effect is the ratio of the old and new absolute tempera-
tures. In this particular problem the temperature goes up. Therefore,
the volume must increase. To get a larger volume, the old volume

must be multiplied by a factor greater than 1. That means that the

larger of the two absolute temperatures must go in the numerator.
So we write
73°K
new volume = 200 cc X TR 273 cc

6.7 The volume of a gas is 600 cc at 12°C. What volume will it
occupy at 0°C, pressure remaining constant?

6.8 The volume of a gas is 20.0 cu ft at —20°C and 750 mm. What
volume will it occupy at 20°C and 750 mm?

» 6.9 A mass of helium gas occupies a volume of 100 liters at 20°C. If
the volume occupied by the gas is tripled, to what must the temperature be
changed in order to keep the pressure constant?

Change of pressure and temperature

By combining the formulas for Boyle’s law and Charles’ law we get
the general formula expressing the change of volume with change of pressure
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and change of temperature.

0 Kl _ T, x P,
V., T, XD,
Equation (1} can be transposed to give Equation (2).
(2) lel — V2P2
T T,

This equation tells us that if we know the volume of a mass of gas at one
temperature and pressure we can calculate its volume at any other tempera-
ture and pressure. We can also reason logically that .

new volume = old volume X a temperature effect X a pressure effect

Using the combined formula or the combined logic we can calculate volume
changes resulting from changes in both pressure and temperature,

It should be noted that no gas obeys Boyle’s and Charles” laws per-
fectly over all ranges of temperature and pressure; that is, no gas is
“perfect.” The higher the temperature and the lower the pressure the more
nearly “perfect” every gas is in its response to changes of temperature and
pressure. It will be assumed in the problems in this book that all gases are
perfect and that Boyle’s and Charles” laws are obeyed. at the temperatures
and pressures encountered.

PROBLEMS

6.10 ‘The volume of a gas is 200 liters at 12°C and 750 mm. What
volume will it occupy at 40°C and 720 mm ?
Solution:
12°C = 285°K
40°C = 313°K
new volume = old volume x temperature effect X pressure effect

Since the temperature increases, the volume must théreby be increased.
Therefore the temperature effect is greater than 1, so the larger absolute
temperature goes in the numerator. The pressure decreases, therefore
the volume must be increased, so the larger pressure must go in the
numerator of the pressure effect factor. This gives us the relation

313°K 750 mm

= 229 1;
285°K>< 550 o 229 liters

new volume = 200 liters %
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We can also solve by substituting in the general formula
Vo T, Py
200 liters  285°K. x 720 mm
Ve,  $13°K x 750 mm

313°K x 750 mm
285°K. x 720 mm

= 229 liters

7, = 200 liters x

6.11 The volume of a dry gasis 50.0 liters at 20°C and 742 mm. What
volume will it occupy at STP?

® 6.12 At what temperature will 2 mass of gas whose volume is 150
liters at 12°C and 750 mm occupy a volume of 200 liters at a pressure of 730

mm?

# 6.3 A gasina 10.0 liter stecl cylinder is under a pressure of 4.00 atm

. at 22.0°C. If the temperature is raised to 600°C what will be the pressure on

the gas?
Note: From the combined gas law formula
ViPy Vil
T, Ty

it follows that, when the volume is kept constant, the pressure exerted
by a given mass of gas is directly proportional to the absolute tempera-
ture.

® 614 A mass of helium gas contained in a 700 ml vessel at 710 mm
pressure and 22°C is transferred to a 1000 ml vessel at 110°C. What
is the pressure in the 1000 ml vessel?

® 6.5 A cylinder contains helium gas at a pressure of 1470 Ib per sq in.
When a quantity of helium gas which occupies a volume of 4 liters at a
pressure of 14.7 Ib per sq in. is withdrawn, the pressure in the tank drops to
1400 1b per sq in. (Temperature remains constant.) Calculate the volume
of the tank.
Solution: Let X = the volume, in liters, of the cylinder. Since the
pressure drops from 1470 to 1400 when the quantity of gas is removed,
this quantity must have exerted a pressure of 70 lbs when confined to a

e
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volume of X liters at the constant temperatare. Since we know that
this quantity of gas exerted a pressure of 14.7 Ibs when confined to a
volume of 4.00 liters we can solve for X by applying Boyle’s law.
Note that we are concerned only with the pressure exerted by the gas

that was removed, since it is the gas which is confined in the 4.00-Jiter
vessel.

If the volumes occupied at very high temperatures and very low pres-
sures by one-mole {one-gram molecular weight) samples of a great many
different gases are converted to volumes at STP by application of Boyle’s
and Charles’ laws, the average value of these volumes at STP is 22.4 Liters,
This leads to the very important generalization that one gram-molecular weight
(one mole) of any gas occupies a yolume of 22.4 liters at standard temperature and
pressure (0°C and 760 mm). The figure, 22.4 liters, is referred to as the molar
volume or the gram-molecular volume. Since 1 mole of any gas occupies 22.4
liters at STP, it follows that the weight in grams of 22.4 liters of any gas at
STP is the molecular weight of that gas.

Since one mole of any gas occupies a volume of 22.4 liters at STP, and
since the gas laws apply equally to all gases, it follows that, at the same
temperature and pressure, equal volumes of all gases contain the same number of
moles of gas.

This leads to the conclusion that, for different volumes of gases at the same
temperature and pressure, the number of moles of a gas is directly proportional to the
volume of that gas. Thus, if at constant temperature and pressure, gas A
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occupies a volume of 100 liters and gas B occupies a volume of 50 liters, the

number of moles of A is twice the number of moles of B,

It can also be concluded that ot a given terperature and in a given volume
of gas, the pressure is directly proportional to the number of moles of gas. Since the
number of moles of gas in a given volume is the molar concentration of that

gas, it can be stated that, at a given temperature, the pressute exerted by a gas
is directly proportional to its molar concentration,

The fact that 1 mole of any gas occupies a volume of 22.4 liters at
STP enables one, with the 2id of Boyle’s and Charles’ laws, to calculate the
mass of any volume of a gas and the volume of any mass of that gas
under any conditions of temperature and pressure provided, of course, that
its true chemical formula and, hence, its true molecylar weight is known,

1t should be noted that He, Ar, Ne, Kr, and Xe are monatomic gases;
their molecular weights cqual their atomic weights. The other elementary
gases, Hy, Oy, Ny, Fy, Cl,, Bry, and I, form diatomic molecules.

PROBLEMS

7.1 What volume in liters will 2.71 moles of He gas occupy at STP?

Solution: The molar volume of gasat STP is 22.4 liters. 'That means
that 1 mole of He will occupy a volume of 224 liters at STP.

22 4 liters
mole

Note that “moles” cancel, leaving the answer in “licers.”

2.71 moles x = 60.7 liters

7.2 What volume in liters will 0.362 moles of CO gas occupy at
STP?

7.3 A volume of 6.34 liters of CH, gas, measured at STP, is what
fraction of a mole of CH,? '

Solution:  22.4 liters of CH, at STP is 1 mole
Therefore, 6.34 liters is 6.34/22.4 mole = 0.283 mole

6.34 liters 0.983 mol
224 liters/mole ~ mote

Note that “liters” cancel, leaving the answer in “moles.”

7.4 Avolume of 50.0 liters of H,S gas, measured at STP, is how many
moles of H,§7
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Solution:
50.0 liters

——— = 2.23 moles
22 4 liters/mole

7.5 How many moles are there in 18.3 liters of FIF gas at STP?

7.6 A volume of 65.2 liters of NO, gas, measured at STP, is how
many moles of NO,?

7.7 What volume in liters will 100 g of CH, gas occupy at STP?

Solution: 1In solving this problem our first question is “How many
moles of CH, are there?”. We know that one mole of a gas occupies
a volume of 224 liters at STP. Therefore, if we know how many
moles of CH, gas there are in 100 g of CH,, we can multiply this
number of moles by 22.4 liters/mole.

The molecular weight of CH, is 16. Thercfore, 100 g of CH, is
100/16 moles

T moles ¥ ————" = 140 liters

The complete calculation, in one operation, is:

100 g of CH, 22.4 liters of CH,

X = 140 liters of CH,
16.0 g of CH,/mole of CII, 1 mole of CH,

Note that “g of CH,” and “mole of CH,” cancel.
7.8 What volume in liters will 40.0 g of 1ICI gas occupy at STP?
7.9 Calculate the volume in liters of 0.853 g of CO gas at STP.

7.10  Calculate the mass in grams of 40.0 liters of NO gas at standard
conditions.

Solution: In solving this problem our first question is “How many

moles of NO do we have?”. If we know the number of moles, we can

multiply this number of moles by the number of grams of NO in

1 mole.

22 4 liters of NO at STP is 1 mole. Therefore, 40.0 liters at STP is

40.0/22.4 moles of NO. '

The molecular weight of NO is 30.0.
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Therefore,
40.0 30.0 g of NO
~=— moles of N —— =53,
5yg moles o O x Tmole oF NG 6 g of NO

The entire solution can be carried out in one operation, as follows:

40.0 liters of NO y 300g of NO 53.6 o of NO
224 liters of NOfmole of NO * 1 mole of NO &0

7.11 Calculate the mass in grams of 120 liters of CO, gas at STP.

712 A volume of 62.5 liters of C,H, gas, measured at 0°C and
760 mm, will have a mass of how many grams?

713 What volume will 65.0 g of NO gas occupy at 27.0°C and a
pressure of 700 mam ?

Solution: We will first find the volume which 65.0 g of NO will
occupy at STP in the manner described in Problem 7.7. We will
then convert this volume from STP to 27.0°C and 700 mm by using
the combined gas laws in the manner illustrated in Problem 6.10. The
calculations, in one operation, are

65.0 g of NO 224 liters  300°K 760 mm

DT g8l
50.0 g of NOJmole "~ 1mole ~« 273°K 700 mm fiters

Note that all units except “liters” cancel,

7.14 What volume in liters will 27.2 g of CH, gas occupy at —13.0°C
and 800 mm ?

715 What volume in liters will 100 g of NH, gas occupy at 27.0°C
and 730 mm ?

7.16 A quantity of C,H, gas occupies a volume of 100 liters at 37°C
and a pressure of 720 mm. Calculate the mass in grams of this gas.

Solution: M we know the volume which this C,I1, will occupy at
STP, we can then calculate its weight, since we know that 1 mole of
CyH, occupies a volume of 22.4 liters at STP.

We will first calculate the volume which 100 liters, measured at 37°C
and 720 mm, will occupy at STP in the manner described in Problem
6.10. Knowing the volume at STP, we can calculate the mass of this
volume of C,H, in the manner described in Problem 7.10. The
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calculations, in one opetation, are:
273°K. 720 mm o 1 mole of C,H,
3I0°K 760 mm «  22.4 liters
28.0 ¢ of C,H,
1 mole of C,H,

100 liters x

= 104 g of C,H,

Note that all units except “g of C;H,"” cancel.

7.17 Calculate the mass in grams of 6.24 liters of CO gas measured at
22°C and 740 mm.

718 Calculate the mass in grams of 100 liters of SO, gas at 40.0°C
and 740 mm.

719 How many grams of nitrogen are there in 100 liters of NO
measured at STP?

Solution: In solving this problem we first ask “How many moles of
NO are there?”. Knowing the number of moles of NO we can easily
calculate the number of grams of N; since | mole of NO contains 14.0
g of N. The formula, NO, tells us that there is 1 mole (1 gram-atom})
of N in I mole of NO. One mole of N has a mass of 14.0 g. 100 liters
of NO is 100/22.4 moles of NO and 100/22.4 moles of NO contain
100/22.4 moles of N.

100 14.0 g of N

e —_— — 625 fIN

24 moles of N x ol of N 25go0
The solution, in one opcration, is

100 liters of NO y 1 mole of N
22 4 liters of NOJmole of NO " 1 mole of NO
140 g of N
—_— . — 6250 of N
X 1 mole of N o

Note that all units except “g of N cancel.

7.20 A volume of 65.0 liters of H,S, measured at STP, contains how
many grams of S?

721 How many liters of CO, measured at STP, will contain 10.0 g
of oxygen?
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Solution: Knowing that one mole of CO contains 1 mole (16 g} of
O, we will first calculate the number of moles of CO that will contain
10 g of O. Then we will calculate the volume, ac STP, of this number
of moles of CO. The entire calculation, in one operation, is:

[00g of O y 924 liters of CO
16.0 g of Ofmole of CO © 1 mole of CO

= 14.0 litces of CO

] 7.22 How many liters of SO,, measured at STP, will contain 50.0 g
of §7

723 A volume of 100 liters of CH, gas, measurcd at 35°C and
0.90 atm, contains how many grams of H?

Solution: We will first calculate the volume of the CH, at STP.
Then we will calculate the number of moles of CH, in this volume
then the number of moles of H in this number of moles of CH ’
finally the mass in grams of this number of moles of H. The enti;:a
calculation, in one operation, is: :

273° o 0.90 atm y 1 mole of CH,
308° ° 1.00 atm * 22.4 liters of CH,

9 4 moles of H o 1.0gof H
{ mole of CH; " 11nole of H

100 liters of CH, %

= 14gofH

7.24 A volume of 56.0 liters of C,H, gas, measured at 160°C and
600 mm, contains how many grams of carbon?

‘ 7.25 How many liters of C,H, gas, measured at 25°C and 745 mm
will contain 10.0 g of carbon? ,

Solution: Knowing that 1 mole of CgH, contains 24 g of C we will
first calculate how many moles of C,H, will contain 10 g of C. Then
we will caleulate the volume of this number of moles of C,I, at STP.,
Finally, we will calculate the volume of this C,H, at 25°C and 745 mm.
The entire calculation, in one operation, is:

10.0 g of C | 224 liters of C,H,
24.0 g of Cfmole of C,H, 1 mole of C,H,
298° 760 mm

K= — e 1
7756 X T 10.4 liters of C,H,
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7.26 How many liters of SO, gas, measured at 85.0°C and 500 mm,
will contain 52.5 g of oxygen?

727 A volume of 2.00 liters of a gas, measured at STP, has a mass of
5.71 g. Calculate the approximate molecular weight of the gas.

Solution: The molecular weight of a gas is the mass in grams of

1 mole of the gas. One mole of a gas occupies a volume of 224 liters

at STP. Therefore, the molecular weight of a gas is the mass in grams

of 22 4 liters at STP.
We can reason that, since 2.00 liters have a mass of 5.71 g, the mass of

1 liter will be 5.71/2.00 ¢ and the mass of 224 liters will be 22.4 %
5.71/2.00 g. The calculation, in one operation, is:
37 g 22 4 liters

= 640 1
2.00 liters 1 mole gfmole

Since the gas laws are not exact, the molecular weight calculated in this
manner is not exact.

7.28 A volume of 6.82 liters of a gas, measured at STP, has a mass of
9.15 g. Calculate the approximate molecular weight of the gas.

7.29 A volume of 2.38 liters of a gas, measured at 97°C and 720 mm,

' has a mass of 2.81 g. Calculate the approximate molecular weight of the gas.

281¢g 29 4 liters

575 790 mm . 1 mole

9,38 liters X oo X oo
LS X 3965 760 mm

730 A volume of 1.36 liters of a gas, measured at 22°C and 740 mm,

has a mass of 2.623 g. Calculate the approximate molecular weight of the
P

= 37.8 g/mole

gas.
731 Twelve liters of dry nitrogen gas, measured at 22°C and 741 mn,

have a mass of 13.55 g. Calculate the formula for a molecule of nitrogen gas.

7.32 What volume will 100 g of chlorine gas occupy at STP?
Solution: 'The formula for a molecule of chlorine gas is Cl,. The
atomic weight of chlorine is 35.5 and its molecular weight is 71.0.
Therefore, 100 g of Cl, gasis 100/71.0 moles and occupies a volume
of 100{71.0 x 22.4 liters at STP.

# 7.33 Flask A contains 20.0 liters of CH, gas. Flask B contains 30.0
liters of CO gas. Fach volume is measured at the same temperature and
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pressure. If flask A contains 6.18 moles of CH,, how many moles of CO are
there in fask B?

Soluiion: At the same temperature and pressure, the number of
moles of gas is dircctly proportional to the volume of the gas. Since
the volume of B is 1.50 times the volume of A the number of moles of
CO in B will be 1.50 times the moles of CI, in A.

® 7.3¢ I£25.0 g of CH, gas occupy a volume of 30.0 liers at a certain
temperature and pressure, what volume in liters will 50.0 g of CO, gas oc-
cupy at the same temperatute and pressure?

# 7.35 A volume of 40.0 liters of pure O, gas, measured at a certain
temperature and pressure, was found to contain 40.0 g of oxygen. A volume
of 60.0 liters of CH, gas, measured at the same temperature and pressure,
will contain how many grams of CH, ? ’

® 7.36 Two gases, A and B, have molecular weights, M and My,
Suppose a certain number of grams of A is placed in a 100iter evacuated
container and an cqual number of grams of B is placed in another 100-liter
evacuated container. The gases in both containers are at the same tempera-
ture. How are the pressures in the two containers related to the molecular
weights of the two gases?

Solution: At constant temperature and volame, the pressure exerted
by a gas in a container is dircctly proportional to the number of moles
of gas in the container. The number of moles of a gas is obtained by
dividing the number of grams of the gas by its molecular ‘weight,

® 7.37 A certain number of grams of CO gas was placed in one evac-
uated container. An equal number of grams of CO, gaswas placed ina second
evacuated container whose volume was the same as that of the first, The
temperature of the gas in each container was the same, The pressure of the
CO was 20.0 mm. What was the pressure of the CO, gas?

The ideal gas law equation, PV— pRT

As has already been stated, the combined effect on the volume of 2 gas
of change of temperature and pressure can be expressed by the equation
(1} Boly =
Ty T
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This equation tells us that if we know the volume V,, which a specific
mass of gas occupies at pressure, Py, and absolute temperature, Ty, we can
calculate the volume, ¥, which this mass of gas occupies at some other
pressure, P, and temperature, T.

As has been pointed out in the early part of this chapter we do know
that a specific amount, one mole, of an ideal gas occupies a volume of 22.4
liters at 273°K and 760 mm. (1 atm). Sincc we are assuming in our calcula-
tions that all gases arc idcal, we can state that one mole of any gas occupies a
volume of 22.4 liters at 273°K and 760 mm. That meansthat, m Equation (1)
above, for one mole of any gas V, = 22.4 liters, Py = 760 mm, and T, =
273°. That means that, for one mole of any gas, PgV/ T, is always equal to
(760 mm x 22.4 liters){273 deg; that is, PyVyfT, is constant. If we
calculate the value of this constant we find that, when Py is 760 mm,

" N 22.4 [ieers y 760 mm liters X mm
ORI E T ole © 273 deg . muole X deg
When P, is 1.0 atm
h cant — 22.4 liters N L.O0atm liters X atm
¢ COmsnt = T ole - 275 deg " mole X deg
If we call this constant R, then Equation (1) becomes
Py
2 R=—
@ .

It was stated that ¥ is the volume occupied by one mole at pressure P
and absolute temperature T, For # moles of gas the volume will be n x 17,
Therefore, for n moles of gas,

: PV

(%) =R
and
(4,) PV = uRT

Equation {4) is the Ideal Gas Law Eguation.

PROBLEMS

7. 7.38 What volume will 45.0 g of CH, gas occupy at 27°C and
800 mm?
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Solution: “We will solve by substituting in the equation, PV = #RT.

450g 450

fi=molesof CHy ————""5 _ _ "~
16.0 g/fmole  16.0

moles

P =800 mm
T = 300°K
liters x mm
624 ——
_ #RT 450 mole X deg X 300 deg
V=— =_—_moles x
p 16.0 800 mm
= 65.6 liters

Note that moles, mm, and deg cancel.

77.39  The hydrogen gas in 2 2.00-liter steel cylinder at 25°C was under
a pressure of 4.00 atm. How many moles of H, were in the cylinder ?

Solution:
PV == uRT
_ %1 _ 4-(1)0 atm X 2.00 liters 053 mole

Note that liters, atm, and deg cancel.

1. 740 What pressure, in atmospheres, will 26.0 g of He gas exert when
placed in a 3.24-liter steel cylinder at 200°C?

Solution:
PV =wuRT
aRT 260 1
P _ g . 0.082 liters X atm y 473 deg
|24 4.0g mole X deg * 3.24 liters
1 mole

= 78 atm
Note that g, liters, deg, and moles cancel,

7-41 Calculate the mass in grams of the pure H,$ gas contained in a
60.0-liter cylinder at 20°C under a pressure of 2.00 atm.
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Solution:
PV =naRT
PV
"TRT
g of H1,S

n = moles of H,S =

34.1 g of H,S/mole

gof H,S PV 2.00 atm X 60.0 liters
341 gfmole  RT li
34.1 gfmole RT 0,089 eI X atm oo deg
mole X deg
34.1 2.00 at 60.0 lic
g of HS = lg * lit:r:n xxatm —
PO 0,082 —— "2 ¢ 903 deg
mole X deg
=170g

Note that mole, atm, liters, and deg cancel.

742 Calculate the mass in grams of 200 liters of COy, gas at 20°C
and 746 mm.

Solution: The perfect gas law formula, PV = aRT, enables us to
calculate either n, P, V, or T, provided the values of the other three
terms are known.

743 Calculate the volume in liters occupied by 200 g of CO gas at
22°C and 740 mm.

7.44 A 25.0-liter cylinder contains 14.2 moles of helium gas 2t 40°C.
What is the pressure in atmospheres of the helium gas?
; :

7.45 How many grams of carbon arc there in 22.4 liters of CH, gas
at 2.0 atm and 546°K ?

7.46 A cylinder containing 85 g of stcam at 200°C shows a pressure of
4.0 atm. What is the volume of the cylinder in liters?

747 A storage tank contains 20.0 liters of dry oxygen gas at 27°C and

60.0 atm pressure. Calculate the mass in kilograms of the oxygen gas
in the tank.

748 A volume of 22.40 liters of H,S gas measured at 273°C and
4.000 atm will contain how many molecules of HyS?
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7.
- 4d.‘) A volume of 120 cc of 2 dry gaseous compound, measured a¢
and 749 ™0, has 3 g 0f 0.820 ¢, 3y
ular Weight of the gas,

8. Calculate the approximate molecn
Solutiop .

W formula, Knowing that the
Hantity of ,
be Calculatedq Y of gas is 0,890 g

B 7 i
Rl :gc At a given temperatyre 19 8 of CO gas was placed in one
container .]?Etamer and 40, g of CH, 8335 was placed jn 4 second evacuated
Was 600 . € Pressure of the CO in its Container was 800 mm, of the CH,

S gmfn- alculate the relative volumes of the two containers,
on: f;); cach gas, pp #RT. Since R and T are the same for
bo Py
oth Zases, w for CH, — Py for CO. The ratio of the two volumes
an thep b Calculaged,
o 7.51

See SOIutIOH to Problem I12-50-
A 2 O..hter
tWiCC

atm o 257?) A rigid 40-Titer Container js filfed with N
avalve gy the container is o
: W mapy Tt

remams Constant 4¢ g 7"’g(3a~mS Of" N
will thjs N

2 8as Occupy
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ineti ules is calculated from
kinetic encrgy of gas molec'
> l Thli]?:rig;tvﬂ, and is directly proportional to the absolute
the fOl‘mur;l ’ If 11, gai molecules move at an average specd of 1.20[}?%2 gc; sec
ten;{i])gg}aguwilat will their average speed, in km per sec, be at 19 ?
at ]

Densities of gases

he mass of a definite volume of gas is referred to as th‘e a’ensitydof t'ftlc

. Céﬂ finite volume that is commonly used in expressing t}}e ensity

g Thc. ; 1}?1 22.4 liters or 1 liter. Tn the first instance the density of any

of e e ;ams of 22.4 liters of that gas; it is expressed‘as 50 many

gus is the masi 1“;1 %s But the mass in grams of 22.4 liters at STP is the gram-

grams per 22-_ 111t60% the gas. It follows, therefore, that t-he density of a gas

moleculiﬂf rar er 22.4 liters is cqual numerically to its grar‘n—molccui_ar

at .STP = gramflepdemity of any gas at STP is equal, numerically, to its

Welght.l Smcci tht it follows that the densities o f two gases at the same tempera-

iﬂ;i::f ;i;:vfnf% a;e fo each other as their r;olecul:g ';Vg%?tzb t
The density of a gas in grams per :tcha2 D

by di\’;i‘iing;:?tirg?: I;iiﬁﬁﬁ?f }fl:;]:::/cssed in units of moles per liter.

e

ained very simply

PROBLEMS

7.56  What is the density of C,11, gas at STP?

i is the f a unit volume of the gas.

on:  'The density of a gas is the mass o .
St:utwnl-umz rformall?z/ selected is either the molar volume, 92 4 hteFS,
L elvl?ter One mole of C,H, at STP weighs 25.0 g and OCCT'I;IiS
g; 4 liters: Therefore, the density is 26.0 g per 22.4 liters or 1 .16 g/liter.

7.57  Calculate the density of CO gas at STP in gfliter.

7.58 Calculate the density of SO, gas at 40°C and .730 mm .
Solution:  Density of a gas is commonly e_xpressed in units o gfli er%
, to find the density of SO, we will find the mass jn grams o
Th_ﬁl'ef()f;b‘;(é and 730 mm. We will first find how many moles there
lrifl:tg ;;tliter of SO, at 40°C and 730 mm by using the formu_la
PV
"TRT
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To find grams of SO, we will then multi
(the gram-molecular weight of SO,).

Since g of SO, = # moles x 64 gimole, and n = EK
RT
g of SO, — if{ y 64 g of SO,
o RT 1 mole
Substituting:
¢ of SO, — 1730 mm X 1 liter y 64.0 g of SO, 9.4
iters X mm -8
2.4 1 mole %
mole X deg X 813 deg

The density is 2.4 gfliter.
7.59  Calculate the density of CH, gas at 120°C and 0.600 atm.

7. i

HGO Ata given temperature and pressure, which is heavier, 20.0 liers
¢ or 20.0 liters of O,? How many times as heavy?

Solution: At the same temperature and pressure the densities of two

gases are to each other as their molecular weights. At the same tem-

perature and pressure equal volu i
mes of two gases contain the
sa
number of moles of gas. s e

o 7"6}11 éf th_e density of He gas is 0.026 g/liter at a certain temperature
at is the density of Ne gas at the same temperature and pressure? ,

of C,

2 7.62 A gas which has a density of .
2 mol
of 44.8 atm will be at what temperatzrc? moles per liter under a pressure

® 7.63 The density of a gas is 3 moles per liter at 273°C. The gas is |

under what pressure?

a:; T’i’;64 A given mass of helium gas, which occupied a volume of 2 liters
» was allowed to expand to a volume of 4 liters by changing the

InPCl' ur PIESSHL‘ hat ty at tlle CW telllpﬁratllre an.d
te A e alk €. W was Its dCIISl
n

Partial pressure: Dalton’s law of
partial pressures

The'
. ¢'reason Why' a gas can occupy space and exert pressure is that the
mole ules are in m%tlon. We have learned that one mole of any gaseous
ance contains 6.023 x 10% molecules. Si
' : . Since one mole of any gas
occupies a volume of 22.4 liters at 0°C and 760 mm pressure, it followys tgat

ply n moles by 64 g/mole
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when 6.023 % 10% molecules of a gas are confined to a volume of 22.4 liters
at 0°C they will exert a total pressure of 760 mm. Now if onty half that many
molecules are placed in a 224-iter container at 0°C, they will exert only
half that pressure, or 380 mm.

Suppose we place one half a mole of CH, gas and one half 2 mole of
CO, gas together in a 99 4 liter container at 0°C. {CO, and CH, do not
react with cach other.) The half mole (3.011 x 10% molecules) of CH, will
exert a pressure of 380 mm, and the half mole of CO, gas will also exert
a pressure of 380 mm. The two gases together will exert a pressure of
760 mm.

'The pressure of 380 mm exerted by the half mole of CH, is refetred to
as the partial pressure of the CH,, and the pressure of 380 mm exerted by the
CO, is the partial pressure of the COy. One half, or 50 mole percent, of the
molecules are CH, molecules and one half, or 50 mole percent, are CO,
molecules. CH, provides half the molecules and exerts half the pressure;
CO, provides the other half of the molecules and exerts the other half of the
pressure. We can conclude from this that, in a mixture of gases, the partial
pressure of a gas is directly proportional to its mole percent and that, in a mixture
of gases, the partial pressure of a gas in the mixture is equal to the product of its mole
percent and the total pressure of the mixture of gases. In a mixture of gases the
total pressure is the sum of the partial pressures of the gases in the mixiure.

In a mixture of CH, and CO, in which half the molecules are CH,
and half are CO,, the mole fraction of the CH, is 0.5 and the mole fraction
of the CO, is also 0.5. Mole fraction is, therefore, the decimal equivalent
of mole percent. That is

les of A
mole fraction of A = mo’es ot 4
total moles

In a mixture of 2 moles of CH, and 3 moles of CO, the mole fraction
of CH, is 0.4 and the mole fraction of CO, is 0.6. If the total pressure of a
mixture of 2 moles of CH, and 3 moles of CO, is 800 mm the partial
pressure of the CH, (Pep,) s found to be 320 mm and the partial pressure
of the CO, (Pgo,) is 480 mm. But 320 mm is 0.4 X 800 mm and 480 mm
is 0.6 % 800 mm. That means that in a mixture of gases, the partial pressure
of a gas is equal to its mole fraction times the total pressure.

P, = mole fraction of 4 X Pygeas
(P4 means partial pressure of A.)

From what has been stated above we can conclude that the partial
pressure of a gas is directly proportional to its mole fraction. "This is Daltor’s Law
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of Partial Pressures. ‘This law is sometimes expressed as: In a mixture of two
gases, A and B, the partial pressure of A is to the partial pressure of B as the mole
Jraction of A is to the mole fraction of B.

P, mole fraction of A

P; mole fraction of B

We can conclude that in a mixture of non-reacting gases, for any one
of the gases:

. mole fraction = pressure fraction
an

mole percent — pressure percent

This means that the relative number of moles of a gas in a mixture is
equal to its relative partial pressure. Thus, if a mixture of 0.2 mole of e
gas and 0.4 mole of Ne gas exerts a total pressure of 1500 mm, 1 of the pres-
sure (500 mm) will be exerted by the He and % of the pressure (1000 mmy}
will be exerted by the Ne. Likewise, in a mixture of 0.2 mole of CH, and
:X moles of CO,, if the partial pressure of the CH, is 18 mm and of the CQ,
is 45 mm, there must be 45/18 x 0.2 mole or 0.5 mole of CO,.

It should be emphasized that, in a mixture of non-reacting gases, each gas
behaves exactly as it would if it alone were present. The other gases have no effect
on its behavior. Its partial pressure is the pressure that it wonld exert if it alone
occtipied the volume.

PROBLEMS

7.65 In a gaseous mixture of CH, and C,H, there are twice as many-
moles of CH, as C,H,. The partial pressurc of the CH, is 40 mm. What
is the partial pressure of the C,H,?

Solution: 'The partial pressure of CoHy is directly proportional to the

number of moles of C,H,.

7.66 I‘n a gaseous mixture of CH,, C,H,, and COy, the P‘;“:ti?11 pressure
of the CH, is 50%, of the total pressure. What is the mole fraction of the
CH, in the mixture? .

Solution: Mole fraction = pressure fraction.

7.67 In a mixture of gases, A, B, and C, the mole fraction of A is
0.25. What fraction of the total pressure is exerted by gas A7

7.68 A mixture of 2.0 x 103 molecules of N, and 8.0 x 10%
molecules of CH, exerts a total pressure of 740 mm. What is the partial
pressure of the N, ?
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769 In a mixture of 0.200 moles of CO, 0.300 moles of CH,, and
0.400 moles of CO, at 800 mm, what is the partial pressure of the CO?

770 1f the 200 cc of H, gas contained in a cylinder under a pressure
of 1200 mm are forced into a cylinder whose volume is 400 cc and which
already contains 400 cc of CH, gas under a pressure of 800 mm, what will
be the total pressure exerted by the mixture of H, and CH, gases inthe 400 cc
cylinder?

Solution: 'The total pressure will be the sum of the partial pressures.

771 A steel cylinder whose volume is 2 liters is filled with nitrogen
gas at 22°C and 740 mm. Two liters of neon gas and 2 liters of helium gas,
each volume measured at 22°C and 740 mm, are then forced into the cylinder,
the temperature being kept constant at 22°C. What is the pressure of the
mixtute of gases in the cylinder?

7.72 The partial pressures of the four gases contained in a 6-liter
cylinder at 1007°C were: COy = 63.1 atm; H, = 21.1 atm; CO = 84.2
atm; H,0O = 31.6 atm. How many grams of CO, gas were there in the
cylinder?

Solution: Since, in a mixture of gases, each gas exerts the pressure
chat it would exert if it alone occupied the volume, we can ignore the other
gases and calculate, by the use of the equation, PV = #R'T, how many grams
of CO, gas would exert a pressure of 63.1 atm when placed in a 6-liter
cylinder at 1007°C.

® 7.73 A reaction vessel contained 5 kiters of a mixture of N, and O,
gases at 25°C and 2 atm pressure. The oxygen in the mixture was completely
removed by causing it to oxidize an excess of clectrically heated zinc wire
contained in the vessel to solid ZnO. (Solid ZnO is nonvolatile.) The
pressure of the nitrogen gas that remained in the vessel, measured at 25°C,
was 1.5 atm. What was the mole percent of oxygen in the original mixture;
the mass percent ?

Solution: When V7 and T are constant, the number of moles of a gas

is directly proportional to its parcial pressure. Therefore,

moles of O, .50 atm 0.50
= . Mole 9, of O, = —— % 1009, = 25%,.
moles of N  1.5atm ole %5 of O3 2.0 % Yo

To convert mole percent to mass percent convert moles of O, and N,

. 0.50 x 32
to grams. Mass %, of Oy = (0.50 x 32) } (1.5 x 28)

% 1009, — 28%,
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The‘ fact that we do not know the exact number of moles of O, and.
N, is not important. The significane fact is that the number of moles

of N, is three times the number of moles of O,. Once we know the

mole ratios in which substances are present, the mass ratios and mass

percents can then be calculated,

-.’ 7.74 1In a gaseous mixture of equal grams of CH, and CO what is the
ratio of moles of CH, to CO? What is the mole fraction of CH,?
Solution: Let X = g of CH, — g of CO

Moles of CH, = X/16. Moles of CO = Xj28
moles of CH, X/l 28
moles of CO X/28 ~ 16

moles of CH, 28
moles of CH, -+ moles of CO 44

Note that, in a mixture of equal grams of two gases, the number of
moles of the gases are in the inverse ratio of their molecular weights.
The fact that we do not know the exact number of grams or moles is
not important. The significant thing is that we know the mole ratios

Mole fractions and mole percents represent mole ratios, -

N
Mole fraction of CH, —

= (.64

= 7:75 A mixture of 50.0 g of oxygen gas and 50.0 g of CH, gas is
placed in a container under a pressure of 600 mm. What is the partial pressure
of the oxygen gas in the mixture?

Solut'ion: The partial pressure of a gas is proportional to its mole
fraction. Therefore, we must first find the number of moles of 0O,
and CH, in the mixture.

50.0¢
32.0 g/mole

50.0 g
16.0 g/mole
total moles = 1.56 + 3.12 — 4.68 moles

moles of O, = == 1.56 moles of O,

moles of CH, = = 3.12 moles of CH,

mole fraction of O, — 1_5_6
4.68
partial pressure of O, = mole fraction of O, X total pressire
1.56
:L@XGOOmm:2OOmm ;
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® 7.76 Ina gaseous mixture of equal grams of CyHg and COy the partial
pressure of the C,H, is 22 mm. What is the partial pressure of the CO,?

#® 7.77 Tn a gaseous mixture of CO, and CO the partial pressure of
CO, is twice the partial pressure of CO. Calculate the ratio of grams of
CO, to grams of CO.

® 7.78 How many grams of pure CO gas would have to be mixed with
40 g of pure CH, gas in order to give a mixture in which the partial pressure
of the CO is equal to the partial pressure of the CH,?

B 7.79 In a mixture of 64 g of CH, gas and 56 g of CO gas under a
pressure of 1200 mm at 40°C, what is the partial pressure of the CH,?

w 7.80 A certain sealed flask, at a given temperature, contains a mixture
of 3.20 g of CH, gas, 7.00 g of CO gas and 19.8 g of CO, gas. The partial
pressure of the CH, gas is 240 mm. Calculate the partial pressure of the CO
gas and the total pressure of the mixture of 3 gases.

% 7.81 Exactly 1.100 g of carbon dioxide were introduced into a 1-liter

flask which contained some pure oxygen. The flask was warmed to 100°C
and the pressure was found to be 815 mm. Ne chemical reaction occurred.

Calculate the mass of oxygen in the flask.

B 782 A gascous compound Y contains 85.7% C and 14.39, H. In
a mixture of equal grams of gaseous Y and gaseous CH, the total pressure
is 1450 mm and the partial pressure of the CH, is 1050 mm. Calculate the
chemical formula of Y.

® 7.83 Tor the gascous compound whose true chemical formula is
C,H, calculate:

(a) grams in 1.00 mole
(b) moles in 60.0 g
(c) gram atoms of carbon in 6.0 moles

El

{(d) gram atoms of carbon in 75.0 g

(e} grams of carbon in 2.20 moles

(f) grams of carbon in 12.00 g

(g) atoms of hydrogen in 3.00 moles
(h) atoms of carbon in 20.0 g

(i) grams of carbon per g of hydrogen
(i} grams of hydrogen per g of carbon
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{k} atoms of hydrogen combined with 60.0 atoms of carbon
() atoms of hydrogen combined with 40.0 g of carbon

(m) volume of 3.00 moles at STP

{n) volume of 32.0 g at 18°C and 752 mm

(0) moles in 140 liters of the gas at STP

(p) mass of 100 liters of the gas at 20°C and 700 mm

{q) density of the gas in gfliter at STP

(r) percent of carbon

(s} partial pressure of C,Hy in a i \
o gascous mixture of equal
CH, and CH, at 750 mm dual masses of

(t) density of the gas in gfliter at 80°C and 500 mm
{u} what fraction of the atoms are carbon

(v) what fraction of the mass of the compound is carbon

Vapor pressure

~ When a dry gas, hydrogen for example, is collected over water at a
glven temperature, water evaporates and the molecules of water vapor
(gaseous H,0) diffuse into the space occupied by the hydrogen 'Il’)his
evaporation continues until the rate at which water molecules eva. orate
cquals the rate at which they condense. The hydrogen gas is then saidpto b
satumte_d 'With water vapor. The pressure exerted by this saturated watci
vapor is its vapor pressure at the given temperature. The vessel in which the
bydrogen was collected now contains a mixture of hydrogen and water
vapor, and each gas (hydrogen and water vapor) exerts its own partial
pressure. The total pressure is the sum of the two partial pressures. It foII)IO
tI'lcrc:fore3 that when a gas is collected over water only a part ;)f the to‘):;i
pressure is being exerted by the gas itself; some of the pressure is bein
exerted by the water vapor. Since the outside pressure which is exerted oi
a confined mixture of gases counterbalances the sum of the pressures exerted
by each gas, it follows that when a gas is collected over water, the actual
pressure on the gas itself is the total outside pressure minus the va}gor ressure
'of water at the particular temperature. ‘That means that when Bo EI)c’s 1
is used in the calculation of the volume of a gas which is collected oer wat?:‘:
the partial pressure of the water vapor must be subtracted from the total
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pressure under which the gas is collected to give the actual pressure on the
gas itsclf. Table 1 in the Appendix gives the pressure of water vapor at

various temperatures.
PROBLEMS

7.84 The volume of a dry gas is 600 cc at 25°C and 750 mm. What
volume would this gas occupy if collected over water at 746 mm and
32°C?

Solution: Since the gas is to be collected over water, the vapor

pressure of water at 39°C. must be subtracted from the barometric

pressure of 746 mm.
vapor pressure of water at 32°C = 35.4 mm (See Appendix Table 1)

actual new pressure = 746 — 35.4 = 710.6 mm

Using this pressure of 710.6 mm as the new pressure in place of the
746 mm, we can then solve in the manner shown in problem 6.10.

750 mm 305°K

: = 600 X = 648
new volume = 600 cc X 06 mm < 995°K cc

7.85 The volume of a dry gas at 758 mm and 12°C is 100 cu fi. What
volume will this gas occupy if stored over water at 22°C and a pressure of
740 mm?

7.86 A sample of 100 ml of dry gas, measured at 20°C and 750 mm,
occupied a volume of 105 ml when collected over water at 25°C and

750 mm. Calculate the vapor pressure of water at 25°C.

7.87 The volume of a gas, collected over water at 25°C and 740 mm,
was 600 cc. The gas was dried and stored at 20°C and 750 mm. What was
its volume in cc?

288 What volume in liters will 300 g of oxygen occupy when col-
lected over water at 20°C and 735 mm?

7.89 How many grams of carbon are there in 20 liters of CO gas
measured over water at 26°C and 750 mm? '

® 7.90 Thevapor pressure of waterat 121°Cis2 atm. Some liquid water

is injected into a scaled vessel containing air at 1 atm pressure and 121°C and
is allowed to come to cquilibrium with its vapor. What is the total pressure

in the scaled container?
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Solution: As long as there is some liquid water present and the
temperature remains at 121°C the partial pressure of the water vapor
in equilibrium with the liquid water will remain constant at 2 atm.
It can not rise above 2 atm or fall below 2 atm. If we neglect the small
solubility of air in water, the partial pressure of the air will rermain at
Latm. The total pressure will then be 3 atm.

# 791 Three 1-liter flasks, all ac 27°C, are interconnected with stop-
cocks which are initially closed. The first flask contains 1 g of H,O. The
second flask contains O, at a pressure of 1 atm. The third flask contains
1 g of N,. :

{2) The temperature is kept constant at 27°C. At this temperature
the vapor pressure of water is 0.0380 atm. The stopcocks are all

opencd. When equilibrium is reached, what is the pressure in
the flasks?

(b) If the temperature of the whole system is raised to 100°C, what is
the pressure?

Solution hint: “Will there be any liquid H,O present in the final
system at 27°C? Ac 100°C?

® 7.92 A gas A has a molecular weight of 300. The vapor pressure of
A at 27°C is 300 mm. The critical temperature of A is 95°C. A cylinder
whose volume is 1.87 liters contains 10 g of pure A at 100°C. How many
grams of A will condense when the cylinder is cooled to 27°C?

Solution:  Like water, all liquids have a definite vapor pressure at a
definite temperature. If a quantity of liquid A is placed in a closed
container it will immediately begin to evaporate; it will continue to
evaporate until either the container becomes saturated with its vapor
or all of liquid A disappears. If an excess of vaporous A is forced into
a closed container, condensation of A will occur until the container is
Just saturated with the vapor of A. The amount of A needed to saturate
a container of given volume at a given temperature can be calculated
from. its vapor pressure at that temperature, using PV == gRT.

® 7.93 At 37°C liquid A has 2 vapor pressure of 58.4 mm and liquid
B a vapor pressure of 73.6 mm. To a sealed, evacuated container of volume
100 liters maintained at 37°C is added 0.20 mole of gaseous A and 0.50 mole
of gaseous B.
What is the total pressure in the container when equilibrium is reached ?
(Each vapor is completely insoluble in the other liquid.)
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Relative humidity

Air which contains a high concentration of water vapor is said to be
humid. Humidity refers, therefore, to the water vapor content of a gas.'If
air is saturated with water vapor at a given temperature its relative humr’cﬁt?
is 100%,; that is, it contains all (1009,) the water vapor it can .hold. Itj it
contains only half the water vapor it can hold (is 509, satur:iltcd), its relative
bumidity is 509%,. Relative humidity is, therefore, the ratio betw_ecn the
concentration of watet vapor actually present and the concentration that
would be present if the gas were saturated with water vapor. ‘The simplest
way to express the moisture content of a gas is in terms of the water vapor
pressure; the relative humidity is then the ratio between the partial pressure
of the water vapor and the equilibrium (saturated) vapor pressure at that
temperature.

7.94 The partial pressure of the water vapor in the air in a room is
11.6 mm at 22°C. What is the relative humidity of the air in the room?

Solution: Relative humidity is the ratio between the partial pressure

of the water vapor and the equilibrium (saturated) vapor pressure at

that temperature. From Table 1 we learn that the vapor pressure of

water at 22°C is 19.8 mm
H.6mm
19.8 mm

B 7.95 A weather report gives the temperature as 22.5°C, barorpctric
reading 750 mm, and relative humidity 75%,. What is the mole fraction of
water vapor in the atmosphere? (See Table 1.)

® 7.96 The vapor pressure of water at 25°C is 23.5 mm and at 21"-C is
18.5 mm. A mixture of air and water vapor is placed in a closed container
at 25°C under a total pressure of 750 mm; the volum.e of the gascs {air
and water vapor) is 22.4 liters. The relative humidity in the container at
95°C is 549, o

The temperature is lowered to 21°C. The container is kept closed and
the volume of gases remains constant at 22.4 liters.

{a} What is the total pressure in the container at 21°C?

(b) What is the mole fraction of the water vapor in the container
at 21°C?
(c) What is the relative humidity in the container at 21°C?

relative humidity = % 1009, = 58.6%,
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B 7.97 At 24°C the vapor pressure of HyO is 22.1 mm of Hg. If the

relative humidity in a sealed container is 309, at 24°C and 579, when the
temperature is lowered to 13°C, what is the vapor pressure of HyO at 13°C?

Graham’s law of diffusion

The rates of diffusion of two gases are t'nversely proportional to the square
roots of their densities. This generalization is known as Graham's law of
diffusion. 'The mathematical formula for Graham’s law is

the rate of diffusion of gas A _ v density of B
the rate of diffusion of gas B 4/ density of A

PROBLEMS

7.98 Gas A is nine times as dense as gas B. In a given diffusion ‘
apparatus and at a certain temperature and pressure, gas B diffuses 15 cm.

in 10 sec. In the same. apparatus and at the same temperature and pressure,
how fast will A diffuse?

Solution:
rate of A Y density of B
rate of B density of A

Substituting in this formula,

rate of A V11

15 cmf10 sec \/'é 3

15 c¢mf10 sec
3
7.99 The density of CH, is 16.0 g per 22.4 liters. The density of
HBr is 81.0 g per 22.4 liters. If CH, diffuses 2.30 ft in 1 min in a certain

diffusion apparatus, how fast will HBr diffuse in the same apparatus at the
same temperature and pressure ?

7.100 Tow do the rates of diffusion of HBr and SO, compare?

Solution:  Attention has already been called to the fact that the density
of a gas is directly proportional to its molecular weight. That means

rate of A = = 5cmin 10 sec
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that the molecular weights of gases can be substituted for densities in
the Graham’s lJaw formula. That is,

rate of HBr 4/molecular weight of SO,
rate of SO, 4/molecular weight of HBr

7.101 In a given diffusion apparatus 15.0 cc of HBr gas were found to
diffuse in 1 min. How many cc of CH, gas would diffuse in 1 min in the
same apparatus at the same temperature?

7.102 An unknown gas diffuses at the rate of 8 ccfsec in a piece of
apparatus in which CH, gas diffuses at 12 ccfsec. Calculate the approximate
molecular weight of the gas.

% 7.103 The following gases are allowed to diffuse through the same
porous partition at the same temperature and pressure. 4.2 liters of COs,.
5 liters of HCL. 6 liters of HE. Which will take the least time? Which the
longest time?




The equation. for a chemical reaction represents (a) the chemical formula for
cach reactant and each product, and (b) the relative number of moles of each
reactant and product in the reaction, The equation is said to be balanced
when the total number of atoms on the lefi-hand side equals the total number
of atoms on the right. It will always be assumed that when we speak of an
equation we mean a balanced equation.

. The equation, 2 HgO = 2 Hg + O,, tells us that when mercury(II)
.ox1de, HgO, is heated, it decomposes to give mercury and oxygen, and
it shows that 2 moles of HgO yield 2 moles of Hg and 1 mole of O, It tells
us that, whether we heat a small amount of HgO or a large amount, the
HgO that we heat and the Hg and O, that are formed are in the ratio of
2 moles of HgO to 2 moles of ‘Hg and 1mole of O, Furthermore, the
equation emphasizes the fact that the total mass of the products is equal to
the total mass of the reactants ; that is, there are 2 moles of Hg and 2 moles
of O on the left and the same number on the right.
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We have learned in Chapters 5 and 7 that a mole of a particular
sui:tance is a specific mass of that substance and, if it is a gas at a definite
temperature and pressure, a specific volume of that substance.

Therefore, having determined from the equation for a reaction the
mole relationships of the substances involved, we can then calculate mass and
volume relationships.

The process by which the balanced chemical equation is used as a
basis for making calculations is called stoichiometry. Tn a common use of the
term the stoichiometry of a reaction refers to the mole relationships represented
by the equation for that reaction.

It is important to remember, always, that the dremical formula of a
substance, when it appears in any chemical reaction, refers to one mole of
that substance.

PROBLEMS

8.1 How many moles of O, will be obtained by heating 3.50 moles of
KClO,? |
Solution: The equation for the liberation of O, from KCIO, is

2 KClO, = 2KCl+ 30,

2 moles 2moles 2 moles

In order to be able to solve this problem at all we must krow that
heating liberates all of the oxygen from KClO,. That is, we must
know the reaction that occurs.

The equation tells us that 3 moles of O, are liberated from 2 moles of
KClO,.

That means that 1 mole of KClOy, liberates 1.5 moles of oxygen.
Therefore, 3.50 moles of KCIO, will liberate 3.50 % 1.5 or 5.25 moles.
It should be pointed out that the equation can be written in the form

KClO, = KCl + 13 O,

This tells us, at a glance, that the moles of O, liberated is 1.5 times the
moles of KClO, heated, and 1.5 times 8.5 moles is 5.25 moles.

It should be emphasized that, if we know that KCIO, liberates all of
its oxygen when it is heated, and if we know that oxygen is a diatomic
molecule, O,, we do not actually need to write the equation at all. A
glance at the formula will tell us that 1 mole of KCIO, will liberate
1.5 moles of O,; that is the important thing to know. This is not
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intended to convey the idea that it is not necessary to know the equa-
tion for the reaction on which the problem is based. We must krow
the equation, we must know what happens, but it is not always necessary
to swrite the equation, particularly in a relatively simple problem.

The simplest, shortest, quickest solution is always desirable.

8.2 When antimony is bumed in oxygen the following reaction

OCCurs:

4 Sb + 3 0, = 2 5b,0,

How many moles of oxygen will be needed to burn 18 moles of anti-

mony? How many grams of Sb,O, will be formed?

Solution: A glance at the equation tells us that 3 moles of 0O, are
needed for every 4 moles of Sb burned. That means that it takes % mole
of O, to burn 1 mole of Sb. Therefore, 18 x § mole or 13.5 moles of
O, will be needed to burn 18 moles of Sh.

To find the number of grams of Sbh,0, we first find the number of
moles of SbyO,. The equation tells us that the number of moles

of Sb,O, formed is § the number of moles of Sb buened. Therefore, 9
moles of Sb,O4 will be formed.

291.6 g of Sb,0,

b P TY 0698 O
9 moles of Sb,O, x Tmole of $5,0, 2628 g of §b,0O,

8.3 When CyH, is butned in O, gas, CO, and H,0 are formed as

products. If 2.40 moles of CyH, are burned in a plentiful supply of oxygen,

how many grams of HyO and how many liters of CO,, measured at STP, will
be formed.

Solution: The formula, C,Hg, tells us that, since 1 molecule of C,H,
contains 3 atoms of C and 8 atoms of H, while 1 molecule of CO,
contains 1 atom of C and I molecule of H,O contains 2 atoms of H,
1 mole of CeHg will yield 3 moles of COy, and 4 moles of H;O. Therefore,
2.40 moles of C;H, will vield 2.40 X 3 or 7.20 moles of CO, and
240 x 4 or 9.60 moles of H,O.

At STP 1 mole of CO, occupies a volume of 22.4 liters and 7.20 moles
will occupy a volume of 7.20 x 22.4 liters or 161 kiters.

Since the molecutar weight of H,O is 18, 1 mole of H,0

weighs 18 g
and 9.60 moles will weigh 173 g.
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Each calculation can be carried out in one operation.

3 moles of CO,
2.40 moles of C_ 1], w =0 O M
e % 1 mole of C;H,

29 4 liters of COy

— 161 liters of CO,
1 mole of CO,

4 moles of H,O
2.40 moles of C I, x ——0 > > 2~
atie X 1 mole of CyH,

18.0 g of H,O

1 mole of H,O

Note that, in analyzing and solving this problem, wc-dicjl not write
the equation for the reaction. However we thought the significant pase
of the reaction when we observed that, since one molecule of CiHs
contains 3 atoms of C and 8 atoms of H, one mole of Cytlg will y‘mld
3 moles of CO, and 4 moles of H,0. This relasionship was so obvg)us
that it was not necessary to write it down. Had the probl_em asked us
to calculate the number of moles, or grams, of O, required to bu;n
the 2.40 moles of CaH, we probably would have necded to write the
equation for the reaction,

84 When C,Hy, is burned in excess oxygen the following reaction
oceurs:

2CH,+ 130, =8 CO, + 10H,0

How many liters of O,, measured at STP, will be needed to burn 36.0 grams

of CyHye? How many fiters of CO,, measured at STP, and how many
grams of HyO will be formed?

Solution: 'The equation tells us that 6.5 moles of O, are consumed for
every wole of C,11,, burned.

The equation, or the formula, CyHy,, tells us that 1 mole of CsHio
yields 4 moles of CO, and 5 moles of HyO.

One mole of any gas, at STP, occupies a volume of 22.4 liters._ Tlhc
molecular weights of C,H,, and H,O are 58.0 and 18.0, respectively-

i ion in one
With these facts before us we can then make each calculation in
operation,
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36.0 ¢ of C,H,, o 6.5 moles of O,
58.0 g of C4H;pfmole of C;H;, ~ 1 mole of C,H,,

22.4 liters of O,
1 mole of O,
4 moles of CO,
I mole of C,H,,

22.4 liters of CO,
1 mole of CO,

5 moles of H,O
—— moles of C;H,, x - — " 2~
58,0 OIS OF et 1 mole of C,H,,

18.0 g of H,0
1 mole of H,O

= 90.4 liters of O,

36.0
80 moles of C,H,, x

= 55.7 liters of CO,

= 55.9 g of H,0

Note that in solving this problem we first determined how many
moles of C,H,, were burned. Then we determined how many moles
of O, CO,, and I,0, respectively, were involved. Then we con-
verted moles of O,, CO,, and 11,0, respectively, to liters, liters, and
gramns, respectively.

In general, this is the procedure that should be followed in all stoichio-
metric calculations. The first questions should be: How many moles of
reactant do we have? How many moles of product will be Jormed per mole
of reactant?

Having determined the number of moles we then convert to grams or
liters, whatever the case may be. B

8.5 How many liters of O, gas will be required to burn 50 fiters of H,

gas. The volumes of both gases are measured at STP. The equation for the
reaction is 2 H, + O, = 2 H,O.

Solution: The equation tells us that I mole of O, reacts with 2 moles

of Hy. At STP 1 mole of H, is 22.4 liters. Therefore, 50 liters is
50/22.4 moles of H,.

1 50 50 . -
7 of 554 moles, or T moles of O, will be required
_ 50 22.4 liters of O, ‘

5% 994 moles of O, x —l—mmn = 25 liters of Q,
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We sce that the volume of O, required is 4 the volume of H, just as
the number of moles of O, is § the number of moles of H,. In other
words at STP the volumes of the two gases are to each other as the number
of moles. Since both gases will respond equally to changes of tempera-
ture and pressure it follows that, when measured at the same temperature
and pressure, the volumes of gases involved in a reaction are to _each athe?r as the
number of moles of the gases in the equation for the reaction. This very
important generalization is an obvious consequence of the fact, pointed
out in Chapter 7, that, at constant temperature and pressure, the volume
occupied by a gas is directly proportional to the number of moles of that gas.
The formula for the perfect gas law,

P
7 == e
RT
points out the fact that, if P and T are constant, the number of moles,
n, is directly proportional to the volume, V.

8.6 How many liters of CO, gas, measured at 200°C and 1.20 atm
pfessure, will be formed when 40.0 g of carbon are burned? The equation
is C + O, = CO,.

Solution:  moles of CO, formed == moles of C burned.

400gof C 400

m =120 moles of C burned
.0 g/mole {0

Therefore, 40.0/12.0 moles of CO,, will be formed. )
To find the volume occupied by 40.0/12.0 moles of CO, at 200°C
and 1.2 atm we will use the ideal gas equation, PV = nRT.

liters X atm 473 de
V= ?41{{' 0.0 moles x 0.082 s S

A 3¢ = 108 liters
P 120 mole x deg = 1.20 atm

The entire calculation, in one operation, is

400¢g of C 1 mole of CO, liters % atr.
X ¥ 0.082 ———o—
12.0 of C/mole of C 1 mole of C mole X deg

473 deg
X 1.20 atm.

== 108 liters
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8.7 How many grams of copper will be formed when the hydrogen
gas liberated when 41.6 g of aluminum are treated with excess HCI is passed
over excess CuO?

Solution: The reactions that occur are:

2Al+6HCl= 3H,+ 2 AlCl,
H, 4+ CuO = Cu + H,0

We note that 2 moles of Al liberate 3 moles of H,; that means that
1 mole of Al liberates 1.5 moles of H,. .
One mole of H,, when it reacts with Cu0Q, will produce 1 mole of Cu.
That means that the 1.5 moles of I, that are liberated by 1 mole of
Al will produce 1.5 moles of Cu.

In short, I mole of Al will liberate enough hydrogen to produce 1.5
moles of Cu. The Al that reacts and the Cu that is produced are in the
ratio of 1 mole of Al to 1.5 moles of Cu. The 41.6 g of Al is 41.6/27.0
moles.

Therefore, 1.5 X 41.6/27.0 moles of Cu will be produced.

1.5 x 416 63.5 f
moles of Cu X g of Cu

- — 2. — =14
27.0 Tmole of g — 11/ g of Cu

8.8 When C,H; is burned in excess oxygen the following reaction,
occurs:

2 Cylly + 7 Oy = 4 COy + 6 H,0

How many moles of oxygen will be consumed when 1.20 moles of

C,Hy are burned? How many moles of CO, and how many moles of H,0O
will be produced?

8.9 An amount of 0.262 moles of the compound, As,S,, was sub-
Jected to a series of treatments by which all of the sulfur in the As,S; was
converted to BaSO, and all of the arsenic was converted to AgiAsQ,.
How many moles of BaSO, and Ag,AsO,, respectively, were formed ?

Solution: Inspection of the formulas of the reactant, As,S;, and the
products, BaSO, and Ag;AsO,, tells us that 1 mole of As,Sy will
vield 5 moles of BaSO, and 2 moles of Ag,AsQ,. We may, if we wish,
write down the skeleton equation

1 As;S5 > 2 AgyAsO, -+ 5 BaSO,.
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8.10 An amount of 3.16 moles of KC1O, was heated until all of the
oxygen was liberated. This oxygen was then all used to oxidize arsenic to
As;O;. How many moles of As,Oy were formed ?

Solution:  An inspection of the formulas, KClOy and As,Oy, tells us
that 1 mole of KClO, will liberate enough oxygen to produce £ mole
of As,Oy;.

8.11 A quantity of FeCl, was completely oxidized, all of the chlorine
being liberated as Cl, gas. This Cl, gas was all used to convert Si to SiCl,.
A total of 6.36 moles of SiCl, was produced. How many moles of FeCl,
were oxidized ?

8.12 How imany moles of Cl, will be required to liberate all of the
bromine from 8.0 moles of CrBr,? The reaction is

3 Cl, + 2 CxBr, = 3 Br, + 2 CrCl,

8.13 A volume of 65.0 liters of C,4H, gas, measured at STP, was com-
pletely burned to CO, and H,0. How many moles of CO, were formed?

8.14 Anamount of 140 g of phosphorus was burned in excess oxygen.
How many moles of P,O,, were produced?

8.15 When C,H,, was burned in excess oxygen, 162 g of CO, were
produced. How many moles of C,H,, were burned?

8.16 How many moles of H, will be liberated by the action of 60.0 g
of Mg on excess hydrochloric acid ?

8.17 How many grams of oxygen will be required to prepare 200 g
of P,O,, from elemental phosphorus?

Solution: The molecular weight of P,Oy4 is 284.

200 g of POy, is 455 mole of P,Oy,.

Inspection of the formulas P,y and O, tells us that 5 moles of O,

will be needed to produce 1 mole of P,O44.

Therefore 5 X 222 moles of Q, will be needed.

The molecular weight of O, is 32.

Therefore 5 x £33 x 32 =113 g of O,

The entire calculation, in one operation, is:

200 g of P,Oy, y 5 moles of O, v 322 O,
284 g of P,0 /1 mole of P,O;4 = 1 mole of P4O;, ~ 1 mole of O,
: —113g of O,
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8.18 How many grams of pure zinc must be treated with an excess of
dilute sulfuric acid in order to liberate 5.00 g of hydrogen?

8.19 How many liters of oxygen gas, measured at STP, will be
required for the preparation of 100 g of P,Oy, from elemental phosphorus?

8.20 How many litets of dry H, gas, measured at STP, will be evolved
by the action of an excess of IICl on 60.0 g of aluminum?

8.21 How many grams of tin would be formed if an excess of pure
SnO were reduced with 1500 cc of dry hydrogen gas measured at 300°C
and 740 mm?

Solution: SnQ -+ H, = Sn + H,O
Using PI” = nRT, first calculate the number of moles of H,.

8.22 How many liters of dry H, gas, measured at 20°C and 740 mm,
will be evolved by the action of excess dilute H,SO, on 100 g of pure zinc?

Sofution: First calculate the number of moles of H, evolved. Then,
using PV = #uRT, calculate V.

8.23 When 100 g of aluminum were treated with HCl until all of the
metal was dissolved, the hydrogen gas evolved was collected over water at
a temperature of 22°C and a barometric pressure of 742 mm. What volume
in liters did it occupy?

8.24 Ammonia gas is oxidized by oxygen gas in the presence of a
catalyst as follows:
4NH, + 50, = 6 H,0 4 4 NO

How many liters of oxygen will be necessary to oxidize 500 liters of NH,
gas? How many liters of NO and how many liters of steam will be formed?
All gases are measured under the same conditions of temperature and pressure.

Solution: At constant temperaturc and pressure the volumes of gases
are directly proportional to the number of moles of each gas in the
equation for the reaction. Therefore, in this problem the volumes of
NH,, Oy, HyO(steam), and NO will be in the ratio, respectively, of
4 to 5 to 6 to 4. Accordingly, § x 500 or 625 liters of O, will be
needed, and € < 500 or 750 liters of H,O and 4 x 500 or 500 liters of
NO will be formed.

8.25 How many cubic fect of oxygen gas will be required for the
oxidation of 6000 cu ft of SO, gas in the “contact” process? How many
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cubic feet of SO, gas will be formed? All gases are measured under the
same conditions of temperature and pressure.

Solution: At constant temperature and pressure the volumes of gases

are directly proportional to the number of moles of each gas in the

equation for the reaction. It makes no difference in what unit volumes

are expressed as long as the same unit (liters, cubic feet, quarts, cubic

centimeters) is used for each gas.

8.26 How many cubic feet of dry nitrogen gas, measured at 22°C and
740 mm, will be required to combine with 1200 cu ft of dry hydrogen gas,
measured at 30°C and 800 mm? How many cubic feet of ammonia gas,
measured at 100°C and 750 mm, will be formed ?

827 How 1’nany grams of potassium chlorate must be heated to give
60.0 g of oxygen?

Solution:

9 KClO, = 2 KCl |3 0,

or
KClO, = XCl+ 150,

1 mole of KClO, will yield 1.5 moles of O,. That means that 1/1.5
or 0.667 mole of KCIO, will yield 1 mole of Oy In other words,
moles of KClO;, needed = 0.667 X meoles of O, produced.

The formula weight of O, is 32, of KCIOj is 122.6.

Moles of O, 60 g of O,
oo 27 32 g of O,f1 mole of Oy

Moles of KCIO, needed = 0.667 x $%
grams of KClO; needed = 0.667 x $§ x 1226 = 153 ¢
The entire calculation, in dne operation, is:
60 g of O, y 1 mole of KClIO;  122.6 g of KCIO,
32 g of O,f1 mole of O, = 1.5 moles of O, ~ 1 mole of KCIO;
=153 g of KCIO,

8.28 How many pounds of KCI will be formed if 50.0 [b of KClO,
are decomposed by heating ?

cam[
& b

!

Solution:
9 KCIO, — 2 KCL + 3 O,

or
KClOy, = KCl+150,
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This equation tells us that 1 mole of KCIO, will vield 1 mole of KCt
and 1.5 moles of O,. It makes no difference in what unit the values
are expressed as long as the same unit is used in each case. In the
previous problem the unit was grams, in this problem it is pounds, and
in the problem that follows it is tons.

I Ib mole of KCIO, will yield 1 1b mole of KCL.

11b mole of KClO, is 122.6 Ib.

11b mole of KCl is 74.6 1b.

50.01b of KCIO,  50.0 50.0 |
1926 ToTb mole — T32,5 1° Mole of KCIO, — =2 Tb mole of KCI
50.0 74.61b of KCl
1296 {b mole of KCl x TTb mols oF K& — 3041b of KCI

The entire calculation, in one operation, is

50.0 Ib of KCIO, 11b mole of KCl
122.6 b of KCIO,/1 b mole of KCIO; 116 mole of KCIO,

746 1b of KC]
1 1b mole of KCI

= 30.41b of KCl

8.29 How many tons of sulfur must be burned to produce 12 tons of
S0, gas?

Solution:
S+ 0, = SO,
moles of SO, = moles of S.
12 tons of SO, 12

= £
64 tons/ton mole of SO, ~ 64 ton molcs of SO,

Therefore, 12 ton moles of § must be burned.

12 32 tons of §

5l ton moles of § = 6.0 tons of §

ton mole of §
As in previous problems we can if we wish include all of the detailed
steps in one operation. Because some of the steps are generally obvious
from an inspection of the equation for the reaction or the formulas
of the substances and can be done “in our head,” we will, it is hoped,
fall into the practice of writing only the essential steps, thereby making”
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the solution as bricf and cfficient as possible. In this problem, for
example, we should be able to decide at a glance that 42 mole and,
hence, £2 % 32 tons of § will be needed,

Note, in Problems 8.27, 8.28, and 8.29, that the solution is the same
regardless of the units in which mass is expressed.

8.30 How many tons of KCIO, will be required to liberate 40.0 tons
of oxygen?

8.31 How many pounds of ZnO will be formed by the complete
oxidation of 100 Ib of pure Zn?

8.32 How many tons of CO, gas will be formed when 15 tons of
pure C are burned in air?

8.33 How many grams of copper oxide (CuQ} can be formed by the
oxygen liberated when 160 g of silver oxide are decomposed?

Solution: Note that moles of CuO formed = moles of Ag,O
decomposed.

8.3¢ How many grams of aluminum must be treated with excess
H,SO, in order to generate enough hydrogen gas to reduce 100 g of copper
oxide (CuO) to Cu?

8.35 A sample of pure MgO was first dissolved in hydrochloric acid
to give a solution of MgCl, which was then converted to a precipitate of
pure dry Mg,P,O; having a mass of 6.00 g. Calculate the mass in grams of
the sample of MgO.

Solution: Note that moles of MgO used = 2 x moles of Mg,P,Q,

formed.

8.36 A sample of pure Na PO, was converted, by a series of reactions,
into pure P,O,, Twelve g of P,0;, were obtained. How many grams of
NazPO, were there in the sample?

Solution: Note that moles of Na,PO, = 4 X moles of P,O4,.

8.37 The formula weight of P,S; is 220. The formula weight of
Ag PO, is419. A 13.2-g sample of P,S; was first boiled with excess HNO,
and, eventually, treated with excess AgNOj. In the process all of the
phosphorus in the P,S; was converted to insoluble Ag,PO,. How many
grams of Ag,PO, were formed ?
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8.38 A sample of impure copper having a mass of 1.25 g was dis-
solved in nitric acid to yield Cu(NQy),. It was subsequently converted,
first to Cu(OH)s, then to CuO, then to CuCl,, and finally to Cuy(PO,),.
There was no loss of copper in any step. The pure dry Cu,(PO,), that was
recovered had a mass of 2.00 g. Calculate the percent of pure copper in the
impute sample. '

Solution: The equations for the reactions that occur can be written
in the following skeleton form:

3 Cu— 3 Cu(NOg); — 3 Cu(OH), — 3 CuO —
3 CuCly — 1 Cuy(POy),

This tells us at a glance that moles of pure Cu= 3 x moles of
Cuy(POy),.

mass of pure Cu

Percent of pure Cu = x 100%,

mass of sample

8.39 A sample of 1.20 g of crude siderite iron ore containing FeCO,
as the iron mineral yielded 0.400 g of Fe,O;. Calculate the percent of FeCO,
in the ore.

8.40 A 200-g sample of a crude FeS, ore containing SiO, as the only
impurity was roasted until all of the sulfur was converted to SO,. A total
of 36.0 liters of dry SO, gas, collected and measured at 40°C and 740 mm,
was obtained. Calculate the percent of FeS, in the crude ore.

841 A crude Sb,S; ore was found to contain 40.0%, Sb,S,; no other
sulfur compounds were present in the ore. A 140-g sample of this ore was
roasted until all of the sulfur was converted to SO, How many liters of dry
SO, gas measured at 27°C and 600 mm were obtained ?

842 A 5.00-g sample of a crude sulfide ore in which all the sulfur was
present as As,S; was analyzed as follows: The sample was digested with
concentrated HNQO, until all the sulfur was converted to sulfuric acid. The
sulfate was then completely precipitated as BaSO,. The recovered BaSO,
weighed 0.752 g. Calculate the percent of As,S, in the crude ore.

8.43 How many tons of lead will be obtained from 2000 tons of ore
containing 21.09, PbS, the yield of lead being 94.0%, of the theoretical

amount?
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844 How many tons of crude cassiterite ore containing 70%, by
weight of $nQ, will be required for the preparation of 12 tons of tin in a
process in which the yield of tin is 96%, of the theoretical amount?

845 A pure compound containing 63.3%, manganese and 36.79
oxygen was heated until no more reaction took place, oxygen gas having
been evolved. The solid product was a pure compound containing 729,
manganese and 289, oxygen. Write a chemical equation to represent the
reaction which took place.

Solution: Calculate the formulas of the initial and final compounds
as in Problem 5.4.

8.46 After complete reduction of 0.800 g of a pure oxide of lead with
excess hydrogen gas, there remained 0.725 g of lead, Write the chemical
equation for the reaction that took place,

8.47 A compound contained 27.19) sodium, 16.5% nitrogen, and
56.4%, oxygen. Five g of this compound were heated until no more reaction
took place. A mass of 0.942 g of oxygen was given off. A pure chemical
compound remained as a solid product. Write a chemical equation to
represent the reaction which took place.

848 A compound is either zinc bromide (ZnBr,) or zinc iodide
(Znly). An 8.00-g sample yielded 1.64 g of zinc. What is the compound ?

8.49 A mixture of 12.2 g of potassium and 22.2 g of bromine was
heated until the reaction was completed. How many grams of KBr were
formed? ‘

Solution:  From the formula, KBr, and the equation,
9K 4 Br, = 2 KBr
4

we see that potassium and bromine combine in the ratio of 1 mole of
K to 1 mole of Br to form | mole of KBr. The quantity 12.2 g of K
is 12.2/39.1 or 0.312 mole of K; 22.2 g of Br is 22.2/79.9 or 0.278 mole
of Br. That means that there is an excess of potassium; the quantity of
KBr that will be formed will be the amount produced by 0.278 mole of
Br. Therefore, 0.278 mole of XBr will be formed.

0.278 mole X 119 g of KBr per mole = 33.1 g of KBr

8.50 What mass in grams of AgCl will be formed when 354 g of
NaCl and 99.8 g of AgNOj are mixed in water solution?
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® 8.51 The nitrogen in NaNO, and (N i i
piar‘lt-s as fertilizer. Which is the mc?re ecoz(loif():jls%u;z:gf ?jifzbifl tz
fertlh'ze'r containing 30% NaNO, and costing $3.00 per 100 Ib ogr one
containing 20%, (NI1,),SO, and costing $2.70 per 100 1b?
® 8.52 Exactly 3.00 moles of chromium are reacted with excess of
d?ment Q; all of the Cr is converted to CryQ,. The Cr Q. is then treated
with excess of strontium metal; all of the Q in the Cr 2Q 3is convertcd(:
SrQ. The SrQQ is then reacted with excess of sodium me‘t‘)‘al'g all of the $rQ i(;
converted to NayQ; 782 g of Na,Q are formed. What is ti;e atomic weight
of element Q? Atomic weight of Na = 23.0. ’
Solution: 2 Cr—1CryQ,->3SrQ >3 Na Q
Therefore, moles of Na,Q = 1.5 x moles OfECr.
Molf:s.of Na;Q = 1.5 X 3.00 moles = 4.5 moles of Na Q
Knowing that the atomic weight of Na is 23.0 and tha: 7é2 is 4.5
moles of Na,Q, the atomic weight of Q can be calculated. sET

2 8.53 W}}en 2451 g of pure, dry MXQy are heated, 0.9600 g of
oxygen gas is lxberatt?d. The other product is 1.491 g of solid MX, When
;has MX.IS treated with excess AgINQ,, all of it reacts with the ApNO, to
or.ml sohc} gch,l 2.869 g of AgX are formed. Knowing that the atofnic
weights of O and Ag are, respectively, 16.00 i
e bt P y and 108.0, calculate the atomic

' Solution: MXO,= MX--1.5 O,
MX + AgNO, = AgX + MNO,
Moles of O, = 0.9600 g/32.00 g per mole — 0.0300 mole.
Moles of AgX = moles of MX = 1/1.5 x moles of O, =115

. x 0.0300 = 0.0200.
Molecular weight of AgX = 2.869 £/0.0200 molc = 143.45 g/mole.
Atomic weight of X = 143.45 — 108.0 = 35 45.

Molecular weight of MX = 1.491 /0.0200 mole = 74.55 g/mole.
Atomic weight of M = 74.55 — 35.45 — 3910,

w» 8.54 To determine the atomic weight of metal M, in the compound
MCIO,, which decomposes completely at 400°C according to the equation’
MCIOH(S) = MCI(s) + 13 Oy, a student placed 1.689 g of pure, dry MCIO,
in a glass reaction vessel filled with air and equipped with a pr,essurc auw .
and thermometer. He sealed the vessel {and kept it sealed during the e}gc eg -
ment) and recorded the initial temperature, volume, and pre%‘sure otP ti':;
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gas(air) in the vessel. He heated the vessel to 400°C, when the above de-

composition occurred. He then cooled the vessel to 60°C, at which tem-
perature the vapor pressure of solid MCI is zero, and recorded the final
pressure, temperature, and volume of the gas in the vessel. From his data,
given below, calculate the atomic weight of M. Atomic weights of Cl and
O are 35.45 and 16.00.

Initial values: Temp = 22.0°C; pressure = 736 mm; volume =
1.00 liter.

Final values: Temp = 60.0°C; pressure = 1142 mm; volume =
1.00 liter.

# 8.55 A 5.68-gram sample of pure P,O;, was completely converted to
H,PO, by dissolving it in- water. This H;PO, was completely converted to
Ag PO, by treatment with excess AgNO,. The AgsPO, was then com-
pletely converted to AgCl by treatment with excess HCL The AgCl
weighed 34.44 grams. The molecular weight of P,Oy, is known to be
284.0, and the atomic weight of chlorine is known to be 35.5. Calculate the
atomic weight of Ag.

® 8.56 The decomposition of 18.14 g of strontium iodate, Sr{IOg)s
results in the production of Srl, and 4.032 liters of Oy, measured at 136.5°C
and 570 mm. The Stl, thus produced is quantitatively converted to SrCl,,
of which 4.77 g arc obtained. The atomic weight of Cl is 35.5 and of O
is 16.0. Calculate the atomic weights of Sr and L.

® 8.57 Exactly 2.000 g of NH, were neutralized by HCI, NH,Cl being
formed as a product. In a separate experiment cxactly 20.00 g of AgNOy
were formed by the action of excess HNOj on 12.70 g of silver. All of the
NH,Cl formed in the first experiment was exactly sufficient to react with all
of the AgNO, formed in the second experiment. Knowing that the atomic
weight of H is 1.008 and of O is 15.999, calculate the atomic weights of N
and Ag.

Solution: NH, 4 HCl = NH,CI
Ag —AgNO,  NH,Cl+ AgNO, = AgCl ++ NH,NO,

Moles of NH, = moles of NH,Cl = moles of AgNO, = moles of
NO,; = moles of Ag

Let N represent the atomic weight of nitrogen.

2.000 g

(N + 3.024)g/mole

Moles of NH, = g of NH, - mol wt of NH; =
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7.30 g

Moles of NOg = g of NO; - mol f =

oles o 3 =go 3~ mol wt of NO, (N 48.00)g/mole
Since moles of NH; = moles of NO, we can solve for N.

Having calculated N we can then solve for th
knowing that moles of Ag = moles of NH,.

¢ atomic weight of Ag,

® 858 An amount of 6.00 g of Mg is treated with a halogen, X,, in
excess. All the product of this reaction (ie, MgX,) is then treated with
excess AgNOy, and 117.5 g AgX are formed. What is the halogen X?

# 859 When 1.82g of zirconium metal {at. wt. 91.22) react with
excess HCL 1.04 liters of dry H, gas, measured at 27°C and 720 mm, are

liberated. Write a balanced equation for the reaction that occurs when Zr
is treated with TICL

% 8.60 Equal volumes of hydrogen and oxygen, both at room tem-
perature and atmospheric pressure, were introduced into a completely
evacuated reaction bomb. The bomb was sealed and was heated to 120°C
the pressuze of the mixtute of gases in the bomb was found to be 100 mm at
120°C. An electric arc inside the container was turned on, which caused the
reaction, 2 Hy + O, = 2 H,0, to take place. When the reaction was over
the bomb was cooled until the temperature was again 120°C. An examina-

tion revealed that there was no liquid water in the bomb. What was the new
pressure inside the bomb?

Solution: At the same temperature and pressure equal volumes of
O, and H; contain equal numbers of moles of Oy and H,. Since, from
the equation, 2 H, + O, = 2 H50, we see that H, and O, combine
in the ratio of 2 moles of H, with 1 mole of Oy to form 2 moles of
H,O and since, at constant volume and temperature, the pressure is
directly proportional to the number of moles, 50 mm worth of H,
will combine with 25 mm worth of O, to form 50 mm worth of [, 0.

There will be an excess of 25 mm worth of O

2 50 the final pressure
will be 75 mm.

® 8.61 Onc volume of gaseous tetracthyl lead, Pb(C,H,),, and 24
volumes of oxygen gas, both measured at the same temperature and pressure,
were placed in an evacuated reaction bomb. The bomb was sealed and
heated to 180°C. The pressure of the mixture of gases in the bomb at 180°C
was found to be 100 mm. When the gas mixture was ignited by an electric
spark the reaction represented by the following unbalanced equation took
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place:
Pb(CeHg)y + Op = PO + CO, + H,0

When the reaction was over, the bomb was cooled to the original

temperature, 180°C. An examination revealed that there was some solid

PbO in the bomb but no liquid of any kind. The vapor pressure of solid
PbO at 180°C is zero. What was the total pressure inside the bomb at the
end of the experiment ?

W 8.62 A 20-liter vessel contains a mixture of 1 mole of Hy and ! II:10].C
of O, at 27°C. When the mixture is ignited with a spark3 the reactl?nd,'
2 H, + O, = 2 H,O, proceeds to completion. The .Zystem is then coole
to 27°C. What is the final pressure in the vessel at 27°C?

Solution hint: Wil there be any liquid 1,0 present in the vessel?

® 8.63 Some dry hydrogen gas was prepared by treating a dcﬁl;llte
quantity of aluminum metal with excess hydrochloric acid. The ?‘ y
receptacle available for collecting the dry hydrogen gas was a144]:18- diter
storage tank filled with CH, gas at 0°C and I_at-m pressure. }‘kfter t 1e’b y 1:0&
gen gas was introduced into the tank containing the- CH, it Wa; observe
that the partial pressute of the hydroger% in the gas mixture was tl; .Lame nsiz
the partial pressute of the CH, in the mixture. Ti'xe temperature of the ta .
at the time this observation was made was 20°C. How many grams o
aluminum were treated with HCI?

® 8.64 A sample of purc CuO was reduced with H, gas and the H,O
that was formed was all collected in a 44.8-liter tank containing dry N gas.
At 26°C the total pressure in the tank containing Ny and H,0O was 1 atrcl;
and the relative humidity in the tank was 80%,. The vapor pressure of I,
at 26°C is 25 mm. How many grams of CuQ were reduced?

® 8.65 A quantity of C;H,, when burned to CO, and H,0, yieldcx(il
120 liters of CO, measured at a certain temperature and pressure. Meastilre
at the same temperature and pressure, a quantity of CgHyy, when F)urng ;:10
CO, and H,O, vielded 50.0 liters of CO,. Calculate the ratio of the
quantities, in grams, of the C,H, and C4H,, that were burned.

Solution: Since, at constant tcmperature and_ pressure, the number;
of moles of gases is directly proportional to their volumcs-, the mol.cs Of‘
CO, from C,H, and the moles of CO, from CgHy, are in the ratio (;

120 to 50. Since 1 mole of CgH, yields 2 moles of CO, and 1 rlim e
of CH,, yields 5 moles of CO,, the CyH, and CgH,y, must have been
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present in what mole ratio to yield this 122 ratio of CO,? Knowing
the mole ratios the mass ratios can then be calculated.

D 866 A sample of a gaseous hydrocarbon is burned in oxygen. At
the same temperature and pressure the volume of the CO, gas produced is
three times the volume of the hydrocarbon taken. The weight of the CO,

produced is three times the weight of the hydrocarbon taken. What is the
chemical formula of the hydrocarbon 7

Solution: At constant temperature and pressure the number of moles
of gases are directly proportional to their volumes, Therefore, 1 mole
of hydrocarbon must have produced 3 moles of CO,. That means
that one mole of hydrocarbon contains 3 moles of C atoms. Since
3 moles of CO, have 2 mass of 3 x 44 or 132 g the 1 mole of hydro-
carbon must have a mass of 44 g- The 3 males of C atoms have a mass
of 86 g. The remaining 8 g of mass per mole must, therefore, be
provided by 8 moles of H atoms, Accordingly, the formula is C,H,.

# 8.67 When a compound X, which contains only S, C, and H, is
burned in oxygen, one volume of X yields 1 volume of SO, 3 volumes of
COy, and 4 volumes of steam {all volumes measured at the same temperature
and pressure). What is the formula of X7

® 8.68 Ata very high temperature 2 volumes of H,S gas decomposed

completely to give 3 volumes of a mixture of H, gas and sulfur vapor,
Write the equation for the reaction.

@+ 8.69 A compound X contains C and H. When I mole of X is burned
to CO,, and H,O, the total mass of the COy and HyOis 160 g greater than
the mass of the 1 mole of X. The mass of the CO, is 60 g greater than the
mass of the H,O. Calculate the chemical formula of the compound.

Solution: Tet y = atoms of C and 2 ~ atoms of H in 1 molecule of

X. We can then write the following balanced equation for the
reaction that occurs:

1 CH, + (y + 40, =y CO, + 22 H,0

Knowing the atomic weights of C, H, and O we can then write the
following expressions:

Mass of y moles of CO, = 44y

Mass of z{2 moles of HyO — 182/2 = 9~

Mass of {y + 2/4) moles of O, = 32(y + 2/4) = 32y + 82
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On the basis of the facts given in the problem we can then write the

i tions:
following equation 4y =92 1 60

32y + 8z = 160

We can then solve for y and z.
NoeteC in this problem and in similar problems that follow, to solve for

two unknowns (the subscripts y and z in this problem) we must sct
up two independent equations involving these two unknowns.

# 8.70 A certain hydrocarbon gas was mixed with the exalct }:folunlle n?tf:'
oxygen gas required to bumn it completely to CO, and HEC_), the \;iattxure
of the mixture of O, and hydrocarbon, mea_sur_ed at a certain tlimpd e
and pressure, was 750 ml. The mixture was ignited with a hspar _ ;1 re(:(fW "
plete combustion to CO, and steam occurred. When t }is mil 21 e vas
brought back to the original temperature and pressure 1t ¢ vo 111 e was
900 m and the partial pressure of the steamn was 1.2.5 times the Palit}a P ure
of the CO,. There was no liquid present. What is the chemical formula
the hydrocarbon?

Solution hint:  See Problem 8.69. .
What is the numerical value of the ratio,

moles of hydrocarbon + moles of 02?
moles of CO, + moles of IO

moles of 11,0 0
moles of CO,

And of the ratio,

® 8.71 To burn 2 volumes of a gascous hydrocarbon to C([))Z‘and Hig
(steam) required 9 volumes of pure oxygen gas, both volumes’;D e;?lgn m:f -
uted at the same temperature and pressure. Complete cgr;; 0us 10f Aol
sample of the hydrocarbon yiclded 0.135 g of H;O and 0.330 g o o
Calculate the molecular weight of the hydrocarbon.

Solution hint: See Problem 8.69. Let C,H, be the formula oi; thef
compound. How many moles of O, are necEled to buml 1 mfo IfI (())
C. H, ? What is the numerical value of the ratio of the moles o dz.
foalz:myed to the moles of CO, formed? Ca}n _thjs ratio be e}épreﬁse in
terms of x and y? What other relationship involving «x and y is pro-
vided by the facts given in the problem?
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® 8.72 A gaseous compound which contains only C and H has a
density of 1.763 gfliter at 22°C and 740 mum. When it is burned in an
atmosphere of O, gas, CO, gas and steam are formed as products; the
volume of O, gas required is 5 times the volume of compound burned, these

volumes being measured at the same temperature and pressure, Calculate
the chemical formula of the compound,

Solution hint: -Sce Problems 8.69, 8.71, and 7.49. If the formula of the
compound is C.H, what will its molecular weight be, expressed in
terms of & and y? Do the facts given in the problem enable you to
calculate the numerical value of its molecular weight?

% 8.73 A gascous compound contains only Cand H. To burn I volume
of the gaseous compound required 6.5 volumes of O, gas, both volumes
being measured at the same temperature and pressure. In the mixture of
CO; and H,O (both arc gases) that was formed as 2 product of the burning

the mole fraction of the H,O was 0.556. Calculate the chemical formula of
the compound.

® 8.74 A gascous compound contains C and F. The density of the pure
gascous compound is 1.660 gfliter at 127°C and 0.400 atm. When a sample
of the compound is burned completely to CO, and H,O (steam) in a reaction
vessel the partial pressure of the CO; gas in the mixture of CO,, H,0 (steam),
and excess O, that is formed (there is no liquid H,O) is 1.25 times the

partial pressure of the H,O (steam) in the mixture. Calculate the chemical
formula of the compound.

®» 8.75 A gascous compound contains C, H, and 8. One molecule of the
compound is known to contain | atom of §. A quantity of the compound
is mixed, in a constant-volume reaction vessel, with the exact amount of
OxXygen gas required to oxidize it completely to COy, Hy0, and SO,. The
total pressure of the mixture of compound and oxygen, measured at 200°C,
is 550 mm. The mixture is ignited, causing the oxidation reaction to occur.
The total pressure of the gaseous mixture of CO,, H,0, and SO, (no liquid),
measured at 200°C, is 600 mm. The partial pressure of the Hy;O was found

to be 1.5 times the partial pressure of the CO,. Calculate the chemical
formula of the compound.

B 8.76 A certain compound contains C, H, and O. One molecule of
the compound is known to contain 2 atoms of O, and the number of atoms
of H per molecule is 2 times the number of atoms of C per molecale. When
a quantity of the compound is burned completely in O, to form CO, and
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H,O as the only products, 0.375 mole of O, is consumed and 0,300 mole of
H,0 is formed. Calculate the chemical formula of the compound.

® 8.77 A certain compound contains C, H, and O. The gaseous com-
pound has a density of 2.08 g per liter at 127°C and 700 mm pressure.

A quantity of the gaseous compound is mixed with an excess of oxygen
gas and placed in an evacuated steel vessel at 127°_C, and its partial pressure
is measured. An electric spark is then passed, causing all of the compound
to be burned to give a gascous mixture of CO,, steam (H40), and excess O,
There was no liquid. The sum of the partial pressures of the CO, and H,0,
measured at [27°C, was nine times as great as the partial pressure of the
gaseous compound in the original mixture of compound anc_l O,, and the
partial pressure of the F;O was 1.25 times as great as the partial pressure of
the CO,. Calculate the chemical formula of the gaseous compound.

® 8.78 A compound, X, is known to contain C, ﬂ, and O. A quantity
of gaseous X was mixed with oxygen gas and placed in an cvacu:ittcd steel
reaction vessel at 127°C. When a spark was passed through the mixture all
of the X was converted to CO, and H,O (steam). In the reaction all of the
O, gas was consumed. The pressure of the mixture of OCO2 and steam (no
liquid water present) in the steel vessel, measured at 127°C, Was'1.2 times }elxs
great as the pressure of the mixture of X and O, before sparking, and the
partial pressure of the steam was twice as great as that of the CO,. Calculate
the formula of compound X.

P 8.79 A gascous compound, Z, contains C, H, anfi N. A quanticy ‘c:f %
was placed in an evacuated reaction vessel at 300°C; its pressurc was A
millimeters. Excess O, gas was then added to the vessel; the total pressure
of the mixture of O, and Z, measured at 300°C, was “B” millimeters. When
a spark was passed, Z was completely oxidized to CO,, NO,, anod steam.
{H,0). The total pressure of the mixture of gases, measured at 300°C, was
“C” millimeters. In the mikture of gases, PSO" = Pyq, and Pp o=
Poo, + Pyo, Also, the final total pressure, “C”, was found to be equal to
“A” 4 “B”. Calculate the chemical formulfa of Z.

& 8.80 A mixture of CH,, gas and oxygen gas, when placed in an
evacuated steel bomb at 227°C, was found to exert a pressure of 425. mm.
When the mixture was ignited by a spark, all of the CgH,, reacted with all
of the oxygen to form a mixture of CO gas, CO, gas, and steam (H,0).
The total pressure exerted by the mixture of gases _formcd in the bom_b was
650 mm at 227°C. Write the equation for the reaction that took place in this
particular experiment.
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% 8.81 A hydrocarbon contains 85.719 carbon. A volume of 180 ml
of this hydrocarbon vapor, measured at 327°C and a pressure of 692.64 mm,
when mixed with a quantity of oxygen and heated to a higher temperature,
was completely converted to 1.0989 g of CO,, 04250 g of H,0, and an
unknown quantity of CH,. What fraction of the carbon in the hydrocarbon
was converted to CO, and what fraction to CH,?

2 882 A mixture of O, and N, contains 30.0 mole percent oxygen.
To this mixture of gases is added just enough carbon so that, on heating,
all the oxygen and all of the carbon are consumed and, in the reaction, half
of the carbon is converted to CO and half to CO,. What is the average
molecular weight of the resulting mixture of CO, CO,, and N,?

Solution: 'The average molecular weight of a mixture of gases is
calculated by dividing the total mass of the mixture by the total number
of moles of gases in the mixture. This means that, in this particular
problem, we must know the relative number of moles of CO, CO,
and N, in the final mixture; we need not know the actual mumber of
moles of each species.

In the original mixture of N, and O, the ratio of moles of N, to moles
of O, = 70.0/30.0 or §. From the equations

C+0,=CO,
C+050,=CO

and the fact that 1 the C is converted to CO, and % to CO, we see that
1.5 moles of O, will yield 1 mole of CO, and 1 mole of CO. That
means that the 3 moles of O, in the above I ratio will be replaced by
2 moles of CO, and 2 moles of CO 1o give a final ratio of 7 moles of
N, to 2 moles of CO, to 2 moles of CO.

(7 X 28.0) 4 {2 x 44.0) 4 (2 x 28.0)
11

® 8.83 A sample of air in a 20.0-liter reaction vessel consists of 20.0%,
by volume of oxygen and 80.09%, by volume of nitrogen. A quantity of
sulfur is added to the vessel, and the temperature is raised to 327°C. In the
reaction that occurs all of the sulfur and oxygen are used up. One-third of
the sulfur is oxidized to SO, and two-thirds to SO, both of which are gases.
The pressuze in the reaction vessel at 327°C when the reaction is completed
is 4.68 atmospheres. How many grams of sulfur were added to the vessel?

Solution: See Problem 8.82,

Av mol wt =

=309
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Alternate solution: Let X =g of S. X[32 = moles of § = moles of
SO, + moles of SO,

3 % X[32 = moles of SO,. § x X[32 = moles of SO,

Moles of O, consumed = XJ96 - 1.5 x 2X/96 = 4X/96.

Moles of N, = 4 % moles of O, = 16X/96.

Final moles — moles of N, + moles of SO+ moles of SO =
16X/96 - X[96 -+ 2X]96 — 19X/96.

Final moles = PV/RT = 1.9. 19X/96 = 1.9. X =9.6 g of 5.

% 8.84 A mixture of CS, gas and excess O, gas in a 1.0—1iter. reaction
vessel at 127°C is under a pressure of 3.28 atm. When the mixture is ignited
by a spark, all of the CS, is oxidized to CO, am'i SO, The press;:re-of the
mixture of CO,, SO,, and O, gases in the reaction ves-sel at }27 C is 2.62
atm. Calculate the namber of grams of CS, in the original mixture.

Solution: Since we know P, ¥, and T at the beginning of the experi-
ment and also at the end, we can calculate the number of moles of gases
at the beginning and end and, hence, the change in the n'umbcr of mo.les
that occurred in the course of the reaction. I we examine the equation

CSy -+ 8 Oy = CO, + 250,

we note that 4 moles of reactants yield 3 moles of products. Tht'zre is
a decrease of 1 mole. Most significant is the fact that the decrease in the
number of moles is equal to the number of moles of CS, that react. To solvc;
this problem we simply calculate the decrease in number of wmoles o

gases; that gives us the number of moles of CS, that were burned.

% 8.85 When solid CrCl, is heated with H, gas, reduction occurs;
HCl s the only gaseous product, the other pos.;sible products (CrCiz, CrOC],
and Cr) being non-volatile solids. A liter reaction bomb contained 0.2000 g
of anhydrous CrCl; and hydrogen gas at 27°C and a pressure of 3._00 atmlé
When the tempcrature was raised to 327°C,. a reduction reaction t(zo
place. ‘The pressure in the bomb, when the reaction was completed at 327°C,
was 6.004 atm. Write the equation for the reaction that took place.

Solution: See Problem 8.84. Three reactions are possible:
(2) CxClg (solid) + % H, (gas) = CrCl, (solid) -+ HCI (gas)
{b) CrCl, (solid) + H (gas) = CrCl (solid) + 2 HCI (gas)
{c) CrCly (solid) 4- 1.5 H, {gas) = Cr {solid} + 3 HCI (gas)
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For each of these reactions how does the increase in the number of
moles of gas compare with the number of moles of solid CrCl, that
react? In the cxperiment that is reported how docs the increase in the
number of moles of gas compare with the number of moles of CrCly
consumed ?

® 8.86 When SiH, gas is heated with certain oxides, it reacts with them
according to the equation

Sitl, (gas) + 4 (O) (oxygen from the oxide) = SiO, (solid) + 2 H,O (gas)

An element M forms a series of oxides, one of which is MOy, Exactly 1 mole
of solid M;Oj; is mixed with excess SiH, gas in a 20-liter reaction vessel at
27°C. The total pressure in the vessel at 27°C is 8 atm ; the volume occupied
by the solid MOy is negligible. When the temperature is raised to 327°C,
a reaction occurs. When the reaction is completed the vessel contains SiH,
gas, steam {(no liquid water), solid SiO,, and one pure, homogeneous,
non-volatile solid oxide of M; the pressure in the 20-liter vessel when
reaction is completed at 327°C is 16.615 atm. Write the equation for the
reaction that occurs,

% 8.87 When CO, gas, in a steel bomb at 427°C and a pressure of 10
atrn, is heated to 1127°C, the pressure rises to 22.5 atm. The following
reaction occurs: 2 CO, = 2 CO -+ O, Calculate the mole percent of CO,
decomposed.

Solution: Tn all previous problems the reactions involved have gone
to completion. In Problems 8.87, 8.88, and 8.89 we observe reactions
at some point before they have gone to completion and calculate the
mole percent or fraction of reactant that has reacted at that point. Tn
making the calculation we can assume that we have, in effect, stopped
the reaction momentarily.

In order to calculate the mole %, of CO, decomposed we must know
how many moles of CO, we had at the start and how many we have
at the moment the reaction is observed. Using PV == aRT we can,
from the facts given, calculate how many moles of CO, we have per
liter at the start and how many moles of CO, + CO + O, we have
per liter at observation time. Although we do not know the volume of
the reaction vessel we are justified in selecting one liter of it for our
calculations becausc the temperature, pressure and concentrations of
gases will be completely uniform throughout the vessel.
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Having calculated moles per liter of CO, at the start and of the gas
mixture at observation time, and knowing that the reaction that takes
placc is 2 CO, = 2 CO + Oy, we can then set up an algebraic equa-
tion involving X (the number of moles of CO, decomposed) which will
cnable us, eventually, to calculate the mole 9, of CO, decomposed.

® 8.88 When a sample of acetylene, CoH,, is treated with a catalyse,
some of it is converted to benzene, CgHy, according to the equation,
3 C,H, = CgHg. The density of the gaseous mixture of C,H, and CH;
at 27°C and a pressure of 0.44 atm 15 0.760 gfliter. What fraction of the C,H,
otiginally present has changed to CgH,?
Solution hini:  See Problem 8.87. The Law of Conservation of Matter
dictates that the mass per liter of CyH, at the start must cqual the mass
per liter of the mixture of gases at observation time. This will enable
us to calculate the number of moles of C4H, per liter at the start.

p 8.89 A mixture of equal grams of C,H;, and O, gases, when heated
in a reaction vessel at 400°C, reacts slowly to form CO, gas and steam (I, 0).
At the end of 1 minute the total pressure of the mixture of gases (C,I,,,
O,, CO,, and H,0) was 2.96 atm. and the density of the mixture was
2.000 gfliter. What mole percent of the C.H,, had been oxidized at the
end of the 1-minute interval ?



It is frequently necessary to determine, experimentally, the absolute or
relative amounts of the substances present in a mixture of two or more
species. This can generally be accomplished by treating the mixture with an
appropriate reagent and then determining the absolute or relative amounts
of the products formed.

The problems in this chapter are concerned largely with the sort of
calculations that may be encountered in the above type of situation. The
approach used in solving these problems is essentially the same as that used
in solving the problems in Chapter 8. Strict attention to and recognition of
the mole relationships is the key to the solution of each problem.

PROBLEMS

9.1 A mixture of C and S, when burned, yielded a mixture of CO,
and SO, in which the partial pressures of the two gases were equal. Calculate
the mole percent of C in the original mixture.
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Solution:
C + 02 = C02

S+ O, = S0,

(When 2 {or more) substances in a mixture react with another sub-
stance, as when the C and S in 2 mixture both react with O, fwo
separate equations should always be written. The overall reaction should
not be written as

C+S$+20,=CO,+ SO,

This equation would be correct only if the C and S were presentina
1-to-1 mole ratio.)
The mathematical relationships involving the C and S are:

(1) moles of CO, formed = moles of C burned

{2) moles of SO, formed = moles of S burned

(3) Peo, = Pso,

{(4) In a mixture of gases the partial pressure of a gas is directly

proportional to the number of moles of that gas.

Since Pgg, = Pgo, then the number of moles of CO, must equal the
number of moles of SO,.

Since moles of € = moles of CO, and moles of § = moles of SO,
and since moles of CO, = moles of SO,, it follows that moles of
C = moles of 8.

That s, the mixture consists of 50 mole percent C and 50 mole percent S,

9.2 A mixture of H,S and CH,, when burned, yiclded a mixture of
$O,, CO,, and HyO (steam) in which the partial pressures of the SO, and
CO, were equal. Calculate the mole percent of H,S in the original mixture.

Solution:
9 H,S + 30, =280, | 2 H,0

CH, +2 0, = CO, +- 2 H,0
We note that:
(1} moles of SO, = moles of HyS burned
(2) moles of CO, = moles of CI1, burned

{3) In a mixture of gases the number of moles of a gas is directly
proportional to its partial pressure.
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Since Pog, = Pgq , moles of CO, must equal moles of SO, And
since moles of CO, = moles of CI, and moles of SO, = moles of
H,S, moles of CH, must have been equal to moles of H,S. That is,
there was 50 mole percent of H,S in the original mixture. ’

93 A 12-g mixture of carbon and sulfur, when burned in air, yielded
a mixture of CQO, and SO, in which the partial pressure of the CO, was one

half the partial pressure of the SO,. How many grams of carbon were there
in the mixture?

Solution: Let X = g of C. Then, 12 — X — g of 8.
C+ 0, = CO,
S+ 0, = 50,

We note that:

(1) moles of CO, = moles of C burned

(2) moles of SO, = moles of S burned

(3) X/12 = moles of C = moles of CO,

4 (12 — X}/32 = moles of S = moles of SO,

(5) In a mixture of gases the number of moles of a gas is directly
proportional to its partial pressure,

Since Poo, = § Py, , moles of CO, = § moles of SO,
That is,
X N 1 (12 —
127 2\ 32
Solving, X = 1.9 g of carbon.

9.4 A sample of C was burned to CO, and a sample of § was burned
t0 SO,. The combined mass of the C and S was 10.0 g. The volumes of the
CO, and SO,, measured at the same temperature and pressure, were equal
How many grams of carbon were burned? , -

Solution hint: At the same temperature and pressure the number of

moles is directly proportional to the volume, Theref;
CO, = moles of SO, . Therefore, moles of

9.5 A sample of C was burned to CO
2 and a sample of S was
burned to SO, When measured at the same temperature and pressure the
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volume of the CO, was twice the volume of the SO, The carbon was what
mass percent of the total C and S burned?

Solution: At the same temperature and pressure the number of moles
of two gases are in the ratio of their volumes. Therefore, moles of
CO, = 2 X moles of SO, and moles of C =2 X moles of S. Since
the atomic weights of C and S are, respectively, 12 and 32, and since
moles of Cfmoles of $ = §,

gofCh2xl2_“24-
gof S 1x32 32

24
94 - 32

Percent of C = % 1009, = 439,

9.6 A mixture consisting of an equal number of grams of carbon and
sulfur yiclded 67.2 liters of a2 mixture of CO, and SO, measured at STP.
How many grams of each element were present in the original mixture?

Solution: Let X=gof C=gof$

Moles of C = X[12.0 Moles of § = X/32.0

Moles of C = moles of CO, Moles of S = moles of SO,

67.2 liters at STP = 3 moles == moles of CO, + moles of SO,

X[12.0 + X[320 = 3.00 X—1262¢

9.7 A 10-g mixture of H,S and CS, was burned in oxygen to form a
mixture of H,0, SO,, and CO,. The dried mixture, on being scparated
into its pure componcnts at a given temperature and pressure, yielded

5.34 liters of SO, and 1.50 liters of CO,. How many grams of HyS were
there in the original mixture? . .

Solution: At a given temperature and pressure the number of moles
of two gases are to each other as their volumes. From the equations

H,S + 1.5 0, = H0 + SO,
CS, + 30, = CO,+ 250,

we note that CO, and SO, are formed from CS, in the ratio of 1 mole
of CO, to 2 moles of $SO,. Since 1.50 liters of CO, are present, and
since this CO, was derived from the CS,, 3.00 liters of SO, must also
have come from the CS,. Thercfore, 2.34 liters of SO, must have come
from the H,S. Thercfore, as the two equations testify, the H,S and
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CS; in the original mixture must have been present in the ratio of
2.34 moles of H,S to 1.50 moles of CS,. Knowing the mole ratio and
the total number of grams of mixture the number of grams of H,S
can be calculated.

9.8 A mixture of CS, and CH, was burned to a mixture of CO,,
8Oy, and H,O at 450°C. The partial pressures of the CO,, SO, and H,0O
in the mixture were 175 mm, 200 mm, and 150 mm, respectively. What
was the mass percent of CH, in the original mixture?

Solution: Since the reaction takes place in one reaction vessel the
three pascs, CO,, H,0, and SO,, are at the same temperature and
occupy the same volume. Therefore, the number of moles of the three
gascs are in the ratios of their partial pressures.

CS, + 3 0y = CO, + 2 SO,
CH, + 2 Oy = CO, + 2 H,0

Since the partial pressures of the SO, and IO are, respectively, 200
mm and 150 mm they must be present in the ratio of 2.00 moles of
SO, to 1.50 moles of H,0. Therefore, as the equations testify, the
CSy and CH, must have been present in the ratio of 2.00 moles of CS,
to 1.50 moles of CH,. Knowing the mole ratio, the mass %, of CH,
can then be calculated. '

9.9 A mixture contains solid carbon, gaseous CS,, and gaseous CH,,
The mixture is oxidized completely to give a gascous mixture of CO,, SO,,
and steam (H,0). The ratio of the partial pressures of the CO,, H,O, and
S0, in this gaseous mixture is 5.00 for the CO, to 2.00 for the H,O to 1.00

for the SO,. What was the percent by mass of solid carbon in the original
mixture?

9.10 A 10.0-g sample of a mixture of CuSO, -5 H,O and CaCQ,
was heated, decomposing the carbonate and dehydrating the hydrate. I
5.00 cc of water vapor {steam) were produced for every 2.00 cc of CO,,
both volumes being measured at the same T and P, calculate the mass % of
CaCO; in the original mixture.

911 A mixture of sulfur and carbon weighing 2.0 g, when burned,

gave a mixture of SO, and CO, weighing 6.0 g. How many grams of
carbon were there in the original mixture?
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Solution: In solving this particular problem we should first note that
each of the following is true:

(1) X=gofC
(2) 20 - X=gof$
) S+ 0,=S80,
(5) moles of COy = moles of C
(6) moles of SO, = moles of S
(7} moles of C 4+ moles of § = moles of O,
X
(8) moles of C = 2
20— X
(9) molesof S = 5
X
(10) moles of CO, = D
O0—X
(11) moles of SO, = &W

(12) grams of CO, + grams of SO, = 6.0 g
(13) g of (CO3+ SOy} —gof (C+ S)=gof O, =4.0g

4.0
(14) moles of Oy =

32
gof CO, X 44
(15) g OfCOQ = molCS Of Cof X m == o =
gofSO, 20X
mole of SO, 32

(17) g of Oy in COy + g of Opin SO, =40g

X 64

(16) g of SO, = moles of SO, X

. 32
(18) gOfozlncoz:EX gOfCZEX

Since 1 mole of CO, contains 1 mole of C and 1 mole of O, it follows
that, in CO,
mass of the O, mol weight of O, 32

mass of the C ~ mol weight of C 12
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Therefore,

32
mass of the O, = o X mass of the C

32 3
(19) gofOzinSOzzTéXgofS:g—zx(Q—X)

44 44
0 = — = e X
{20} g of CO, 12><g0f(3 i3

Since 1 mole of CO, contains 1 mole of C it follows that

mass of the CO,  mol weight of CO, 4
mass of the C ~ mol weight of C 12

Therefore,

44
mass of the CQ, — I X mass of the C

64 64
21 £SO, = — x fS=_—_(20—X
(1) § of SO, = o2 x g of S = 2 (20— X)

From among these 21 relationships the following combinations will

give us the following cquations, each of which can be solved for the
value of X:

Selution 1:  From Equations (7), (8), {9), and (14).
(7) moles of C + moles of S = moles of O,
X 20—-X 40
127 T2 3
Solution 2: From Equations (12), (15), and (16).
(12) g of COy + g of SO, =6.0g

(X =12)

f—; w44 4 2.03; X
Solution 3:  From Equations (1 7), (18}, and (19).
(17) g of Oy in CO, + g of O, in SO, = 4.0 g
32 32

T X+ (20— X) =40 =1.
Xt 50— X)=40g  (X=12)
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Solution 4:  From Equations (12), (20), and (21).
(12) g of CO3 + g of SO, =6.0¢g

44 4
e ¥

X T 00 X)=60g (X=19

Note that, although Solutions 2 and 4 involve the same terms, they
represent different approaches to the problem.

In most mixture problems more than one method of solution is possible.
It is, of course, not necessary to probe all of the methods, as has been
done in this problem. The simplest, shortest, and most obvious
method should be selected.

9.12 A mixture of Mg and Zn having a mass of 1.000 g, when burned
in oxygen, gave a mixture of MgO and ZnO which had a mass of 1.409 g.
How much Zn was there in the original mixture?

Solution: X = g of Zn. 1.000 — X = g of Mg.

By examining the formulas, MgO and ZnO, we see that 1 mole of

Mg will yield 1 mole of MgO and 1 mole of Zn will yield 1 mole of

ZnQ. Since the atomic weights of Mg and Zn are 24.3 and 65.4,

respectively, and the molecular weights of MgQO and ZnO are 40.3

and 81.4, respectively, it is true that

mass of the MgO  mol weight of MgO - 403
mass of the Mg~ mol weight of Mg~ 24.3

Therefore,

40.53
mass of MgO = 543 x mass of the Mg burned
Likewisc, !

31.
mass of the ZnQ = B % mass of the Zn burned

But,
g of ZnO + g of MgO = 1409 ¢
and
gof Zn=X and gof Mg=1.000 — X
Therefore,
814 4.3

— —— (1,000 — =14 X = 0.569 Z
65.4X+24.3( 0 — X) 09 g ( g of Zn)
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9.13 A mixture of NaBr and Nal has a mass of 1.620 g. When
treated with excess AgNOy, it yields a mixture of AgBr and Agl which has

a mass of 2.822 g. How many grams of Nal were there in the original
mixture ?

Solution: X =g of Nal; 1.620 — X = g of NaBr. The formula
weights are:

NaBr = 102.9; Nal = 149.9; AgBr = 187.8; Agl—=234.8

Since 1 mole of NaBr and 1 mole of AgBr each contain I mole of Br

and since 1 mole of Nal and I mole of Agl each contain 1 mole of I, .

I mole of NaBr will yield 1 mole of AgBr and 1 mole of Nal will
yield 1 mole of Agl.

It follows, therefore, that

mass of the AgBr  mol weight of AgBr 1878
mass of the NaBr ~ mol weight of NaBr  102.9

187.8

mass of AgBr = o2 < mass of NaBr
Likewise,
234.8
mass of Agl = Tagg < mass of Nal
234.8 2348
fApl = ___ f =—
BOLAET T g g X Bt Nal= o5 X
187.8 187.8
fA B —_—— _— . —
gof AgBr= oo X g of NaBr 109.9 (1.620 — X)
g of Agl + g of AgBr = 2.822 ¢
234.8 187.8

T390 < T Toog (1620 — X) = 28225 (X = 0.520 g of Nal)

9.4 A mixture of CO, and SO, has a mass of 2.952 g and contains a

total of 5.300 x 10-2 moles. How many moles of CO,; arc there in the
mixture?

Molecular weights: CO, = 44.01, SO, = 64.06.
Solution: X = moles of CO,. 5.300 X 102 — X — molws of 50,.
44.01 X - 64.06 (5.300 x 102 — X) — 2.952 ¢

{X = 2200 x 102 moles of COy)

Mole relationships. II. Stoichiomefry of siixtures 109

9.15 A mixture of pure AgCl and pure AgBr contains 66.35%, silver.
What is the mass percent of bromine in the mixture?
Solution: We will assume that we have 100 g of mixture. The

answer, in grams, will then equal, numerically, the mass percent. Let
X =g of Br.
Each of the following relationships will be true:

(I) gofAgCl+ g of AgBr = 100¢g

(2) gof Ag=166.35¢
(3) gofCl4+gof Br=3365¢g
{4) moles of Cl = moles of AgCl
(5) moles of Br = moles of AgBr
(6) moles of Cl 4+ moles of Br = moles of Ag
(7) moles of AgCl 4 moles of AgBr = moles of Ag
187.8 187.8

= =—X

(8) gof AgBr 500 g of Br 799
143.4 143.4

P ——— = e (33,65 — X

9) g of AgCl s < B of Cl 555 ( )
. 107.9 107.9
(10) g ongmAgBr:?g-g— X g ofBr:—B-g—E_)—X
. 107.9 107.9
(11) g of Ag in AgCl = 355 <8 of Cl = =5 (33.65 — X)
12) moles of Br = ——

(12) moles of Br = 96

3365 — X
(1 3) moles Of Cl = 75—"—

Jes of Ag — 66.35

(14) moles o &= 1575

From these relationships an equation can be set up which, when
solved, will give the value of X, that is, the mass percent of bromine,

9.16 A mixture of BaCl, and CaCl, contains 43.1%, chlorine. Cal-
culate the mass percent of barium in the mixture,
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9.17 A mixture of pure Na,SO, and Na,CO, has a mass of 1.200 g
and yields a mixture of BaSO, and BaCOj having a mass of 2.077 g, Cal-
culate the mass percent of Na,SO, in the original mixture.

9.18 A mixture of CO, and CS, contains 20.0 mass %, carbon. How
many grams of SO, will be formed by the complete oxidation of 10.0 g of
the mixture to CO, and SO, ?

9.19 A mixture of NaCl and NaBr contains twice as many grams of
NaCl as NaBr., When treated with cxcess AgNQ, this mixture yields
100 g of a mixture of AgCl and AgBr. How many grams of NaCl were
there in the original mixture?

= 9.20 A 10-g mixture of Zn§ and MgS, when oxidized completely to
Zn0O, MgO, and SO,, yielded 3.27 liters of SO, measured at 0°C and
760 mm. How many grams of MgQ were formed?

2 9.21 A mixture of As,S; and CuS having a mass of 8.00 g was
roasted in air until completely oxidized to SQ,, As,O,, and CuO. The SO,
gas was oxidized to sulfate which was then completely precipitated as
BaSOy; 21.5 g of BaSO, were formed. Calculate the number of grams of
combined Cu in the mixture.

 9.22 When 50.0 g of mercury and 50.0 g of iodine arc heated to-
gether they are completely converted into a mixture of Hg,l, and Hgl,.
How many grams of Hg,l, are there in the mixture?

® 923 A mixture of Al and Mg contained 3 times as many grams of Al
as Mg. When the mixture was treated with excess HCI the hydrogen that
was liberated reduced 119.25 g of CuO to Cu. How many grams of Al were
in the mixture?

® 9.24 When a mixture of H,S and CS, was burned in oxygen to give
H,0, COy, and SO, the mass in grams of the SO, that was formed was four
times the mass of the CO,. Calculate the mass percent of CS, in the mixture
of H,S and CS,.

Solution:
H,S + 1.5 0y = H,0 + SO,
CS, | 30, = CO, | 250,
Since ho specific quantities are given and since the answer called for

(% of C8,) represents a relative value, let us assume that 1 mole (44 g)
of CO, is formed. The total amount of SO, formed will then be
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176 g. Since in the burning of CS, 2 moles of SO, are formed for
each mole of CO, formed, 2 x 64 g or 128 g of SO, will be formed
from the CS,. The remaining 48 g of SO, (176 — 128 — 48} must
have been formed from the H,S. With this information the relative
number of moles of CS, and I1,S and the mass % of CS, in the original
mixture can be calculated.

#® 925 A mixtutc of Cl, and Br, gases was contained in a cylinder at a
pressure of 2atm. When combined with H,, the Cl, and Br, yielded
55.84 g of a mixture of HC] and HBr gases; this mixture of HCI and HBr
gases was stored in a 10-liter tank at 123°C and a pressure of 2.62 atm. Cal-
culate the partial pressure of the Bry in the original mixture of Cl, and Br,.

P 926 A sample of water is a mixture of H,O and T,O. Exactly 1
gram of this water is completely electrolyzed, giving 0.792 g of oxygen.
Calculate the mole fraction of T,0 in the sample of water,

# 9.27 A mixture of methane (CH,), ethylene (CHy), and acetylene
(C4H,) contained in a 10-liter flask at 27°C is under a pressure of 7.39 atm.
This mixture is burned completely to CO, and H,0, the resulting gases
being passed through an absorbtion train, where the H;0 is absorbed by
CaCl, and the CO, is absorbed by NaOH. The CaCl, tube increases in
mass by 88.2 g and the NaOH tube increases by 198 g. How many moles of
each gas were present in the original mixture?

» 9.28 A mixture of C,H; gas and CS, gas was placed in a reaction
vessel at 200°C. An excess of O, gas was then added to the mixture. When
the resulting mixture was ignited by a spark all of the C,H, and CS, was
oxidized to CO,, SO,, and H,0. When the reaction was complete, the
partial pressures of the CO, and SOy, measured at 200°C, were 108 mm and
120 mm, respectively. Calculate the mass percent of C,Hy in the original
mixture of C,H, and CS,.

Solution: See Problem 9.8.

® 9.29 Toa mixture of C,Hg and C,H,S gases contained in a constant~
volume reaction vessel was added the exact amount of O, gas required to
burn it completely to CO,, SO,, and H,0. When a spark was passed, com-
plete combustion of the gases to CO,, SO, and steam (H,O) occurred. The
mole fraction of the SO, in the gaseous mixture of COy, SO, and H,O was
0.1237. (There was no liquid present.) Calculate the mass percent of the
C,H; in the original mixture of C,H, and CyH,S.
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Solution hint: Let X — the mole fraction of the C,H, in the original
mixture of C;Hy and C,H,S. The mole fraction of C,H,S in the
mixture will then be 1 — X,

® 9.30 A gascous mixture of equal grams of CH, and C,H; plus excess
O, was contained in a reaction vessel at 300°C. The partial pressure of the
CH, in this mixture was 15 mm. The mixture was ignited, resnlting in all
of the CH, and C,H; being completely oxidized, yielding a gaseous mixture
of CO,, HyO (steam), and O, (no liquid water). The mole fraction of the
COy in this gaseous mixture was 0.20. What was the partial pressure of the
oxygen gas in the original mixture: '

® 9.31 A gascous mixture of CH, and H,S contains 3 times as tany
grams of H,S as CH,. An excess of O, gas was added to the mixture. The
resulting mixture was ignited, the CH, and H,S being completely oxidized,
giving a gaseous mixture of COy, SOy, H,0 (steam), and O,. The partial
pressure of the SO, gas in this mixture was 24 mm and the mole fraction of
the H,O (steam) was 0.50. Calculate the mole fraction of the 11, in the
original mixture of CH,, H,S, and O,.

» 932 A mixture of equal grams of CH, gas and CS, gas with excess
O, gas contained in a constant-volume reaction vessel at 300°C was ignited.
Complete oxidation to CO,, SO,, and H,O {steam) occurred. 'The partial
pressure of the CO, gas in this mixtare of CO,, SO,, H,0, and Q,, mea-
sured at 300°C, was 23 mm. Calculate the partial pressure of the CII, in
the original mixture of CH,, CS,, and O,.

® 9.33 A gaseous mixture contained in a 1-liter reaction vessel at 127°C
and 10 atm pressure consisted of CS, and CH, and an excess of oxygen. The
mixture was ignited by a spark and complete oxidation to CO,, SO,, and
H,O (steam) occurred. After the reaction had occurred the pressure in the
I-liter vessel, measured at 527°C, was 17.1 arm. How many grams of CS,
were in the mixture?

Solution: See Problem 8.84.

® 934 A mixtore of C.H,, gas, CHy gas, and excess O, gas was
contained in a 20-liter reaction vessel at 27°C and a pressure of 4.92 atm.
- When a spark was passed, the C,H,, and CH, were completely oxidized
to CO; and steam (H,O). The final total pressure in the reaction vessel,

measured at 400°C, was 12.7 atm. How many grams of CH,;, were there in
the original mixture?
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% 9.35 A gascous mixture of CH, and CS, was added to an excess of
oxygen gas. The resulting mixture was placed in an evacuated, constane-
volume reaction vessel. The temperature of the mixture was 320°C, The
mixture was ignited, resulting in the CH, and CS,, being completely oxidized
to CO,, H,O, and SO,. The temperature of the reaction vessel was brought
back to the original value, 320°C. The total pressute of the mixture of
gases {no liquid} in the vessel at 320°C was 79 mm and the partial pressure of
the SO, was 8.0 mm. Calculate the total pressure of the original mixture
of CH,, CS,, and O,.



Most chemical reactions are accompanied by the evolution or absorption
of heat energy. This heat energy is referred to as the heat of reaction. A
reaction that evolves heat is exothermic; one that absorbs heat is endothermic,
When the chemical reaction proceeds at such a rate that heat and light arc
evolved, the process is called combustion, and the heat that is given off is
called heat of combustion. The heat energy that is evolved, or absorbed, when
a compound is formed from its coustituent clements is called the heat of
formation of the compound. Heat of reaction, heat of combustion, and heat
of formation are commonly expressed in units of calories per gram, calories
per mole, or kilocalories per mole. A calotie is the quantity of heat required to raise
the temperature of one gram of water one degree Celsius. The specific heat of a
substance refers to the number of calories of heat required to raise the
temperaturc of one gram of the substance one degree Celsius. Water
has a specific heat of | calfgram x deg (1 cal per g and per deg). Methyl
alcohol has a specific heat of 0.600 calfg x deg, while the specific heat of
ethyl alcohol is 0.456 cal/g x deg. The specific heat of a substance is also
referred to as its heat capacity. The molar heat capacity of a substance is the
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quantity of heat, in calories or kilocalories, required to raise the temperature
of one mole one degree C.

PROBLEMS

10.1 The specific heat of water is 1 calfg x deg C. How many

calories of heat will be required to raise the temperature of 150 g of water
40°C?

Solution: Since 1 cal is required to raise the temperature of 1g of
water 1°C, 150 cal will be required to raise the temperature of 150 g
of water 1°, and 40 x 150 cal or 6000 cal will be required to raise the
temperature of 150 g of water 40°,

The calculation, in one operation, is

1 cal
150 g of water x 40° x “ 5 = 6000 cal
1 g of water x 1

Note that “grams of water” and “degrees” will cancel. The answer
will then be in calories.

10.2 The specific heat of water is I calfg x deg. How many grams
of water can be heated from 20 to 60°C by 3200 cal of heat?

10.3 The specific heat of methyl alcohol is 0.600 caljg x deg. How
many calories of heat will be required to raise the temperature of 4000 g of
methyl alcohol from 2 to 22°C?

Solution:
0.600 cal
1 g of alcohol x 1°

total calories = 4000 g of alcohol x 20° x

= 48,000 cal

10.4  The heat of combustion of 2 sample of coal is 6000 cal/g. How
many grams of this coal would have to be burned in order to generate enough
heat to raise the temperature of 1000 g of water from 10 to 34°C? The
specific heat of water s 1 calfg x deg.

Solution:

calories required to heat the water

calories cvolved per g of coal burned  © of coal burned

1cal
g of [,O x I°
6000 cal
1 g of coal

1000 g of H,O x 24° x

=4 g of coal
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10.5 A sample of 12 g of a certain grade of coal gave off enough heat
to raise the temperature of 4000 g of water from 12 to 30°C. Calculate the
heat of combustion of the coal in calories per gram. The specific heat of
water is 1 calfg X deg.

10.6 The heat of combustion of magnesium is 6075 calfg. The
specific heat of kerosene is 0.557 calfg X deg. How many grams of mag-
nesium must be burned in order to generate enough heat to raise the tem-~
perature of 1.00 kg of kerosene from 22 to 140°C?

10.7 The heat of combustion of a sample of coal was 5000 cal/g.
When burned, 1.0 g of this coal gave off enough heat to raise the temperature
of 8478 g of silver from 20 to 30°C. Calculate the specific heat of the silver.

10.8 A sample of 2.5 g of sulfur, when burned to SO,, raised the
temperature of 1080 g of water from 22.5 to 27.5°C. Calculate the heat of
formation of SO, in kilocalories per mole.

Solution: To form I mole of SO, one must burn | mole of S. There-

fore, the heat of formation of SO, is the same as the heat of combustion
of S.

10.9 The heat of formation of SO, is 69.12 keal/mole. How many
grams of sutfur would have to be burned to furnish enough heat to raise the
temperature of a piece of iron weighing 5000 g from 15 to 35°C? The
specific heat of iron is 0.113 calfg X deg.

10.10  When burned in oxygen, 10.00 g of phosphorus generated
enough heat to raise the temperature of 2950 g of water from 18 to 38°C.
Calculate the heat of formation of P,O,, in kilocalories per mole.

Solution: Note that 4 moles of P yield 1 mole of P,O,.

10.11 The specific heat of ethyl alcohol is 0.456 calfg x deg. The
heat of combustion of Mg is 145.8 kcal/mole. The density of ethy! alcohol
at 12°C is (.80 gfcc. How many grams of magnesium must be burned to

generate enough heat to raise the temperature of 12,500 cc of ethyl alcohol
from 12 to 22°C?

10.12 . 'The heat of fusion of ice is 79.7 calfg. The heat of combustion
of methyl alcohol is 170,900 cal/mole. The density of ice at 0°C is 0.920 glee.
How many grams of methyl alcohol, CH;OH, must be burned in order to
generate enough heat to melt a cube of ice 100 cm on each edge?
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10.13 Elemental phosphorus is prepared commercially by reduction
of rock phosphate, Cay(PO,),, with coke and sand in an electric furnace at
about 2000°C. A 140-g sample of crude rock phosphate containing 87%, by
weight of Can(PO,); was reduced to pure clemental phosphorus in the
manner described above. This phosphorus was then completely oxidized to
P,04y by burning it in an atmosphere of oxygen. The heat that was given
off in the latter reaction raised the temperature of 4070 g of methanol from
—10 to 35°C. What percent of the total amount of heat evolved by the
burning phosphorus was actually used to heat the methanol ? Heat of forma-
tion of P,0, is 732 kcal per mole. The specific heat of methanol is 0.600
calfg X deg.

10.14 A vessel partly filled with water is cooled to 0°C (no ice formed)
and then connected to a vacuum pump. The vessel is insulated perfectly
from the surroundings and the cooling coil is disconnected. When the
vacuum becomes high enough the water begins to boil. K10 g ofice formed,
how much steam was given off?

heat of fusion of H,O = 80 calfg
heat of vaporization of H,O = 540 calfe

Solution: 'The amount of heat energy, in calories, absorbed by the
water that evaporates during the boiling process is equal to the amount
of heat energy given off by the water that is converted to ice.

# 10.15 At 920°C the reaction of carbon with oxygen evolves heat
according to the equation, 2 C (s) 4+ O, (g) = 2 CO (g) + 57.3 kcal, and
the reaction of carbon with carbon dioxide absorbs heat according to
the equation C (s) + CO, (g) = 2 CO (g) — 28.8 kcal. How many moles of
CO, per mole of O, must be present in order that there shall be no heat
change when the gas mixture reacts with C at 920°C?

Solution: 'The heat absorbed by the second reaction must equal the
heat evolved by the first. Therefore, the number of moles of CO,
must be 57.3/28.8 or 1.98 times the number of moles of O,

When including the heat evolved or absorbed in the equation for a
reaction we will follow the practice of representing evolved heat as a
positive quantity and absorbed heat as a negative quantity. Thus, the
equation,

C {s5) -+ Oy {g) = COy4 (g) + 94 keal/mole

tells us that, when solid carbon reacts with O, gas to form COQ, gas,
94 kcal of heat are evolved for each mole of CO, formed. The heat
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that is evolved is lost by the C and O, when they combine to form
CO,.

The reaction of C (s} with CO, {g) to form CO (g) is an endothermic
reaction; 4.4 keal of heat are absorbed per mole of CO formed. This
tact is shown by representing the heat of reaction as a negative quantity
in the equation,

C(s) + CO, (g) =2 CO (g) — 28.8 keal

It should be noted, however, that it is standard practice in thermo-
dynamics and physical chemistry to designate the heat evolved or
absorbed in a reaction by the notation, AH; this represents the change
in the energy content of the system. Since energy is lost in exothermic
reactions the energy content decreases. Accordingly, for exothermic
reactions AH is a negative quantity. In endothermic reactions the
energy content imcreases. Therefore, for endothermic reactions AH
is a positive quantity. Accordingly, the above 2 reactions would be
written:
C(s) + Oz (g) = CO, (g) AH = —94 kcal

C(s) + COz (g) =2 CO(g) AH = +28.8 kcal

Note that in this notational system the heat of reaction is not included
in the equation for the reaction.

The justification for representing evolved heat as a positive quantity
and absorbed heat as a negative quantity when the energy change is
included in the equation for the reaction will be obvious when the
effect of temperature change on chemical equilibrium is studied.

# 10.16 The heat of formation of HCI from the clements is 22,000 cal
evolved per mole of HCL The heat of formation of N,O from the elements
is 17,000 cal absorbed per mole. The heat liberated when 2.0 moles of
hydrogen gas are reacted with excess chlorine is used, with 100%, efficiency,
for the conversion of a mixture of excess N, and excess O, into N,O. How
many grams of NyO are formed?

& 10.17 Hess’ Law of Heat Summation states that the energy liberated in
the formation of a substance is independent of the path that is followed and
is the algebraic sum of the heat changes in the steps in the reaction. Calculate
the energy change for the reaction,

H, (g) + 4 O (g) — H,O (liquid
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trom the following data:

C(s) + 2 H,0 (g) = CO, (g) + 2 H, (g) — 39,000 cal
C(s) + £ 0, (g) = CO (g) + 29,000 cal

H,O (g) = H,0 (1) + 9700 cal

CO (g) + 4 O, (g) = CO, (g) -+ 67,700 cal

Solution: Reverse the first equation to give
CO, (g) +2H,(g) = C(s) + 2 H,O {g) + 39,000 cal
Double the third equation to give
2 H,0 (g) = 2 HyO (1) -+ 19,400 cal
Then add the four equations, canceling terms, to give
2H, (g) + Oy (g) = 2 HyO (1) + 155,100 cal

or
H, (g) + £ O, (g) = H,O (1) + 77,550 cal
% 10.18 Given the equations:
C{s) + O, (g) = CO, (g} + 94.4 keal
C@)+ 40, (g) = CO (g) + 28.2 keal
Calculate the heat of the reaction
CO (g) + £ Oz (g) = CO, (g)
® 10.19 Given the equations:
80, (g) + 3 04 (g) = SO; {g) — 21.4 keal
S(s) + 13 Oz (g) = SO; (g) + 48.8 keal
Calculate the heat of formation ?f 8O, (g) from S (s) and Oy (g).

# 10.20 How many grams of ethanol (C,H;OH) will be changed from
solid at —124°C to liquid at —104°C by the heat generated when 5 moles of

butanol {C,H,OH) are burned ?

heat of combustion of C,H,;OH = 65,000 calories evolved per mole
specific heat of solid ethanol = 0.30 cal/deg x g

specific heat of liquid ethanol = 0.50 cal/deg x g

heat of fusion of ethanol == 25 cal/g

melting point of ethanol = —114°C

molecular weights: C,JII;OH = 46; C,H,0H = 74




Percent means parts per hundred: when applied to solutions it means parts by

mass of solute per 100 parts by mass of solution. It is one of several ways of
expressing the concentration of the solute in a solution.

The density of a solution is the mass of unit volume of that solution;
it is commonly expressed in units of grams per cubic centimeter (gfcc) or
grams per milliliter (g/m1).

PROBLEMS

111 Twelve g of NaCl are dissolved in 68 g of water. Calculate the
percent strength of the solution.

Solution: Percent strength means grams of solute {NaCl) per 100 g
of solution, ‘

We will first find grams of solute per 1 g of solution and then multiply
this by 100 g of solution.

Twelve g of NaCl dissolved in 68 g of water yields 80 g of solution.

12 g of NaCl 12

m = % z of NaFI/I g of solution
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(Any fraction, when solved, gives the number of units of numerator
per one unit of denominator.)

12 of NaCl/l g of solution x 100 g of solution = 15 g = 159/,
80 g E g g

The calculation, in one operation, is

12 g of NaCl

——2 1060 = 159
80 g of solution x 7o

Note: The number of grams of solute per 1 g of solution is the
decimal percent or mass fraction. Thus 12 — 0.15. This is the decimal
percent or mass fraction of NaCl in the solution.

11.2 How many grams of NaCl are there in 60 g of a 159, solution
of NaCl in water?

Solutiori: 159, means that 0.15 of the mass of the solution is NaCl.
015 x 60 g =9.0g

11.3 How many grams of sugar would have to be dissolved in 60 g of
water to yicld a 259 solution?

Solution: “What we want is a solution in which the mass of the sugar

is 0.25 of the mass of the solution.

The mass of the solution is the mass of the sugar plus the mass of the

water.

Let X = mass of sugar

X + 60 g = mass of the solution

X =025 (X + 60 g)
Solving, X = 20 g of sugar

11.4 How many grams of water and how many grams of salt would
you use to prepare 80 g of a 5.0 9%, solution?

Solution: Tn a 5.0%, solution, the mass of the sale is 0.050 of the mass
of the solution.
0.050 x 80 g = 4.0 g of salt

The mass of the solution == mass of salt -~ mass of water.

80 g of solution — 4.0 g of salt = 76 g of water
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115 The mass of 15 cc of a solution is 12 g. Caleulate the density of
the solution.
Solution: Density means grams per cubic centimeter. Therefore, to

find the density we will divide the mass in grams by the volume in cc,
That is,

. 12
density = & & 0.80 gfcc

cc 15cc

116 The density of a solution is 1.80 gfcc. What volume will 360 g
of the solution occupy?

Solution: To find the volume in cc occupied by 360 g of a solution
we must divide the mass in grams (360 g)

by the mass in grams of
L cc. That is,

.E_ = cc

gfec -
08 o
1.80 gfcc o e

1.7 A 44.0%, solution of H,SO, has a density of 1.343 g/ml. How
many grams of H,SO, are there in 60 m! of this solution ?

Selution: The mass in grams of 60 ml of this solution will be

60 ml of solution 3 1.343 g/ml = 80.58 g of solution
0.440 g of H,80, per g of solution

X 80.58 g of solution = 35.46 g of H,50,
The entire calculation, in one operation, js

60 ml x 1.343 g/ml x 0.440 g of HyS0,/g = 3546 g of H,50,
118 A 44.0%, solution of H,SO, hasa density of 1.343. A volume of"

25.0 cc of 44.0%, H,SO, solution was treated with an excess of Zn. What
volume did the dry hydrogen gas which was liberated occupy at STP?

Solution: Zn 4+ H,SO, = ZnSO, + H,. Therefore, 1 mole of
H;50, will liberate 1 mole of H,.

We will calculate how many moles of Hy80, are present in the solu-
tion,

25.0cc x 1.343 gfec % 0440 = 14.8 g of H,80,

148 g of H,SO,
_— "= {}1
9.1 gfmole 0.151 mole of T1,50,
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Therefore 0.151 mole of Hy was evolved. One mole of H, occupies
a volume of 22.4 liters at STP. Therefore,

2.4 it .
0.151 mole x 224 lers == 3.38 licers of H,
1 mole

The entire calculation, in one operation, is

25.0 cc x 1.348 gfec % 0.440 g of H,80,/g N 1 mole of H,
98.1 g of H;SO,/mole of H,S0, § mole of H,5Q,

22.4 liters of H,
* mole of H,

= 3.38 liters of H,

11.9 How many liters of dry HCI gas, measured at 25°C and 740 mm,
can be prepared by combining chlorine gas with the hydrogen which will
be liberated when 100 cc of a 20.0%, solution of HySO, of density 1.14 is
treated with an excess of alominom ?

B 1110 A 44.2-cc sample of a 709, solution of sulfuric acid of density
1.61 was first diluted with 3 volumes of water and was then treated with an
excess of Mg. All of the H,SO, reacted with Mg. The evolved hydrogen
gas was used to reduce heated CuQ. Ten percent of the evolved H, was lost.
The remaining 90%, rcacted with the heated CuO. How many grams of
copper were formed?

W 1111 Ten g of NH,Cl are dissolved in 100 g of a 109, solution of
NH,Cl in water. Calculate the percent strength of the resulting solution.

® 1112 You are given 100 g of 2 10.09 solution of NaNQj in water.
How many more grams of NalNQ; would you have to dissolve in the 100 g
of 10.0%, solution to change it to a 20.0%, solution?

B 1113 Sixty g of a 129, solution of NaCl in water were mixed with
40 g of a 7.0%, solution of NaCl in water. What was the percent strength
of the resulting solution?




One of the most useful ways of designating the concentration of the solute in
a solution is in terms of molarity. Unfortunately there are two definitions of
molarity. The most widely used definition, which is the onc that will be
used in this chapter, is: molarity of a solution represents the number of moles of
solute used in preparing one liter of solution. The abbreviation for molarity is
M. A solution prepared by dissolving 1 mole of solid KCl in enough water
to give 1 liter of solution would, by this definition, be labeled 1 M KCL
Likewise, a solution prepared by dissolving 0.25 mole of KCl in enough
water to give 1 liter of solution would be labeled 0.25 MK CL. A solution
labeled 1.6 MK,CO; would be prepared by weighing out 1.6 moles of
solid K,COy and dissolving them in enough water to give | liter of solution.
(The alternative definition of molarity, with its attendant concept of formality,
will be discussed in Chapter 16.)

Regardless of how the concentration of a solution is designated the
chemical formula of the solute should always be given.

It should be emphasized that, in problems dealing with reactions that
oceur in solution, the mole relationships ate treated exactly as they were treated in
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the chapter on stoichiometry (Chapter 8). The only new thing in this chapter
is that, instead of being given a certain number of moles or grams of a
particular reactant, you will be given, for example, a certain number of
milliliters of a solution of a certain molarity. You will first determine how
many moles of reactant there arc in the solution; having determined the
number of moles the rest of the calculation follows the exact pattern that was
followed in Chapter 8.

PROBLEMS

12.1 How many grams of NaOH will be required to prepare 1.0 liter
of 1.0 M NaOH?

Selution: 1.0 M NaOH will contain 1.0 mole of NaOH dissolved in
enough water to make I liter of solution, One mole of NaOH is 40 g
of NaOH. Thercfore 40 g will be required.

12.2 How many grams of K,S0O, will be required to prepare 1.00
liter of 0.500 M K,SO,?

Solution: Onc liter of 0.500 M X,SO, will contain half a mole of
K,SO, dissolved in cnough water to make a liter of solution. Half a
mele of K,80, 15 87.1 g. Therefore, 87.1 g of K,SO, will be required.

12.3 How many grams of Aly(SO,); will be required to prepare
300 mi of 0.200 M Al (SO,),?

Solution:  One liter of 0.200 M Al,(SO,); will contain 0.200 mole
of Al(SO)s. 300 ml is 0.300 liter; 0.300 Jiter of 0.200 M Al(SO,),
will contain 0.3 x 0.2 or 0.0600 mole of Al,(SQ,);. One mole of
Al(SO,)s is 342 g. Thercfore, 0.0600 x 342 g = 20.6 g.

What has been stated above can be summarized, briefly, as follows:
7

0.200 mole y 342 ¢

liter mole

0.300 liter x

Note that liters and moles cancel, leaving the answer in grams.

12.4 I 12 g of NaOH are dissolved in enough water to give 500 ml of
solution, calculate the molarity of the solution.

Solution: To find the molarity means to find the number of moles of
solute that are present in 1000 mi (1 liter) of solution.

1 mole of NaOH = 40 g of NaOI
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Therefore,

12 g of NaOH = 1% mole of NaOH — 0.30 mole of NaOH

The 0.30 mole of NaOH is present in 500 ml of solution. Since the
molarity is the number of moles per 1000 ml, then,

0.30 mole
1000ml o — "~
ml x 500 o 0.60 mole

Therefore, the solution is 0.60 M.

12.5 A solution of Cu(NO,), contains 100 mg of the salt per milliliter. -

Calculate the molarity of the solution.

Solution: 100 mg = 0.1 g. 0.1 g in 1 ml would be the same con-
centration as 100 g in 1000 ml. Thercfore, this is a solution containing

100 g of Ca(NOy), per liter. To find the molarity we must find the

number of moles per liter. There are 187.5 g of Cu(NO,), in a2 molc.
Therefore, .

100 g of Cu(NO,),
187.5 g/mole

Therefore, the molarity is 0.53.

= 0.53 mole of Cu(NOy),

126 How many grams of KOH will be required to prepare 400 ml
of 0.12 M KOH?

12.7 How many liters of 0.20 M N, 2,CO; can be prepared from 140 g
of Na,CO,?

12.8 A solation of NaCl contained 12 g of NaClin 750 m] of solution.
What was the molarity of the solution?

12.9 If 200 ml of 0.30 M Na,SO, are evaporated to dryness, how
many grams of dry Na,SO, will be obtained ?

12.10 10.0 cc of 2 70.0%, solution of sulfuric acid of density 1.61 were
dissolved in enough water to give 25.0 cc of solution. What was the molarity
of the final solution?

1201 Tn 3.58 M SO, therc is 29.09%, H,S0,. Calculate the density
of 3.58 M 11,50,

1212 If18.0 liters of dry HCI gas measured at 20°C and 750 mm are

dissolved in enough water to give 400 ml of solution, calculate the molarity
of the solution.

,—“_————w—-———-—-—j
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12.13 'To what volume in ml must 44,20 ml of a 70.009%, solution of
sulfuric acid whose density is 1.610 be diluted to give 0.4000 M H,50,?

12.14 How many moles of hydrogen will be liberated from 320 ml
of 0.50 M H,50, by an excess of magnesium ?
Solution: _
Mg -+ Ho50, = MgSO, + H,
(.50 M H,50, contains 0.50 mole of H,SO, per liter
0.50 mole of H,S0,
1 liter of H,SO,

1 mole of H,SO, liberates 1 mole of H,
Therefore, 0.16 mole of H, will be liberated.

0.320 liter of H,50, x = 0.16 mole of H,SO,

12.15 How many moles of hydrogen will be liberated from 400 ml of
0.40 M HCl by an excess of zinc?

Solution:
Zn + 2 HCl = ZnCl, + H,
2 moles of HCl yield 1 mole of H,
1 mole of HCI yields 0.5 mole of H,
0.40 M HCI contains 0.40 moles of HCI per liter
40 mol
0.400 Titer % 0% _ 016 mole of HCI
1 liter
Therefore, 0.080 mole (} of 0.16 mole) of H, will be liberated.
12,16 How many liters of dry CO, gas, measured at standard condi-

tions, will be evolved when 400 ml of 0.20 M H,S0, are treated with an
excess of K,CO,7

Solution:

H,50, 4+ K,CO, = K,50, + H,O | CO,
I mole of H,SO, liberates 1 mole of CO,
0.20 M H,50, contains 0.20 mole of Hy,SO, per liter

0.400 liter x 0.20 molefliter = 0.080 mole of H,SO,
= 0.080 mole of CO,

0.080 mole x 22.4 liters/mole = 1.8 liters of CO, evolved
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The above calculations can be carried out in one operation

0400 liter X 0.20 mole of H,SO,fliter x 20l of CO,
1 mole of H,SO,

22 4 liters of Cco,
I mole of CO,

12.17 How many moles of hydro : .
excess of magnesium reacts with: ydrogen gas will be liberated when ani

{a) 600 ml of 0.80 MH,50,?
(b) 600 ml of 0.80 M HCI?
12.18 How many liters of dry CO, gas, collected and measured at

0°C and 760 mm, will be liberated when 50
- : 0
it 700 i, Nk en ml of 0,400 M HCI are treated

= L8liters of CO,

12.19 400 ml f)f a 0.500 M solution of H,SQ, were treated with
exces; MC? metlalduntrl all reaction had ceased. The evolved hydrogen gas
Was dricd, cooled to 0°C, and was then forced into i i

el ) a 2.24-liter cylind
containing 0.100 mole of oxygen gas at 0°C. What was the total CZ(:::ucr
of the mixture of gases in the cylinder ? presae

12.20 600 ml of 0.40 M HCI wer

evolved Hy gas was all used to reduce CuO
copper were formed ?

e :j:ﬁg ,_.Ij:::: ‘n;il}zy moles of hydrogen gas will be evolved when 0.80
(a) 500 ml of 2.0 M 11CI?
(b) 500 ml of 2.0 M F1,50, 2
12.22 A 447-ml solution of Na,CO
suffuric acid until all action ceased. Fixzfe ki

standard conditions, were given off. Calc
carbonate solution.

¢ treated with excess Mg. The
to Cu. How many grams of free

s was warmed with an excess of
ters of dry CO, gas, measured at
ulate the molatity of the sodium

Solution:  The analysis of thi
ysis of this problem could run something like thi
- this:
To ?nd the mol:.arzty we must find the number of moles 0%" ]fiIae COS
per liter of solution. If we knew how many moles of I\T;ra.aCOsZther;::i

were in 447 ml, we could calculate the ; .
From the equation, ate the number in 1000 m! (1 liter).

Na,CO; + H,80, = Na,SO, 4 1,0 1 CO,

i
-
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or, more simply, from the formulas, Na,COy and CO,, we can see
that 1 mole of Na,COQ, yields 1 mole of CO,. Therefore, if we knew
how many moles of CO, were formed we would know how many
moles of Na,CQ, were present in the 447 ml of solution.

We know that 5 liters of CO, were evolved. Since 1 mole of CO,
occupies a volume of 22.4 liters at STP, 5 liters of CO, is 5/22.4 mole.
Therefore, 5/22.4 mole of Na,COy is present in the 447 m]1 (0.447 liter)
of solution.

5
— mole — 0.447 liter = 0.5 mole/liter

22.4
Therefore, the solution is 0.5 M.

12.23 A beaker contained 130 ml of hydrochloric acid. The contents
were treated with excess zinc. The result was that 7.13 liters of dry hydrogen
gas, measured at 22°C and 738 mm, were obtained. Calculate the molarity

of the acid.

1224 A 17.4-ml sample of a 70.0%, solution of sulfuric acid whose
density is 1.61 was diluted to a volume of 100 ml and was then treated with
a large excess of zinc. The evolved hydrogen gas was combined with chlorine
gas to form HCL This HCI gas was then dissolved in enough water to form
200 ml of hydrochloric acid. There was no loss of material in the reactions,
Calculate the molarity of the hydrochloric acid.

12.25 If 12.0 g of NaOH were required to neutralize 82.0 ml of
sulfuric acid, calculate the molarity of the acid.

12.26 How many milliliters of 0.250 M HC1 will be required to
neutralize 120 ml of 0.800 M KOH?

Solution: One mole of HCI will neutralize I mole of KOH. There-
fore, moles of HICI requited = moles of KOH present in the solution.
0.800 M KOH contains 0.800 mole of KOH per liter; 0.250 M HCI
contains 0.250 mole of HCI per liter.

0.800 mole of KOH
I liter

0.250 mole of HCI
1 litex

0.120 liter x = moles of KOH present

= moles of HCI required

X liters x




130 Molarity of solutiotis

Therefore, since moles of HCI required = moles of KOH present

0.250 mole 0.800
9pOmole 100 Titer x -E00 mole
1 liter 1 liter

X = 0.384 liter = 384 ml
12.27 How many millifiters of 0.250 M AgNO, will be required to

Xliters of HCI x

precipitate the chloride from 80.0 mi of 0.400 M NaCl? How many grams -

of AgCl will be precipitated?

12.28 25.0 ml of NaOH solution exactly neutralized 40 ml of 0.10 M
H,SO. Calculate the molarity of the NaOH.

®» 1229 An 85-g sample of an antimony sulfide ore containing 40%, by
weight of Sb,yS, and 609, inert material is ozidized until all of the S in the
8b,S; is converted to SOy, This SO is dissolved in enough water to give
200 ml of solution. How many ml of 0.400 M NaOH will be required to
completely neutralize the contents of the 200 ml solution ?

Solution hint:  Sb,Sy;— 8 SO; 3 H,S0O, — 6 NaOH
Moles of NaOH required = 6 x moles of Sb,S,
0.400 moles of NaOH

Ml of NaOH required x
of NaOH require 1000 ml of solution

required

% 1230 A 10.0-g sample of crude P,S; containing inert impurities was
first roasted in O, in the presence of a catalyst until all of the P,S; was
oxidized to POy, and SO, The mixture of oxides was then dissolved in
water. To neutralize the resulting solution required 900 ml of 0.600 M
NaOH. Calculate the percent of P,S, in the sample,

Solution hint:
P,S;— POy + 3 SOy — 4 HPO, + 3 H,80, — 18 NaOH

% 1231 The formula weight of As,Sg is 310. A 15.5-gram sample of
pure As,S; was oxidized completely to a mixture of As,Oy and SO, The
mixture of As,O; and SO, was dissolved comnpletely in water, with which
it reacted to give a mixture of F;AsO, and H,SO,. To convert this mixture

of acids completely to Na,AsQ, and Na,SO, would require how many
liters of 0.400 M NaQH?

® 1232 A sample of pure Sb,S; was completely oxidized to give a
mixture of solid Sb,O4 and gaseous SO, The SO, gas was dissolved in

= moles of NaQH .
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water to give a solution of sulfuric acid (H,SO,). The solid Sb,O, was
reduced to elemental Sb: this elemental Sb had a mass of 6.10 grams.

How many milliliters of 0.200 M KOH were required to neutralize
the solution of H,S0,?

% 1233 A 16-g mixture of sodium and potassium, when allowed to
react with water, gave a solution which neutralized 602.5 ml of 0.40 M
H,50,. How many grams of sodium were there in the mixture?

Solution hint: One mole of Na yields 1 mole of NaOH; 1 mole of
K yields 1 mole of KOH. Moles of hydroxides =2 X moles of
H,50,.

B 1234 A 14.8-g mixture of Na,COy and NaHCO, was dissolved in
enough water to make 400 ml of solution. When these 400 ml of solution
were treated with excess 2.00 M H,SO, and boiled to remove all dissolved
gas, 3.73 liters of dry CO, gas measured at 740 mm and 22.0°C were
obtained. Calculate the molarity of the N2,COy and of the NaHCO, in the
400 ml of solution.

Solution hint: Let X = molarity of Nay,CO4 and Y = molarity of
NaHCO,.

Moles of Na,CO, in 400 ml of solution = 0.400 X
Moles of NaHCQ, in 400 ml of solution = 0.400 Y.
One mole of Na,CO, vields 1 mole of CO,,.

One mole of NaHCQO, yields 1 mole of CO.,,.

$ 1235 A mixture of Na,S and CaS was oxidized by air to SO, gas
and a mixture of the solid oxides of Na and Ca. Exactly 400 m! of an acid
solution of 0.200 M KMnQ, were required to oxidize the SO, to SO, —,
the MnO, being reduced to Mat+. How many ml of 0.200 M HNO, were
required to neutralize the solution formed when the mixture of oxides of
Na and Ca was dissolved in water?

® 1236 A 26.95-g mixture of BaSO, and NaHSO,; was oxidized
completely to SO, — by 0.300 M KI,, the I,~ being reduced to 317, A
volume of 500 ml of 0.300 M Kl; was requited. Calculate the mass percent
of BaSQ, in the mixture.

» 12,37 A 20.0-g mixture of H,S and CH,, when burned in oxygen,
yielded a dried mixture of CO, and SO, in which the mole fraction of SO,
was 0.600. The SO, was oxidized to SO, by treating the mixture of gases
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with 0.100 M K,Cr,O,; in the oxidation process CryO,— was reduced to
Crtt+. How many milliliters of 0,100 M K5Cr,O, were required ?

® 1238 A mixture of CS, and CH,, when burned jn oxygen, yielded
a mixture of H,0, CO,, and SO, in which the partial pressures of, the SO
and CO, were 400 mm and 500 mm, respectively. The mixture of H 02
SO, and CO, reduced 1000 ml of 0.200 M KClO, to CI-, the SO, bezing’

oxidized to SO, . Calculate the mass in grams of the mixture of CS, -

and CH,.

_ 2 12.39 ‘A mixture of Fel, and SnSO, is dissolved in water to form a
liter of" solution A. To replace all of the iron and tin in 200 ml of solution
A ?ev:]mred 0.020 mole of aluminum metal. To completely oxidize all of the
ox1dlzablc_ ions in 200 ml of solution A required 280 ml of 0.0500 M
KMnQ4; in the reaction the MnO,~ was reduced to Mo+, What is the
molarity of the Fel, and the molarity of the $nSO, in solution A ?

B 1240 To a beakc_r contaiing 164 ml of a solution of CuSO
added 10.00 g of magnesium metal. When reaction was complete, a mixture

of Mg anfi Cu having a mass of 14.45 g remained in the beaker. Calculate
the molarity of the original CuSO, solution.

4 Was

One gram-molecular weight (1 mole) of a nonionizing selute (nonelectrolyte)
when dissolved in 1000 g of water will raise the boiling point 0.52°C and will lower
the freezing point 1.86°C. This statement represents a specific application
of a relationship known as Raoult’s lmw. The value, 0.52°C, is the boiling-
point constant for water. The value, 1.86°C, is the freezing-point constant for
water. The reason why all nonionizing solutes, regardless of their molecular
weights, have the same eftect on the boiling point and freezing point of water
is that 2 mole of such a solute contains 6.023 x 10 molecules; 32 g {1 mole)
of methyl alcohol (CH;OH) will depress the freezing point of 1000 g of
water exactly as much as will 342 g (1 mole) of sugar (C,4H,,04,); 32 g of
CH;OH and 342 g of C;3H,,0;; each contain 6.023 x 10% molecules;
6.023 x 10% molecules of CHy;OH will have the same effect on the freezing
point as will 6.023 x 10% molecules of Cy,HyyOyy. The depression of the
Jreezing point and the increase in the boiling point is determined by the number of
individual solute particles (molecules in this case) and is independent of their
mass and their chemical composition.

It should be emphasized that every pure solvent has its own charac-
teristic boiling-point constant and freezing-point constant. In every case

133
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the boiling-point constant or freezing-point constant is the number of
degrees Celsius that the boiling point or freczing point of 1000 g of solvent
is raised or lowered, as the case may be, by 1 mole of solute. Thus, the
boiling-point constant for CCl, is 5 deg per mole and the freezing-point
constant for camphor is 32 deg per mole.

Since the freezing-point effect or boiling-point effect of nonelectrolytes
[ is proportional to the number of moles of solute, it follows that, if 1 mole
of solute in 1000 g of water will raise the boiling point 0.52°C and lower
the freezing point 1.86°C, then 2 moles of solute in 1000 g of water will
raise, or lower, it twice as much, and one half 2 mole will affect it only one
half'as much. That is, the boiling-point and freczing-point effects depend on
the concentration of the solution expressed in moles of solute per 1000 g of
solvent. The concentration of a solution expressed in moles of solute per
1000 g of solvent or millimoles of solute per gram of solvent is called
molality.

The extent to which the boiling point or freezing point of a measured
mass of water is altered by a measured mass of solute can be used s a means
of determining the molecular weight of a solute. Because Raoult’s law is not
exact, the molecular weights obtained by this method are not exact.

PROBLEMS

13.1 A quantity of 60.0 g of a nonelectrolyte dissolved in 1000 g of
1,0 lowered the freezing point 1.02°C. Calculate the approximate mole-
cular weight of the nonelectrolyte.

Solution: Onc mole of nonelectrolyte in 1000 g of water would have

depressed the freezing point 1.86°C. Since a depression of 1.02° was

observed, 1.02/1.86 mole of nonelectrolyte must have been dissolved.
1.02 |

mg mOlC = 60 g

i 1»1'86 60 ¢ = 109
mocﬁmx g = g

The molecular weight is approximately 109,

13.2 When 4.20 g of a nonelectrolyte were dissolved in 40.0 g of
water, a solution which froze at —1.52°C was obtained. Calculate the
approximate molecular weight of the nonelectrolyte.
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Solution: 'The molecular weight is the mass of solute that will depress
the freezing point 1.86°C when dissolved in 1000 g of solvent. There-
fore, we will first find the concentration in grams of solute per 1000 g
of water.

4.20 g of solate

1000 g of water X = 105 g of solute

40.0 g of water
A solution containing 105 ¢ of solute in 1000 g of water is the samc
concentration as onc containing 4.20 g of solute in 40.0 g of water.
Therefore, 105 g of solute will depress the freezing point of 1000 g of
solvent exactly the same number of degrees that 4.20 g of solute will
depress the freezing point of 40.0g of solvent, namely, 1.52°C.
Continue as in. Problem 13.1.

13.3 If 20 g of CgH,,O;, a nonelectrolyte, were dissolved in 250 g
of H,O, calculate the boiling point of the solution at 760 mm.

Solution: The molecular weight of C,H,,O5 is 162. That means that
162 g of CyH,,0; dissolved in 1000 g of water will increase the boiling
point 0.52°,

A solution containing 20 g of CgH,,0O; in 250 g of H,O is the same
concentration as one containing 80 g in 1000 g of H,O (sec Problem
13.2). Therefore, 80 g of CyH,,O; will increase the boiling point of
1000 g of H,O the same number of degrees that 20 g will increase
the boiling point of 250 g of H,O. 80 g of C4H,,0; is 80{162 of a
mole. Since 1 mole increases the boiling point 0.52°, 80162 mole
will increase it 80/162 x 0.52° or 0.26°. At 760 mm pure water boils
at 100°C. Therefore, the solution will boil at 100.26°C.

134 When 6.00 g of a nonclectrolyte were dissolved in 54.0 g of
H,0, a solution was obtained which boiled at 100.41°C at 760 mm. Cal-
culate the approximate molecular weight of the nonelectrolyte.

13.5 6.00 g of C,H,OH, a nonelectrolyte, were dissolved in 300 g
of H,O. Calculate the freezing point of the solution.

13.6 How many grams of CuHy(OH},, a nonelectrolyte, must be
dissolved in 600 g of H,O to give a solution which will freeze at —4.00°C?

13.7 When 12 g of a nonelectrolyte were dissolved in 300 g of water,
a solution which froze at —1.62°C was obtained. What was the approxi-
mate molecular weight of the nonelectrolyte?
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13.8 When 3.12 g of the nonionizing solute, naphthalenc (CioHy)
are dissolved in 100 g of CCI, (carbon tetrachloride), the boiling point of the
CCl, is raised 2°. What is the boiling-point constant for CCl, ?

13.9 A 109% solution of a nonelectrolyte in water freezes at —0.93°C.
Calculate the approximate molecular weight of the nonelectrolyte.

Solution: A 10%, solution contains 10 g of solute in 90 g of water.

That is the same concentration as 111 g of solute in 1000 g of water.
Procced as in Problem, 13.2.

% 1310 Calculate the density of an aqueous solution of K,CO, which
is 3.10 molal and 2.82 molar.

Solution: Note that we are concerned with one solution of K,CO,
in water. When its concentration is expressed in terms of molality
it is labeled 3.10 molal; when expressed in terms of molarity it is labeled
2.82 molar.

Suppose we take 1 liter of the solution; it will contain 2.82 moles of
KoCO;y. Since this solution is 3.10 molal the KyCO; and water are
present in the ratio of 3.10 moles of K,CO, to 1000 g of water. Since
there are only 2.82 moles of K,CO, in the liter of solution the number
of grams of water present is 2.82/3.10 x 1000 g or 910 g. The 2.82
moles of K;CO, will have a mass of 2.82 X 1382 g or 390 g. The
total mass of the liter of solution will then be 910 g+390gorl300g
and the density is 1300 gfliter or 1.30 g/ml.

% 13.11 Calculate the molality of a 28.0%, HCIO, solution.

® 13.12 A 4.1 molar solution of NaCl in water has a density of 1.2 g
per ml. Calculate the molality of 4.1 M NaCl.

® 13.13 A solution prepared by dissolving 14.4 g of acetophenone

(Cel5O) in 1000 g of acetic acid (HC,H,0,) freezes at a temperature
0.430°C lower than the normal freezing point of acetic acid. Acetophenone
exists in solution as the monomer, C,H,0.

When 0.430 g of lithium iodide is dissolved in 50 g of acetic acid the
freezing point of the acetic acid is lowered 0.160°C.
Calculate the average molecular weight of the lithium iodide in
solution. "

Assuming that lithium iodide exists only as Lil and Li,l,, calculate the
mole percent that is present as Lil in the above solution.

"The exact molecular weight of a compound can be determined in the follow-
ing way:
1. Determine the approximate molecular weight by one of the
following methods: .
i f a gas occupies
a) The vapor-density method. (One mole of a g
@ 22.4 liters at 0°C and’'760 mm.) (See Problem 7.27.)

{b) The boiling-point or freezing~point method. (One mole o_f a
nonelectrolyte dissolved in 1000 g of water lgwcrs the freezing
point 1.86°C and raises the boiling point 0.52°C.) (See Problem
13.1) N

(c} The diffusion method. (The rate of diﬂtusion of a gas is in-
versely proportional to the square root of its molecular weight.)
(See Problem 7.100.)

2. Determine the percent composition by exact analysis,
3. From the percent composition, calculate the empirical formula.

137




138 Determination of exact molecular weighes

4. Knowing the empirical formula and the approximate molecular

weight, calculate the true chemical formula.

5. From the true chemical formula and the known exact atomic weights

calculate the exact molecular weight.

True chemical formulas of certain gaseous compounds can be deter-

mined by the type of analytical procedure illustrated in Problems 8.66-8.79,
This is, in effect, a vapot-density method.

PROBLEMS

14.1 When dissolved in 1000 g of water, 20.0 g of a nonelectrolyte

gave 2 solution which froze at 0.80°C. The compound contains 52.17%, C,
34:78%, O, and 13.05%, H. Calculate its exact molecular weight.

Solution: Carry out the steps outlined above,

1. Calculate the approximate molecular weight. (See Problem 13.1.)

0.80 1.86
Wo = = —— =
8= Tg8 mole  one mole 085 < Weg=46¢g

. The percent composition is given.

- Calculate the empirical formula.

52.17 13.05 34.78
=—— =437 H=_"""_ 130 =" _9
C=—3 . 5 O=Tr——217

4.347 13.05 2.173
=g 2 = g7 =8 O=gim=1

The empirical formula is C,11,0.

. Calculate the true chemical formula,

The true chemical formula is either the empirical formula or some
integer maltiple of it. The molecular weight, calculated from the
empirical formula, is 46. Since this is the calculated approximate
molecular weight it can be considered that the empirical formula,
CsHgO, is in fact the true chemical formula.
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5. Using exact atomic weights, calculate the exact molecular weight
of the compound whose true chemical formula is C,HO.

2C =2 x 12011 = 24,022
6H=6x 1.008= 6.048
1O =1 x 15999 = 15999

exact molecular weight = 46.069

142 Measured at standard conditions, 100 cc of a gas had a mass of
0.1232 g. The compound contained 85.71%, C and 14.299/, H. Calculate its
exact molecular weight.

Solution:  Carry out the steps outlined in the preceding problem.

L. Calculate the approximate molecular weight. (The gram-molecular
weight is the mass in grams of 22.4 liters at STP.)

0.1232 g
0

22,400 cc X = 27.6 g = approx. gram-mol weight

2. The percent composition is given.

3. Calculate the empirical formula.

85.71 14.29
C 12 714 H 1.008
7.14 14.28

p— ————-' — TS m—— 2
7.14 ! H 7.14

The empirical formula is CH,.

4. Calculate the true chemical formula.
The empirical formula (CH,) would give a molecular weight of
14. Since this is only about one half the approximate molecular
weight, the true chemical formula is C,H,.

5. Calculate the exact molecular weight.
2C =2 x 12011 =24.022
4H =4 x 1008 = 4032
exact molecular weight = 28.054
14.3 An unknown gas was found to diffuse 2.2 ft in the same time

that methane gas (CH,) diffused 3.0 ft. The unknown gas was found to
contain 80%, C and 209, H. Calculate the exact molecular weight of the gas.
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Solution:  First calculate the approximate molecular weight as follows:

rate of diffusion of X 4/mol weight of CH,
rate of diEﬂSiOI]. of CH4 o ’\/mol Weight OfX

22t V16
3.0f /ol weight X
————— 4 x 30 1
V'mol weight X = X 2

=— =55
2.2 22 '
mol weight X = 30 = approximate mol weight

Then proceed as in Problem 14.2.

144 A compound was found, on analysis, to consist of 50.00%,
oxygen, 37.50%, carbon, and 12.50%, hydrogen. When dissolved in 100.0 cc
of water, 1.666 g of the compound gave a nonconducting solution which
froze at —1.00°C. Calculate the exact molecular weight of the compound.

14.5 When converted to a vapor, 0.347 g of a liquid compound
occupied 2 volume of 100 cc at 0°C and 760 mm. The compound was found
~ to consist of 92.30%, carbon and 7.709 hydrogen. Calculate the exact
molecular weight of the compound.

146 In a given diffusion apparatus 15.0 cc of HBr gas diffused in
1 min. In the same apparatus and under the same conditions 33.7 cc of an
unknown gas diffused in 1 min. The unknown gas contained 759 carbon
and 259, hydrogen. Calculate its exact molecalar weight.

4.7 To completely burn | liter of a gaseous hydrocarbon to CO, and
steamn required 7.5 liters of O, gas. Five liters of CO; gas were formed. Al}
volumes were measured at the same temperature and pressure. Calculate
the exact molecular weight of the hydrocarbon.

14.8 A certain hydrocarbon gas was mixed, in a steel reaction bomb,
with the exact amount of O, gas required to burn it completely to CO,
and H,O (steam). The mixture was ignited by a spark, which caused all of
the hydrocarbon to react with all of the O, to form CO;, and H,0. The
pressures, before and after ignition, measured at the same temperature, were
the same. The partial pressures of the CO; and steam were the same.
Calculate the exact molecular weight of the hydrocarbon.
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% 149 A hydrocarbon gas was mixed, in a constant-volume reaction
vessel, with the exact amount of O, required to burn it completely to CO,
and ;0. The total pressure of the mixture of hydrocarbon and O, at
327°C was 0.375 atm. The mixture was ignited causing all of the hydro-
carbon and O, to be converted to CO, and H,O (steam). The total pressure
of the mixture of CO, and steam, measured at 327°C, was 0.450 atm and its
density was 0.2714 gfliter. Calculate the exact molecular weight of the
hydrocarbon.




In a great many reactions the products are capable of reacting with each
other and begin to do so as soon as they are formed. A familiar example is
‘the gas phase reaction between carbon monoxide and steam where the
products, CO, and H,, react with each other as indicated by the lower
arrow:

CO + HyO=2=CO, + H,

This type of reaction is called an incomplete reaction or reversible reaction.
Incomplete reactions eventually reach a state of equilibrium. At equilibrium
the rate of the reaction to the right is exactly equal to the rate of the reaction
to the left.

At the start of the above reaction the CO and H,O are present in high
concentration and, therefore, react with each other at maximum speed, but
they ate gradually used as the reaction progresses so the speed to the right
gradually decreases.

At the beginning of the reaction, CO, and H, are present in very low
concentration and, therefore, react with each other at a very low rate, but
they increase in concentration as the reaction progresses and the speed to the
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left gradually increases. Finally the speed to the left exactly equals the speed
to the right. That means that the CO, H,0O, CO,, and H, are being used
up as fast as they are being formed. There is no further change in the
concentration of any rcactant. The reaction just keeps on going “round
and round” without any apparent change. A state of equilibrium has been
reached.

If we were to start with a mixture of CO, and H,, rather than CO and
H,O, a state of cquilibrium would again be reached. In this case, at the
start of the reaction CO, and H; are present in high concentration, while
CO and H,O are present in very low concentration. As the reaction pro-
ceeds, the speed to the left gradually decreases as CO,, and H, are used up
while the specd to the right increases as more CO and H,O are formed.
Eventually, the two rates will be the same; the reaction will then be in a
state of equilibrium. It is a characteristic of any true equilibrium reaction that the
same state of equilibrium will be reached by starting with either the reactants or
the products.

It is very important to note that it is not a requirement of equilibrinum
that the substances be present in the reaction vessel in the exact ratio in which
they react with each other. Thus, if we were to place 2 moles of CO and
5 moles of stcam in a 1-liter reaction vessel, 6 moles of CO and 4 moles of
steam in a second liter vessel, 8 moles of CO, and 3 moles of H, in a third
vessel, and 3 moles of CO, 2 moles of steam, 4 moles of CQ, and 7 moles
of Hy in a fourth vessel, a state of equilibrium, represented by the equation,
CO + H,0z CO, + H,, will be attained in each wvessel. However, it
will be observed that in each of the 4 vessels, when CO and H,O react to
form CO, and H,, they always do so in the mole ratio represented by the
equation, namely, 1 mole of CO with 1 mole of H,O to form 1 mole of
CO; and I mole of H,. In any equilibrium reaction the substances will
always react with cach other in the mole ratios represented by the equation,
but they can be present in all sorts of ratios.

Suppose we have, in 2 liter reaction vessel at a given high temperature,
an equilibrium mixture consisting of 0.10 mole of CO, 0.80 mole of H,O
(steam}, 0.80 mole of CO,, and 0.50 mole of H,, represented by the equation

CO + H,0=CO, + H,

010 0.80 0.80  0.50
Now suppose we wete to force into the vessel 2 quantity of hydrogen gas.
This, obviously, will increase the concentration of hydrogen. This increase
in concentration of the hydrogen will increase the rate at which it will react
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with CO,. As a result, the rate of the reaction to the left will be speeded up.
This will increase the concentration of the CO and H,O since they are, at
the moment, being formed faster than they arc reacting with each other.
As time passes and the reaction proceeds the speed to the left gradually
decreases as the concentrations of CO, and H, fall; at the same time the
speed to the right gradually increases as the concentrations of CO and
H,O rise. In time the forward and reverse rates will again be equal and
equilibrivm will be re-established. However, at this new equilibrium the
rates in the two directions will be greater than in the previous equilibrium.
Also, at this new cquilibrium we will find that the concentrations of the CO,
H,0, and H, are greater while the concentration of the CO, is less than
before the H, was added. The increase in concentration of the H, has shifted
the equilibrium to the left as evidenced by the fact that the concentrations of
the CO and H,O on the left have gone up, while the concentration of the
CO; on the right has gone down. We can state that, in effect, the addition
of Hy (on the right) has pushed the cquilibrium toward the Ieft. Had we

added more CO or H,O to the reaction vessel the equilibrivm would have

been shifted to the right. In an equilibrium, if the concentration of a given
reactant is increased, the equilibriumh will be pushed toward the opposite
side of the reaction. If the concentration of a reactant is reduced, by re-
moving some of that reactant, the equilibrivm will be pulled toward the
same side of the reaction.

If we were to examine carefully, at the new equilibrium point, the
increase in the number of moles of CO and H,O on the left and the decrease
in the number of moles of CO, on the right resulting from forcing more H,
into the reaction vessel, we would find that the increasc in the number of
moles of CO is the same as the increase in the number of moles of H,0 and
that the decrease in the number of moles of CO, is the same as the increase
in the number of moles of CO. This is exactly what we would expect from
the equation, CO + H,0 2 CO, + H,, since it tells us that CQO, and H,
react in the ratio of 1 mole of CO, with 1 mole of I, to vield 1 mole of

CO and 1 mole of H,0O. -

Suppose we have, in a reaction vessel of fixed volume at a given high
temperature, an equilibrium mixcure represented by the following equation:

4 NH, + 5 0,226 H,O | 4NO .

If we now force into this reaction vessel, at the given temperature, some
more NO gas the equilibrium will be shifted to the left. At the new equi-
librium the concentrations of the NH, and O, will be higher than before
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addition of the extra NO and the concentration of the H,O will be lower.
In this case, however, the increase in the number of moles of NH, and O, and
the decrease in the number of moles of Hy;O will not be the same; we will find,
as the equation testifies, that in the shift in equilibrium due to addition of
more NO, for every 4 additional moles of NH, that are produced there will
be 5 additional moles of Q,, and 6 moles of H,O will be used up. These
two examples emphasize the very important fact that, in every equilibrium
shift, the change in the number of moles of the reactants involved is strictly in accord
with the mole relationships specified by the equation for the reaction.

Table 15.1 RELATIVE CONCENTRATIONS OF RHACTANTS IN AN EQUILIBRIUM SYSTEM
AT CONSTANT TEMPERATURE

Reaction [CO,] x [Hy]
vessel [CO] [H,O] [CO,] [H,] [COT x [H,0]
1 (.20 0.20 0.50 0.40 5.0
2 0.10 0.18 0.30 0.31 52
3 ¢.10 .80 0.80 0.50 5.0
4 0.30 (.50 0.90 0.83 5.0
5 0.75 0.20 0.80 0.94 5.0

Note:  the notations [CO,}, [H;Q], [CO, and {H,] mean concentration in moles per liter
of the substance within the bracket:

We have noted ecarlier in this discussion that, for any equilibrium
reaction, the reactants can be present in all sorts of ratios. This is illustrated
in Table 15.1 which gives the equilibrium concentrations of CQ, H,0, CO,,
and H, for the reaction CO + H;O 2= H, -+ CO, for five experiments, all
catried out at the same temperature.

An examination of the data in Table 15.1 reveals one very striking fact.
The answer obtained when the product of the concentrations of the products,
H, and CO,, is divided by the product of the concentrations of the reactants,
CO and H,O, is, within the limits of experimental error, the same for each
experiment. That is,

[CO. x [Hy]
[CO] x [H,O]

Similar data for the thousands of equilibria that have been studied confirm
the fact that in every reacting system in equilibrium at a given temperature the
product of the concentrations of the products divided by the product of the concentra-
tions of the reactants is a constant. 'This constan, referred to by the letter, K, is
called the Eguilibrium Constant for the particular reaction at the particular

== 3 constant
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temperature. For the reaction
A+BeCH+ D
the formula for the equilibrium constant, K, is,

_ [l x [p]
A% [B

It is commonly referred to as the Equilibrium Formula,
It is obvious that if,

is constant, then

[4] x [B]

[C] % [D]
will also be constant; the latter constant will be the reciprocal of the former.
By common agreement among scientists, the product of the concentrations

of the products is placed in the numerator.
For the reaction SO, + NO, <> SO, + NO,

__ [SG4] x [NOJ
K= [SO.] x [NO,]

When a reaction involves more than 1 mole of 3 specific reactant, the
concentration of that reactant is raised to a power equal to the number of
moles of the reactant in the balanced cquation. Thus for the reaction
2 SO, -} Oy 22 SO,, :

[503]2
[SO,]% x [Oy]

For the reaction N, + 3 H, <= 2 NH;,

[N H3]2
[No] x [Hyf?

For the reaction H, + I, 2 HI,
{HI]?
[Ha} x [L]
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For the reaction 4 NII; + 5 Oy 24 NO - 6 IL,0,

_ [NOJ* x [H,0f
T NIL]E x [0,

And for the general reaction, a4 -+ bB<> ¢cC + dD,

o [C1x ol
A x [BP

The reason for raising the concentration of a reactant to a power cqual
to the number of moles may be more evident if we show each mole as a
separate reactant by writing the equation for the reaction in the form

N, + H, + H, -+ Hy<> NH, + NH,
The equilibrium constant, K, can then be expressed in the form

INH;] x [NHy] _ [NH3]2

K T T 0] < 5] ] X [EF

The numerical value of the equilibrium constant for a given reaction
is obtained by inserting the experimentally determined values of the con-
centrations in the Equilibrium Formula for the reaction. Thus, for the reac—
tion,

SO, + NO,z= S0, + NO
(.60 (1L80 0.80 1.1

the calculation, using the equilibrium concentrations given in moles per
liter, becomes

_[SO)] x [NO] 090 x 1.1
 [SO] x [NO,] 060 x 080

(In this instagtce all units cancel, so the constant is simply a number, 2.1.)

2.1

For the reaction,
280; + Oy z==2 50,
0.20 0.30 0.60
o SO (oeop
[502]2 X [Qg] (0.20)2 X (0.30)
{In this instance the unit, moles/liters, remains uncancelled in the denominator.
Therefore, the constant has the dimension 30/molesfliters or 30 liters/moles.)

= 30 liters/moles
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It should be noted that a sofid reactant or product is not included i in the
equilibrium formula. Thus, for the equilibrium reaction,

SiF, (gas) + 2 HO (gas) == SiO, (solid) - 4 HF (gas)
[HF]*

" TSiF,] + [[LO]
and for the reaction,

LaCl, {solid) 4 H,O (gas) == LaClO (solid) + 2 HCI (gas)
~ [HCI
0]

The reason why the solid is not included is that the amouns of excess
solid present has no effect whatever on the equilibrium point. The same state
of equilibrium is attained whether we have a small excess or a large excess.
The rate at which ‘equilibrium is attained will be affected by the total surface
of the solid. However, once equilibrivm has been attained, the removal of
some of the excess solid {in fact, all of the solid) will have no effect on the
equilibrium.

The reason why the amount of solid (or liquid) has no effect on the
gas-phase equilibrium is this: Just as every liquid has a constant vapor pressure
at a given temperature, so every solid has a constant although generally
very small sublimation pressure. Once a liquid is in equilibrium with its
vapor, its vapor presure and, hence, its vapor-phase concentration at con-
stant temperature remain constant regardless of how much or how little
liquid is present. Likewise, the concentration of a vapor in equilibrium with

its solid remains constant and this concentration is independent of the amount

of solid.

In a reaction such as the one given above the equilibrium formula
applies to the gaseous reactants in the homogeneous gas phase, that is, to the
H,0O gas and LaCly gas on the left and the HCI gas and the LaClO gas on
the right. If we write the equilibrium formula to include all gaseous species
it becomes

K — [LaClO] x [HCIJ?
*  [LaCly} x [HyO]
But [LaClO] and [LaCl] are both constant as long as some of each solid is
present. Therefore, since they are constant, they can be combined with K,

to give a new constant, K, whose value is [HCIJ*/[H,O]. The net effect
is that solid (and liquid) reactants do not appear in the equilibrium formula.

o
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It should be noted that the equilibrium formula as presented in the
preceding pages assumes that the kinetic behavior of every reacting molecule
is completely unaffected by the other molecules that are present in the system;
in other words, it assumes that the system is ideal. In such an ideal system the
effective concentration of each species is, in fact, its molar concentration, since
each molecule is 1009 free to do as it pleases; hence, the equilibrium con-
stant is a precise function of the molar concentrations, as the equilibrium
formula testifies.

Most gaseous systems are not ideal; the kinetic behavior of each
molecule is affected, to a small degree, by its neighbors; the neighboring
molecules impede the freedom of a molecule and, as a result, cause it to
waste some of its energy. As a consequence, the effective concentration of a
given species, its so-called activity, is slightly less than its molar concentration;
it is equal to the product of its molar concentration and its activity coefficient
in the particular system. It is this activity or effective concentration, rather than
the molar concentration, which should appear in the equilibrium formulas
for nonideal systems.

We will assume, in the problems given in this book, that all systems are
ideal. In such systems the activity coefficient of each species has a value of 1
and the molar concentration is, in fact, the effective concentration. Making
this assumption will in no way detract from the value of a problem as a
vehicle for developing logical thinking and reasoning.

PROBILEMS

* 151 At equilibrium at a given temperature and in a liter reaction
vessel HI is 20 mole percent dissociated into H, and I, according to the
equation, 2 HI=xH, + I,. If 1 mgle of pure HI is introduced into a liter
reaction vessel at the given temperature, how many moles of each com-
ponent will be present when equilibrium is established ?

Solution: 20% of 1 mole = 0.2 mole = the number of moles of HI
that dissociate. 1 — 0.2 = 0.8 mole of HI that is not dissociated. The
~equation, 2 HI = H, -+ I, tells us that 2 moles of HI yield 1 mole of
H, and 1 mole of I,. Therefore 0.2 mole of HI yields 0.1 mole of H,
G and 0.1 mole of I,.

W 15.2 PCly is 20 mole percent dissociated into PCly and Cl, at equilib-
rium at a given temperature and in a liter vessel in accordance with the
equation, PCl; <2 PCly 4 Cl,. One mole of pure PCl; was introduced into
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a liter reaction vessel at the given temperature, How many moles of
each component were present at equilibrium?

15.3 A reaction vessel in which the following reaction had reached a
state of equilibrium, CO + Cly= COCl,, was found, -on analysis, to
contain 0.30 mole of CO, 0.20 mole of Cl,, and 0.80 mole of COCL,, in a
liter of mixture. Calculate the equilibrium constant for the reaction.

Solution: First, write the equilibrium formula.

[cOCl,]

K= Teor< 1]

The notation. [COCI,], by definition, means concentration of COCI,
in moles of COCl, per liter. Likewise, [CO] and [Cl,] mean, respec-
tively, moles of CO per kiter and moles of Cl; per liter. In all problems
involving chemical equilibrium the concentrations will be expressed
in moles per liter. Substituting in the above equation,

0.80

= 030 5 090 13 liters/mole

" 15.4 A reaction vesscl with a capacity of 1 liter in which the following
reaction had reached a state of equilibrium, 2 SO, + O, 7> 2 SO;, was found
to contain 0.6 mole of SO, 0.2 mole of SO,, and 0.3 mole of O, Calculate
the equilibrium constant.
Solution:  First, write the equilibrium formula,
[SO,J?
[SO,J# x [O]

The total concentrations of O, SO, and SO, are substituted in this
formula to give

©6: 036

0.2 x (0.3)  0.012

=3 x 101 liters/mole

"The reason why the total concentrations of SO, and SO, and not half
of the total concentrations of each are used is that the 2 molecules of
SO, that react with O, can each be picked from the total supply of
SO, molecules available. The same is true of the 2 SO, molecules.
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15.5 A quantity of PCl; was heated in a liter vessel at 250°C. At
equilibrium the concentrations of the gases in the vessel were as follows:

PCl, = 7.05 molesfliter; ~ PCly = 0.54 molefliter;
Cl, = 0.54 molefliter

Calculate the equilibrium constant, K, for the dissociation of PCl; at 250°C.

)

#0156  An equilibrivm mixture of N,, H,, and NH,, which reacts

according to the equation, Ny + 3 Hy=>2 NH,, was found to consist of
0.800 mole of NH,, 0.300 mole of N, and 0.200 mole of H, in a liter.
Calculate the equilibrium constant.

5 J# iy 157 An equilibrium  mixture, CO + Cl,== COCl,, contained

£.50 moles of CO, 1.00 mole of Cl,, and 4.00 moles of COCI, in a 5-liter
reaction vessel at a specific temperature. Calculate the equilibrium constant
for the reaction at this temperature.

Solution: In calculating the equilibriuzm constant, concentration must

bke expressed in moles per liter.
§ X
15.8 In an equilibrium mixture of Ny, H,, and NH,, contained in a

5.00-liter reaction vessel at 450°C and a total pressure of 332 atm the partial
pressures of the gases werc: Ny = 47.55 atm, Hjy = 142.25 atm, NH, =
142.95 atm. Calculate the equilibrium constant for the reaction.
Solution: 'To calculate the equilibrium constant as a function of
concentrations we must know the concentration of each reactant in
moles per liter. To this end we will first calculate the moles of each
substance per liter by use of the formula, PV = #RT.

, V77159 An equilibrium mixture, 2 SOp + Op222 50, contained in a
2.0-liter reaction vessel at a specific temperature was found to contain 96 g
of $O3, 25.6 g of SO, and 19.2 g of O,. Calculate the equilibrium. constant
for the reaction at this temperature.

Solution: Concentrations must be expressed in moles per liter.

0 15.10 The equilibrium constant for the reaction, CO + H,Oz>

CO, + H,, is 4.0 at a given temperature. An equilibrium mixtare of the
above substances at the given temperature was found to contain 9.60 mole
of CO, 0.20 mole of steam, and 0.50 mole of CQO, in a liter. How many
moles of H, were there in the mixture?
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f N . . . .
}}’\j»?_'_; ~ 15.11 Exactly 1 mole of NH; was introduced into a liter reaction

vessel at a certain high temperature. When the reaction, 2 NHy <> N, -+ 3H,,
had reached a state of equilibrium 0.6 mole of H, was found to be present.

Calculate the equilibrium constant for the reaction.

Solution: Note that, when NH; dissociates to give N, and H,, the
products are formed i the ratio of 1 mole of N, and 3 moles of H, for
every 2 moles of NH; which dissociate. To vield 0.6 mole of H,,
0.4 mole of NH; must have dissogiated. This leaves 0.6 mole of
undissociated NH;. The 0.4 mole of NH; which dissociates will yield
0.2 mole of N, and 0.6 mole of H,. The equilibrium mixture will
contain 0.6 mole of NHj, 0.2 mole of N, and 0.6 mole of H,.

?u\“koﬁ 15.12 One mole of SO; was placed in a liter reaction vessel at a
certain temperature. When equilibrium was established in the reaction,
2 50,222 50, | O,, the vessel was found to contain 0.60 mole of SO,.
Calculate the equilibrium constant for the reaction.

SN %1518 The equilibrium constant for the reaction, 2 SO, + Oy
W 2 8O, is 4.5 liters/mole at 600°C. A quantity of SOy gas was placed in a
liter reaction vessel at 600°C. When the system reached a state of equilibtium
the vessel was found to contain 2.0 moles of O, gas. How many moles of
SO4 gas were originally placed in the reaction vessel ?

Solution: Note that, when SOy decomposes to yield SO, and O,,
the products are formed in the ratio of 2 moles of SO, and 1 mole of
O, for every 2 moles of SO; decomposed. Since, in this problem,
there are 2 moles of O, in the vessel there must also be 4 moles of SO,
present and 4 moles of SO, must have decomposed to yield 4 moles of
SO, and 2 moles of Q. That means that, at equilibrium, the reaction
vesselmust contain 4 less moles of SO than were originally introduced.
With these facts, and knowing that the equilibrium constant is 4.5 liters/
mole, the number of moles of SO; originally added can be calculated.

15.14 The cquilibrium constant for the reaction, N;+ 3 Hye=
2 NHj, 15 2.00 liter? mole=2 at 300°C. A quantity of NHj gas was introduced
into a liter reaction vessel at 300°C. When equilibrium was established the
vessel was found to contain 2.00 moles of N, How many moles of NHy
were originally introduced into the vessel?

15.15 A liter reaction vessel in which the reaction,

C (solid) + I1,0 (gas) <= CO (gas} 4+ Hj (gas),
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has reached a state of equilibrium contains 0.16 mole of C, 0.58 mole of
L0, 0.15 mole of CO, and 0.15 mole of H,. Calcylate the equilibrinm
constant for the reaction.

Solution: Since Cisa solid itis not included in the equilibrium formula

[CO] x [H}  [0.15] x [0.15]
. HO0] [0.58]

b i\ X 15.16 A mixture of equal volumes of SO, gas and O, gas, measured
"V at the same temperature and pressure, was placed in a 4-liter reaction vessel.
When the temperature was raised to 727°C the reaction, 2 SO, + Oy<=
2 SO, occurred. When equilibrium was established the concentrations of
the SO, and the SO, were exactly equal and the total pressure in the 4-liter
vessel at 727°C was 114.8 atm. Calculate the equilibrium constant for the
reaction at 727°C.
Solution: At constant T'and P equal volumes mean equal moles. Let
X = initial moles of SO, = initial moles of O,. .
Since, according to the equation, 2 SO, + O, = 2 S0,, the number
of moles of SO, formed equals the niumber of moles of SO, consumed
and is twice as great as the number of moles of O, consumed, and since,
at equilibrium, the concentrations of SO, and SO, are stated to be
equal, the system will, at equilibrium, contain 0.5X moles of SO,
0.5X moles of SO, and 0.75X moles of O,. The total moles of gases
will then be 1.75X,
Using PV = #RT we can calculate that the total number of moles of
gases at equilibrium is 5.6. Therefore, 1.75X = 5.6 and X = 3.2 moles.
f he value of the equilibrium constant can then be calculated.

1

Y Kon X15.17 'The equilibrium mixture, SO, + NO; 2> SO, ~ NQ, in a
liter vessel, was found to contain 0.600 mole of SO,, 0.400 mole of NQ,
0.100 mole of NO,, and 0.800 mole of SO,. How many moles of NO
would have to be forced into the reaction vessel, volume and temperature
being kept constant, in order to increase the amount of NO, to 0.300 mole?

K= = 3.9 % 1073 mole x liter?

Solution: First calculate the equilibrium constant.

[SO,] X [NO] 06 x 04
K = —
[SO,] x INO,] 08 x 0.1
Let X — moles of NO that must be added. We can see from the

equation, SO, -+ NOy2= SO, + NO, that in order to produce 0.2
more mole of NO, we must also produce 0.2 more mole of SO, and

= 3.00




O
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we must use up 0.2 mole of SOy and 0.2 mole of NO. Therefore,
when we have 0.3 mole of NO, we will have 1 mole (0.8 + 0.2) of
50, 0.4 mole (0.6 — 0.2) of SOy and X + 0.2 mole (0.4 + X — 0.2)
of NO. Substituting the values in the equilibrium formula, we have

0.4 x (X + 0.2)
1 x03

15.18 An equilibrium mixture, CO + H,O == CO, + H,, contains
0.20 mole of H,, 0.80 mole of CO,, 0.10 mole of CO, and 0,40 mole of
H,O in a liter. How many moles of CO, would have to be added at con-
stant temperature and volume to increase the amount of CO to 0.20 mole?

15.19 An equilibriuvm mixture, CO, + Hy<> CO + H,0, was
found to contain 0.6 mole of CO,, 0.2 mole of H,, 0.8 mole of CO, and
0.3 mole of H,O in a liter. How many moles of CO, would have to be
removed from the system at constant volume and temperature in order to
reduce the amount of CO to 0.6 mole?

= 3,00 (X =12.05 moles)

1520 A reaction system in equilibrium according to the equation,
250, + 0322 S0, in a liter reaction vessel at a given temperature was
found to contain 0.11 mole of SO,, 0.12 mole of SO, and 0.050 mole of
O;. Another liter reaction vessel contains 64 g of SO, at the above tempera-
ture. Flow many grams of O, must be added to this vessel in order that, at
equilibrium, half of the SO, is oxidized to SO4?

Solution: Calculate K from data in first sentence. In second situation
1 mole (64 g) of SO, is initially present. Let X'= g of O,added. Then
X/32 = moles of O, added. At equilibrium [SO,] = 0.5, [SO,] =
0.5, [Og] = X/32 — 0.25. The value of X can then be calculated.

= 15.21 The equilibrium constant for the reaction,
4 INH; 4 5 O, =4 NO + 6 ILO,

at 600°C is 360 moles/liter. A 1-liter reaction vessel at 600° contains, in
equilibrium, 4 moles of NHj, & moles of O, ¢ moles of NO, and 4 moles of
steam. Z additional maoles of O, are introduced. Set up, but do not solve, an
algebraic expression involving an unknown X, and the known quantities,
a, b, ¢, d, Z, and 360, which, when solved, will enable vou to determine the
concentration of each of the four reactants at the new equilibrium. Be sure
to specify what X represents.

® 15.22 The equilibrium constant for the reaction, PCl; 2> PCl, + Cl,,
at 250°C is 0.041 mole X liter™. Set up, but do not solve, an algebraic

Y

PP Solution:

Ly
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equation in one unknown, X, which, if solved for X, will give the number
of grams of Cl, that will be present at equilibrium when 0.3 mole of PCl, is
heated in a liter vessel at 250°C.

® 1523 An equilibrium mixture, H, + J; 3= 2 HI, contains 3 moles of
H,, 2 moles of I, and 2 moles of HI in a liter, How many moles of I must
be added at constant temperature to have half the added T, react to form
HI? Let X = moles of I, added. Set up the equilibrium expression but do
not solve.

P 1524 A mixture of COCL, CO, and Cly, formed from COCI, gas in
equilibrium according to the reaction, COCl,== CO + Cl,, has a c.ien-sity
of 1.207 g/liter at 327°C and a pressure of 1.0 atm. Calculate the equilibrium
constant for the reaction at 327°C.

Sce Problems 8.88 and 8.87.
5\

* B 15.25 A mixture of 2 moles of CH, gas and 1 mole of H,S gas was

placed in an evacuated container which was then heated to 311.(1 maintained

ata temperature of 727°C. When equilibrium was established in the gaseous

reaction, CH, - 2 HyS <= CS, + 4 Hs, the total pressure in the container

was 0.92 atm and the partial pressurc of the hydrogen gas was 0.20 atm.

What was the volume of the container?

Solution: To calculate IV when T is constant we must know P and #.

Before any reaction has occurred we know the number of moles, 3,

but we do not know the pressure. At equilibrium, we know P,
0.92 mm, but we do not know the number of moles. Therefore, to
caleulate V7 we must calculate cither the number of moles at equilibrium
or the pressure at the start.

To calculate moles at equilibrium, let X = moles of CS,. Then
4X — moles of Hy, 2 —,X == moles of CH,, and | — 2X = moles of
H,S. Total moles at equilibrium = the sum of the above quantities =
3+ 2X. In a system at constant V and T the number of moles is
directly proportional to the pressure. Therefore,

total moles total pressure

moles of H, - partial pressure of Hy
342X 092
T4X 090
Solving, X = 0.183 mole,
total moles = 3.366, and V= 300 liters.
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To calculate the total pressure of the 8 moles at the start let us assume
that we take the system at equilibrium and, somehow, force the
reaction back to the left so that all of the CS, and H, interact to form
CH, and H,S; we would then be back at the start. Since Py, = 0.20
atm, Pug must be £ of that amount or 0.05 atm; the sum of the two
partial pressures will be 0.25 atm. Since, when the reaction goes from.
right to left, the number of moles decreases from 5 to 3, that is by a
factor of £, the pressure will decrease by afactor of 2. & x 0.25 atm —
0.10 atm. Since the equilibrium pressure was 0.92 atm and the cal-
culated decrease is 0.10 atm, the original pressure must have been
0.82 atm. Substituting this value in PV = #R'T'when 1 = 3 moles and
v T = 1000° gives a volume of 300 liters.
DX »s 1526 To the system  LaCl; (solid) + HyO (gas) -+ heat = LaClO
W (solid) + 2 HCI (gas) already at equilibrium we add more water vapor
without changing either the temperature or the volume of the system. When
equilibrium is re-established the pressure of water vapor is found to have
been doubled. Hence, the pressure of HCI present in the system has been
multiplied by what factor?

Solution:
fHC1]?
[H,0]

Assume that, in the first equilibrium, [HCI| = 2 and [H,0] = b.
Then K = &/b. Since T'is constant K will have the value ¢?/b in the
second equilibrium.

Let X = the factor by which the concentration of HCI is multiplied
in the second equilibrium; since, at constant volume and temperature
the concentration of a gas is directly proportional to its partial pressure,
this will be the factor by which its partial pressure is multiplied. Then,
at the second equilibrium, [HCI] = X4 and [H;0] = 2b

X 2 X2 2
K=[2_Z]=E;_ But K== a?/b
X2 2 2 —
'Therefore, 5 ; = % . Solving, X = V2 =141,

N > ' A ) _
: M& W 1527 The equilibrium mixture, SO, -} NO,<= S0, + NO, was
found to contain 0.60 mole of SOy, 0.40 mole of NO, 0.80 mole of SO, and
: 0.10 mole of NO, per liter. One mole of NO was then forced into the
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reaction vessel, temperature and volume being kept constant. Calculate the
number of moles of each gas in the new equilibrium mixtuare.

Solution: First calculate the equilibrium constant. Its value is 3.0.
We can see from the equation, SO |- NOyz2 8Oy + NO, that if
the concentration of NO is increased the equilibrium will be shifted
to the lefr. Let X be the number of additional moles of SO, formed as
a result of this shift. There will then be 0.8 + X moles of SO,. B%lt
when X new moles of SO, are formed, X new moles of NO, will
also be formed; X moles of SO, and X moles of NO will be used up.
There will, therefore, be present in the new mixture 0.8 + X moles
of SO,, 0.1 + X moles of NO,, 0.6 — X moles of SO, an{él 1+
04 X or 1.4 — Xmoles of NO. If we insert these values in the
equilibrium formula, for which the constant 3 has been calculated,
we have

[SO4] x [NO] (0.6 — X) x (14— X)
[SO.] x [NO,] (084 X) x (0.1 + X)

Solving, X = 0.12 mole. Substituting this value of X we find the
concentrations of the 4 reactants to be SO, = 0.48 mole, NO = 1.3
moles, SO, = 0.92 mole, and NO, = 0.22 mole.

- o 15.28 At a given temperature a liter reaction vessel contained 0.60
mole of COCl, 0.30 mole of CO, and 0.10 mole of Cl,. CO+ Cli==
COCl,. An amount of 0.40 mole of Cl, was added to the vessel at constant
temperature and volume, Calculate the number of moles of CO, Cl,, and
COCl,, in the new equilibrium system.

% 1529 The equilibrium constant for the reaction,
CO + H,0 x> CO; -+ Hy

is 4.00 at a given temperature. A combination of 0.400 mo_lc of CO and
0.600 mole of steam was brought together in 2 liter vessel at this temperature.
How many moles of CO, were present when the system reached a state of
equilibrium ?

®» 1530 Equal volumes of CO and HyO (steam) were introduced into
a 0.500 liter reaction vessel at 1207°C. When the reaction,

CO + H,0=>CO, + H,

had reached a state of equilibrium the vessel contained a total of 2.00
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moles of gases. The partial pressure of the I, in this equilibrium mixture
was 97.2 atm,

(2) How many grams of CO gas must be forced into the vessel to
increase the concentration of the H, to 1.00 mole per liter, tem~
perature being kept constant?

(b) What will be the partial pressure of the Hj in this new equilibrium
system ?

% 15.31 A mixture of equal volumes of SO, and O,, measured at the

same temperature and pressure, was placed in a 4.00-liter reaction vessel, .

which was then heated to 527°C. When equilibrium was established in the
reaction, 2 SO, + O, = 2 SO, the vessel was found to contain 4.00 moles
of 8O, and the total pressure in the vessel was 164 atm.,

(3} How many moles of SO, were originally placed in the vessel?

(b) How many additional moles of SO, would have to be forced into
the 4.00-liter vessel, in order that, at equilibtium at 527°C, the
number of moles of SO; would be twice the number of moles
Of Og?

® 1532 A 5.0-liter reaction vessel in which the reaction, 2 NH,==
N, -+ 3 H,, had reached equilibrium at a certain temperature, was found to
contain 3.0 moles of NIy, 2.0 moles of Ny, and 5.0 moles of H,. By pushing
down on a piston the volume of the reaction vessel was reduced to 4.0 liters;
at the same time X moles of N, were forced into the vessel; during the entire
experiment the temperature was kept constant. When equilibrium had been
re-established the 4.0-liter vessel was found to contain 5.0 moles of NI,
How many moles of N, were forced into the vessel? When equilibrium had

been re-established what were the concentrations, in moles pet liter, of the
N, and the H,?

# 1533 At450°C and in a 5.0-liter reaction vessel the partial pressures
of the reactants in the equilibrium, Ny -+ 8 Hy==2 NH,, are: N, =
11.85 atm, Hy = 23,70 atm, NH; = 35.55 atm.

A liter reaction vessel at 450°C contains 1.0 mole of H, gas. How
many grams of N, must be added to the vessel in order that, at equilibrium,
60 mole percent of the H, will be converted to NH,?

# 15.34 A mixture of SOy, SOy, and O, gases in equilibrium in a 4.0-
liter reaction vessel at 527°C according to the equation, 2 SO, + O,z
2 8Os, was found to contain 2.0 moles of SO,, 4.0 moles of O, and 4.0 moles
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of SO;. The volume of the reaction systetn was then reduced by means of
a piston until the number of moles of SOy at equilibrium at 527°C was
increased to 5.0, What was the final volume of the reaction system?

Solution: Let X be the final volume. Then final [SO;] = 5.0/X.
Similarly, divide moles of SO, and moles of Oy by X to get their
concentrations in moles per liter. Proceed as in Problem 15.32.

® 15.35 To determine the equilibrium constant at a given temperature
for the gas-phasc rcaction, Ny + 3 H,<>2 NH;, 0.326 mole of H, and
0.439 mole of N, were mixed in a LOO-liter vessel. At equilibrium the
system was found to contain a total of 0.657 mole.

{a) Calculate the equilibrium constant for the reaction as written
above and state the units in which this value is expressed.

(b) Call the constant calculated in part (a) K;. Call the constant for
the following reaction Kp; NHy<w= $ Ny + 4 H,. State the units
in which K, would be expressed. State the algebraic relation
between K and K,.

®» 15.36 When N,O; gas is heated it dissociates into N;Oj gas and O,
gas according to the reaction, NyOgz= NO, + Og. K for this reaction
at a specific temperature, t°C, is 7.75 molesfliter. The N,Oy dissociates to
give N,O gas and O, gas according to the reaction, NyOy2 N;O + O,.
K, for this reaction at the same specific temperature, t°C, is 4.00 moles/liter.

When 4.00 moles of N,Oy are heated in a 1.00-liter reaction vessel at
t°C the concentration of O, at equilibrium is 4.50 molesfliter. Calculate the
concentrations in moles per liter of all other species in the equilibrium system.

Solution: Let X equal the moles per liter of O, derived from the N,O;
and Y equal the moles per liter of O, derived from the NyO,. Then:

[0)] =X+ Y  [N,O4] =400 — X
[N,Og] =X~ Y  [NO]=Y

Since three equations involving X and 'Y are available, the value of
X and of Y, and hence the concentrations of all species, can be calculated.

® 1537 At 1227°C the equilibrivm constant for the reaction,
CaCO; (s) = CaO (s) + CO, (g), is 0.50 molesfliter. Also, at 1227°C CO,

decomposes according to the reaction, CO, {g) <= CO (g) + § O, (g).
One mole of solid CaCOy is placed in an evacuated 1-liter container
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and heated to 1227°C: When equilibrium is established the mole fraction
of O, in the gaseous mixture in the container is 0.15.
How many moles of CaO are there in the container at equilibrium ?

Solution hint: Moles of CaQ = moles of COy ++ moles of CO.

B 15.38 At 1227°C the partial pressure of the CO, gas which is in
equilibrium with solid CaO and solid CaCQ, in a one-liter reaction vessel
according to the equation, CaCO, (solid) > CaO (solid) + CO, (gas), is
61.5 atmospheres. Also, at 1227°C, CO, gas decomposes according to the
following equilibrium reaction: CO, (gas) == CO (gas) + $ O, (gas).

One mole of solid CaCO, is placed in an evacuated one-liter con-
tainer and heated to 1227°C. When equilibrium is established the mole
fraction of the CO, in the gascous mixture of CO,, CO, and O, is 0.55.
How many moles of solid CaCO, are present at equilibrium ?

% 15.39 The cmpirical formula for sulfur monochloride is known to be
SCL To determine the true chemical formula (whether it is S,Cl,, S,Cl,,
S3Cls, S,Cly, etc.) the following equilibrium reaction is studied in a 1-liter
vessel at 327°C:

3 Cly (gas) + 2 8.Cl, (gas) + 8 NaF (solid) = 2 SF, (gas} + 8 NaCl (solid)
x

The solid NaF and NaCl have zero vapor pressures.

In the above reaction, at equilibrium at 327°C, the 1-liter vessel was
found to contain 0.0040 mole of SF,, 0.020 mole of Cl,, 2.16 g of §,CL,
0.36 g of NaF and 0.94 g of NaCl. The total pressure was 1497.6 mm.

Calculate the true chemical formula of the sulfur monochloride at
327°C and the value of the equilibrium constant,

Equilibrinm constants in units of pressure

When the gas law equation, PV — #RT, is written in the form,
#fV = P|RT, the term, nfV, represents the concentration of the gas in moles
per liter, The equation, #{V = P/RT, tells us that, at constant temperature,
the concentration of a gas in moles per liter is directly proportional to its
partial pressure. It follows, therefore, that for a gaseous equilibrium reaction,
an equilibrium constant, K, can be written in terms of the partial pressures
of the reacting gases. The forms of the K|, expressions for some typical
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equilibria are given below:
REACTICN EQUILIBRTUM EXPRESSION

Pyy, X P
() CO+ HO=CO,+ H, K,=-%0" "

Pgo X Pr,o
Py < P
(2) COClL=e=CO+ Cl, K, = o; Cl,
coc,
Py x (Pg,)?
(8) 2NH,2>N,+ 3H, K, = P X (P)?
(PNIE[a)

Pog, X (PHES)2
(4) 4, CSy==CH + 21,8 K,= m

Note that the form of the K, expression is the same as that for the K|
expression (concentration expressed in mole units) except that P, is
substituted for [a]. K, is cxpressed in pressure units of atmospheres ot
millimeters.

Relation between K, and K, for a
specific equilibrinm

Since, as has been noted above, nfV = P/RT, and since n/V represents
concentration in moles per liter, it follows that, at constant temperature,
PR T can be substituted for the concentration term, [ ] inthe K expression.
Thus for the reaction, CO + H,O0= CO, + H,, -

u Pga, P,

[CO,] x [Hy]  RT " RT

K= [CO] x [H,0]  Pgo . Pmo
RT ~ RT

Since the temperature is constant all of the RT terms will cancel, leaving

P x P
K, — Lo H,
Poo X Pro
But we have learned that
Pog, X Py, .

/)

Pgo X Py,o
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Therefore, for this particular reaction, K, is numerically equal to K. K|
will be equal to K, for all equilibria in which the number of moles of gaseous
reactants equals the number of moles of gaseous products.

For the equilibrium, COCl, = CO + Cl,,

Poo  Pa,
c_lcolx[ch) RT"RT PooxPa, 1 _ . 1
* = T [COCL,] Pooon Poos, RT ' »“RT
RT

For the equuibrium, 2 NHy<= N, 4 3 H,,

PNz % (PH*;)

i INa] x [H]*  RT RT

NI (PNHa)z
RT

Py, X (Pg)? (1)2 (1)2
= e 2 e = K re—
P \RT) =2 X \RT

For the equilibrium, 4 Hy + CS, == CH, + 2 H,S,
P()HE % (13@)2

K — [CH,] x [HBSP: RT RT
© [Ha]* x [CSy] (13_11_2)‘1 v Pog,

RT RT

= PCH4 X (PHES)Z X (_}_.)gz_ K ( 1 )mz
(Pa* X P, \RT RT
Examining the four examples given above we conclude that for any
gas-phase equilibrium
1 \&=
ke (1)

RT

where An is the change in the number of moles of gas when the reaction
goes from left to rlght

PROBLEMS

}t.) 1540 In an equilibrium mixture, CO, + Hy=> CO 4 H,O, con-
\ tained in 2 6.0liter reaction vessel at 1007°C the partial pressures of the
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reactants are: CQOp = 63.1 atm, Hy = 21.1 atm, CO = 84.2 atm, H,0 —
31.6 atm. Enough CO, was then removed from the vessel to reduce the
partial pressure of the CO to 63.0 atm, temperature being kept constant.

(a} Calculate the partial pressure of the COy in the new equilibrium
systen.

(b) For the above reaction how does the numerical value of K, in
which concentration is expressed in moles per liter, compare with
the numerical value of K, in which concentrations are expressed
in atmospheres?

(c) Suppose the volume of the new equilibrium system was reduced
to 3 liters by depressing a piston, what would the partial pressure
of the CO, be?

Solution:

(@)

63.1a6m 21.1atm 84.2atm 31.6atm
CO, + H,==CO | H,0
Pug % PHao . 842 atm X 31.6 atm

K — - —
? Pgoog X P, 63.1amm x 2L.1atm

Let x = the partial pressure of the CO, in the system after removal
of CO,. Since the partial pressure of the CO isreduced to 63.0 atm,
a quantity of CO with a partial pressure of 21.2 atm must have
reacted with H,O to form CO, and H,. Therefore, 21.2 atm
worth of HyO must have reacted and 21.2 atm worth of both
CO, and H, must have been produced. The partial pressures of
each reactant in the new equilibrium. system will then be

K atm 42.3atm 63.0atm 10.4atm

CO, + H,z= CO + H,0

63.0 atm x 104 atm
K = - 2.0
® Xatm x 42.3 atm

Solving, X == 7.8 atm
(b) Since there is no change in the number of moles, K, = K,

{c) Since, in the gaseous equilibrium represented by the reaction,
CO, 4+ Hy== CO + HyO, there is no change i the number of
moles, increase in pressure by reducing the volume to one half
its original value will not shift the equilibrium. All that will
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happen will be that the partial pressure of each reactant will be
doubled. Therefore, the partial pressure of the CO, will be
2 x 7.8 atm or 15,6 atm.

@ 1541 A reaction vessel, at 27°C, contains a mixture of SO, and O,
in which the partial pressures of SO, and O, are 3.00 atm and 1.00 atm,
respectively. When a catalyst is added, the reaction, 2 SO, + Oz 2 50,
occurs. At equilibrium, at 27°C, the total pressure is 3.75 atm. Calculate
K, and K.

® 15.42 Pure water vapor is present at a pressure of 1.5 atm in a reaction
vessel. Too the vessel we add, without change of volume or temperature,
excess solid LaCl,. When equilibrium is established the total pressure in the
vessel is found to be 2.0 atm. What is the equilibrium constant, in terms of
atmospheres, for the reaction?

LaCl, (s) + H,O (g) <= TaClO {s) + 2 HCl (g)

@ 1543 When a mixture of 2.0 moles of CH, and 1.0 mole of H,S is
heated at 973°K over a suitable accelerator (MoS,), the chemical reaction,
CH, {g) + 2 H,S (g) == CS,; (g) + 4 Hp {g), takes place. When the final
total pressure is 1.0 atm, the partial pressure of H, (g) is 0.16 atm. Calculate
K, and K,. - ,

@ 1544 A sample of gas that was initially pure NO, was heated to a
temperature of 337°C. The NO, partially dissociates according to the
equation 2 NOp7=2 NO + O, At equilibrium, the observed density of
the gas mixture at 0.750 atm pressure is 0.520 g per liter. Calculate K, and
K, for this reaction.

» 15.45 A 1-iter reaction vessel in which the reaction, A (g) + B (g)=>
AB (g), has rcached a state of equilibrium at 727°C contains 0.0200 mole
of solid B. The partial pressures of the gaseous reactants in the equilibrium
system are: A = 8.20 atm; B = 4.92 atm; AB = 11.48 atm. Calculate the
minimum number of moles of A that must be added to the above equilibrium
system at 727°C in order that no solid B shall be present at equilibrium.

» 1546 A reaction vessel at 850°C contains SrCQj (s), SrO (s), and
C(s) in equilibrium with CO,(g) and CO (g). The total pressure of
the CO, and CO is 169 mm. K,, for the reaction, StCOy (s) <= SrO () +
CO, (g), is 2.45 mm at 850°C. Calculate K, for the reaction, C {5} +
CO, {g) == 2 CO (g), at 850°C.
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w 1547 Pure PCl; gas is introduced into an evacuated reaction vessel
and comes to equilibrium at 250°C, the reaction being PCl, 2= PCl, + Cl,,
all substances being gases. The total pressure is 2.00 atm and the mole
fraction of the Cl, is 0.407.

{2) What are the partial pressures of PCly and PCl5?
{b) Calculate K, for the reaction at 250°C.

(c} The gas mixture is expanded to a total pressure of 0.200 atm,
without loss of material and at 250°C. At equilibrium at 250°C
calculate:

(1) The mole %, of PCI; dissociated.
" (2) The mole fraction of the Cl, in the mixture.
(3) The partial pressure of the PCly in the mixture.
® 1548 Derive an expression to show how K, is related to K, for the

gas-phase equilibrium, a4 4 B «C + dD.
How is K, related to K,

(a) Whena+b=c+d?
(b) When a4 b > c+ d?
{¢) Whena+b < ¢+ d?




All weak clectrolytes are incompletely ionized in water solution, the ioniza-
tion reaching a state of equilibrium as represented by the equations,

HC,H,0, 2> H+ + C,H,0,~
NH,OH=> NH,* + OH-
The ionization of a weak acid does, in fact, involve combination of the

proton (H*) with H,O to form the hydronium ion, usually represented as
HzO*, according to the equation

HG,H,0, + H,0= H,0F + CH,0,

It is common practice, however, to write the equation in the simple form
given in the first of the above 3 cquations; that practice will be followed in
this book.

Since the ionization reaches a state of equilibrium it can, as with all
reactions that reach a state of equilibrium, be represented by an equilibrium
constant, K, called in this instance an ionization constant. For HC,H;O, the
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equilibrium formula is
[HH] x [CHOy)
[HC,H,O,]

The bracketed formulas [H¥], [CHgOy~], and [HCHRO,] represent con-
centrations in moles per liter. The numerical value of the ionization con-
stant for FHIC,H,O, at 25°C has been determined to be 1.8 x 10-5 moles/liter,
commonly expressed as 1.8 x 1075 M, where M represents moles/liter.

For polyprotic acids such as HgPO,, H,S, H,CO, etc., the jonization
takes place in steps and each step has its own ionization constant. For
H,PO, the three steps, with their ionization constants, are:

[Ht] x [HPO,]

K, =

1 = Ht 4+ H,PO,~ k= =75x 103 M
() H3PO4*:_“H + 2 47 1 [H3PO4]
(114 x_[HPO, ]
-~ HF | HPO~ by =
(@) HPO, = H* + HPO, . o]
=62 x 10 M
[HH] x [PO, 7]
J— e —— —
(3) HPO, == H* + PO, by 0]
=10 x 10712 M

The overall ionization constant for a polyprotic acid is the product of the
constants for the separate steps. Thus for H,S the total ionization is
H,S==2 H¥ - 5=
and the two steps are
HSe>H' | HS~ k= 1.0 x 107 M
[IS—= HY 4 8= ky— 1.3 x 1018 M
and

14 (S]] x (ST [HHR x [5)
K=kt =g X s mES)

= 1.0 x 1077 % 1.3 x 1018 = 1.3 x 10720 p2

The numerical values of the ionization constants for a number of weak
electrolytes are given in Table 2, page 300. The smaller the ionization con-
stant the weaker the electrolyte. That means that water, with an ionization
constant of 1.8 x 10718 M, is the weakest of all acids and HS™, with an
ionization constant of 1.3 x 103, is next to the weakest.
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The anion of an acid is a Bronsted-Lowry base. Since the strength of a
base is determined by its attraction for protons (H*) it follows that the
weaker the acid the greater the basic strength of its anion. Therefore, the OH~
ion is the strongest base, and among the anions of the acids listed in Table 2,
the order of strength of the 5 strongest bases is OH™ > §— > AsO,— >
PO, = COy.

The concept of formality and a second
definition of molarity

We learned in Chapter 12 that 1.6 M K,CO, would be prepared by
dissolving 1.6 moles of KyCOy in enough water to give 1 liter of solution.
But we know that when E,COj is dissolved in water it immediately dissoci-
ates completely into K+ and CO,4~~ ions; furthermore, the CO4~ ions react
to a limited extent with water to form HCO,~, HyCQ,, Ht, and OH~.
Accordingly, a solution formed by dissolving 1.6 moles of K,COy in enough
water to form a liter of solution will in fact contain several species none of
which has a concentration of precisely 1.6 moles per liter. To provide for
this situation the concepts of formality and formal solutions have been intro-
duced and are now widely used. According to these concepts the term.
formality (abbreviated F) is used to designate the number of moles of solute that
were used in preparing 1 liter of solution; the term molarity is reserved for
designating the actual concentration, in moles per liter of solution, of a particular
species that is present in the solution. Thus, the above solution would be
1.6 F in K,CO,, but it would be 3.2 M in K+ and slightly less than 1.6 M
in CO;~. A solution prepared by dissolving 0.10 mole of NaC,H;O, in
enough water to give 1 liter of solution would be labeled 0.10 F NaC,HzO,;
it would be found to be 0.10 Min Nat, 7.5 x 108 Min OH—, 1.3 x 10 M
in H*, 7.5 % 1078 M in HCH,O,, and (0.10 — 7.5 X 10 M in Cyl,0, .

It is important to note that formality, as defined above, is synonymous
with molarity as that term was defined and used in Chapter 12, :

From this point on in this book we will use the concept of formality
and with it the new definition of molarity. Formality, abbreviated F, will
always designate the number of moles of solue used in preparing 1 liter of solution;
there should never be any ambiguity about the meaning of the notations,
0.25 F Na,CO, and 0.10 FHC,H,0,. The concentration of a particular
species in a solution will always be expressed in terms of molarity, denoted
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by the abbreviation M; molarity in this usage represents the number of moles
of the particular species present in 1 liter of solution.

It should be noted that the formula for the ionization constant as given
above assumes that the system to which itis applied is ideal; that is, it assumes
that the behavior of each species in the system is completely unaffected by
the presence of other species. In such an ideal system the molar concentration
is, in fact, the effective concentration. For nonideal systems the effective
concentration, or activity, of a given ion or molecule is the product of its
molar concentration and its activity coefficient in the particular system. It
is this activity which should appear in the ionization constant formula for a
nonideal system. As with the gas-phase equilibria discussed in Chapter 15,
we will assume that all solutions encountered in the problems in this book
are ideal. Accordingly, the activity coefficient of each species will have a
value of 1, and the ionization equilibria can all be expressed in terms of the
molar concentrations of each species.

PROBLEMS
(See Table 2, page 300 for ionization constants.)

161 A 0.010 F solution of HCH,O, is 4.17%, ionized. Calculate
the ionization constant of HCI;O,.
Solution:
HC,H,0, 7> H¥ & CH,04
_ [HY] x [C,l1,0,]

[HC,H;0,)
4.17% expressed in decimal form, is 0.0417.
0.0417 % 0.010 moles = 0,00042 moles of HC,I1,0, ionized.
Since 1 mole of HCH,O, vields | mole of Hf and 1 mole of G150, 7,
the 4.2 x 10~* mole of HCH,0, will yicld 4.2 x 10~ mole each
of H* and C,H,0,; [H*] and [CH;O5] will each be 4.2 x 10-*
molefliter. The concentration of un-fonized HC,H;O, molecules will
then be 0.010 — 0.00042 or 0.0096 mole/liter. Substituting these
values in the equilibrium formula,

K (4.2 x 1079 x (4.2 x 1074
a (9.6 x 107%)
= 1.8 x 10~ molefliter = 1.8 x 107 M
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‘When calculating the ionization constants of acids and bases in water
solution, the small concentrations of H* or OH~ jons due to the
ionization of water are generally ignored.

16.2 From. the facts given calculate the ionization constant of each
substance. "

(2) A 0.I0 F solution of NH,OH is 1.3% ionized.

(b) A 0.0010 F solution of HC,H,O, is 12.6% ionized,

() A 0.01 F solution of HCN is 0.029 ionized.

16.3 A 0.100 F aqueous solution of the weak acid, ITY, freezes at

—0.240°C. The freezing point constant for water is 1.86. Calculate the
ionization constant for HY.

Solution: HY 2= I+ 4 Y-

Let X = [H'] = [Y-].

0.100 — X = [HY]

Total moles of solute = [H+] + [Y] + [HY] = 0.100 + X

o

0
= 0.100 + X

60

0
Moles of solute = T

Solving, X = 0.029 M = [H+] = [Y-]
[HY] =0.100 — X = 0071 M
(B x [YT] 0029 x 0.029
S [HY] T 0071

16.4 The ionization constant for HCN is 4 x 1010 M a¢ 25°C.
Calculate the formality of and the HY ion concentration of a solution of
HCN which is 0.0109 ionized. '

Solution:

=118 x 102 M

HCN = H+ + CN-

[H*] x [CN7]

| Ker— 1 7" d
M) [HCN]

Let X = formality. Since the solution is 0.010% ionized, and since

0.010%,, expressed as decimal, is 0.00010, the concentration of H* will
be 0.00010 X. The concentration of CN— will also be 0.00010 X,

=4 x 10710 pf
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The concentration of un-ionized HCN will be X — 0.00010 X Sub-
stituting these values in the above equilibrium formula:

.00
@ 0.00010 X x 0.600 OX: 4 % 1019 M
X —0.00010 X

Solving, X = 4 x 102 = the formality

[IT+] = 0.00010 X = 1 x 10~% x 4 x 10~
=4 x 108 M

16.5 The ionization constant for NH,OH is 1.8 x 1075 M. Cal-

culate the formality and OH~ concentration of a solution in which the
NH,OH is 1.3% ionized.

16.6 The ionization constant for HCI,O, is 1.8 x 107 M. Cal-

culate the hydrogen-ion concentration of 0.01 F HC,H,O,.

Solution:
HC,H,0, 2 HF + C,H,0,
Let X = [Ht] = [CH,057].
0.01 — X = [HC,H, O,
_ [HH x [CH,0,7]
T [HCHO,)

Substituting the values of [H*], [CHyO4], and [HC,HyO,| in the
equilibrium formula:

=18 x10°%M

Xt 18 x 105 M

() goi—x X

The term, X, can be dropped from the expression, 0.01 — X, in the
denominator of Equation (1} if the value of X is so small that, within
the limits imposed by the number of allowable significant figures,
0.01 — X = 0.01. We can estimate the value of X as follows: Drop
X from the expression, 0.01 — X. As a result, X? = 1.8 x 107, and
X is about 4 % 10~* or 0.0004, 0.01 — 0.0004 = (0.0096. When
rounded off to one significant figure 0.0096 becomes 0.01. Therefore,
X can be dropped.

xe
=18 X 10 M
@) 0.01 %

X =4 x 1074 M = [H*]
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This example illustrates the rule that a term, n, which is added to or
subtracted from a term, m, in an expression, m -+ # ot M — #, can be
dropped if it is so small that m — n (or m + 1), when rounded off to
the permissible significant figures, is equal to m.

It should be emphasized that a small term can be dropped only in
expressions involving its addition to or subtraction from a large term, never
in an expression involving its multiplication or division by a large
termt.

16.7 The ionization constant for NH,OH is 1.8 x 1073 M. Calculate

the hydroxide-ion concentration of 0.10 F NH,OH.

16.8 Referring to Table 2, page 300, for the ionization constants,

calculate the concentrations of HCO,~ and CO,~~ ions in 2 0.034 F solution
of CQ, in water.

Solution: The reactions that occur when CQ, is dissolved in water
are:
(1) CO,+ H0 = H,CO,
(2) H,COy< HF - HCO,
(3) HCO,; <> HF + CO,
The ionization constant for (2} is
_——[HEI[;%?]E‘ | g2 x 107 M= K,
and for (3) is
[HT[COy]

GO — 48 X 1001 M = K,

Since the two equilibria represented by equations (2) and (8) occur
in the same solution, the [H*] that appears in the formula for Ky must
be the same [H¥] that appears in the formula for K, and this [H*] must
be the sum of the hydrogen ions provided by reactions (2} and (3).
However, since the equilibrium constant for reaction (3) is so much
smaller than that for reaction (2), the amount of H* provided by reac-
tion (3) is so very small compared with that provided by reaction (2)
that, within the limitations imposed by the number of allowable sig-
nificant figures, it can be neglected. Accordingly, we will proceed
as follows:
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Referring to Reaction (2) and its ionization constant, K, let
X = conc of HCO,~ X = cone of HY
0.034 — X = conc of H,COQ,

Substituting these values in the equation for K,
X2
0.034 — X
X is so small by comparison with 0.034 that it can be dropped from
the expression, 0.034 — X.
X2=143 x 108 M
X =12 x 10* M= [HCO, | = [HY]

=42 x 107" M

Since K, is so much smaller than Kj, the value of [H*] calculated from
K will be the [[1t] of the solution and can be inserted in the formula
for K,.
Letting Y = [CO;—] and 1.2 x 104 = [H*]
12 x 10*Y
12 x 107t — ¥
Since K, is very small, ¥ will be so small by comparison with 1.2 x
10— thatit can be dropped from the term, 1.2 x 102 — Y. Therefore,
12 x 104Y
1.2 % 10—

Y =48 X 1011 M~ [COy ]

=48 x 01 M

=48 x 1071 M

Note: The equation for the overall ionization is
.
H,CO, =22 HY 4 COg
The overall ionization constant, K, is
K — [FH]2 x [CO4]

= K =2.0x 10V
P RSN L X Kp=2.0x

It should be emphasized that this overall ionization equation and
constant can not be used to solve for [CO;—], [HCO4~] and [IT*]
in a solution of CO, in pure water. Using the overall equation
assumes that [H+*] =2 x [COy ). This is not a valid assumption.
Suppose we solve for [H*] and [CO4—] by using K.
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Let X = [COs™]; 2 X = [HY]; 0.034 — X = [H,CO4].
@XpXx
0034 — X
4 X?=68 x 1019
X =55 x 107 M = [CO;]
2 X — 1.1 x 100 M = [H]

=20 x 107

These answers are quite different from those obtained by the correct
method, in which K; and K, were used separatcly. That thesc new
answers are not correct can be seen by using them to calculate [HCO;).

[H,CO;]

[HCO; ] = Ki iy nd [HCO, ]

_ [E[Co]
Ky

The value of [HCO,] thus obtained, 1.3 x 1072 M, is obviously
incorrect, for this high a concentration of HCOj4~ could not be present
without an equally high [H*].

It is worth noting, however, that although the overall ionization
constant cannot be used to calculate correctly [H¥] and [CO, ],
the value of this overall ionization constant must be satisfied.
Substituting the correct values, |Hf] = 1.2 x 10-% M, [COy ] =
4.8 x 1071t M, and [HCO,] = 3.4 X 102 M, into the equation for
the overall fonization, it is seen that this is indeed the case.

If the H* concentration is fixed by the addition of a strong acid to a
solution of COy, in water K can then be used in solving for [CO,~].
This case is presented in Problem 16.16.

16.9 Calculate the concentrations of H,PO,, HPO;‘ -, and PO,—

ions in 0.10 F H,PO,.

Solution: The three equilibria and their constants are
H+¥] X [H,PO,]
[H3P04]
=75 x 108 M
' 114 x [HPO]
2} H,PO,~=Ht+ HPO,— K, =
(2) HaPO e + ¢ 2 [H,PO,]

=62 x 108 M

() HPO,<H++ HPO,~ K,= [
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] x [PO, ]
[P0, ]
= 1.0 x 1012 pf

(3) HPO, = H'+4 PO~ K=

Since all three equilibria occur in the same solution, the value of
{H*] must be the same in cach. Since K is so much larger than K,
and Kj, it will determine ¢he value of [H|. Likewise, K; will deter-
mine the value of [HyPO,~|. Accordingly, we will first calculate
[Ht] and [H,PO, ] from K.

Let X = [IT]. Then X — [H,PO, ] and 0.10 — X = [H,PO,].

P

—— =75 X 108 M
0.10 — X %

It is obvious that X will be too large in comparison with 0.10 to

allow it to be dropped.

Solving this quadratic, X = 2.4 x 102 M = [H*] = [H,PO,]

We will next substitute these values in Ky, letting ¥ == [HPO, ]
(2.4 x 10-4(Y)

K, — —62x 10°M
* T 2.4 X 10 — Y} g

Since K} is very small, ¥ will be so small by comparison with 2.4 x
10~ that it can be dropped from the term, 2.4 x 10* — Y. This

leaves
24 % 102Y

2.4 x 103
Y =62 % 10 M = [HPO, ]

We will then substitute the calculated values of {HY| and [HPO,; ]
in Ky, letting Z = [PO,~—].

(2.4 x 107%(Z)
(62 % 1078 — Z)

=62 108 M

K, = = 1.0 % 10712 M

Since K is extremely small, Z will be so small by comparison with
6.2 x 10-® that it can be dropped from the term, 6.2 x 10-% — Z.
'That leaves

24 x 1027

6.2 x 108
Z =25 % 1018 M = [PO ]

=10 x 1072 M
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16.10 Calculate the concentration of $7— in 0.10 F H,S.
16,51 Calculate the concentration of CrO,~ in 0.10 F H,CrO,.

The common ion effect

We have noted in Chapter 15 that if after a chemical reaction of the
general type, A + Bex C + D, has reached a state of equilibrium, more C
is added to the reaction vessel, the equilibrium is shifted to the left. In
exactly the same manner the equilibrivm in an ionic equilibrium such. as,
HC,H;Oy < HF + CH,O,~, will be shifted to the left if acetate ions are
added to the system. This shift in an ionization equilibrium by increasing
the concentration of one of the ions involved is called the common ion effect.

PROBLEMS
(See Table 2, page 300, for fonization constants.)

16.12 'The ionization constant for HC,H;O, is 1.8 % 107 M. How
many moles of hydrogen ions will there be in a liter of 0.10 F HC,H;O,
containing 0.20 mole of NaC,H,0,?

Solution:
HC,H,Op 2= HE + GHOp 3 NaGyHOy = Nat + CH,0,

Let X = concentration of H* at equilibrium
0.20 4+ X = concentration of C,H;O, at equilibrium
0.10 — X = concentration of HC,H; O at equilibrium
+ H.O.—
g X GO g yosar
[HC,H;O,)
Substituting the values of [H*], [CH;O,7], and [HC,H;O;] in the
above equation,

X (0.20 + X)

=18 x 10-* M
010 — X

In solving for X in the above equation we will assume that, since
acetic acid is weak, the value of X (the concentration of I+ ions) will
be very much less than 0.10. If this assumption is true X can then be
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dropped from the terms, 0.20 + X and 0.10 — X. That leaves the
expression

0.20 X .
e = 18 x 10 M  (X=9.0x 107°mole of HY per liter)

The fact that the value of X turns out to be very much less than 0.10

means that the assumption made above is justified.

16.13 The ionization constant for NH,OH is 1.8 x 105 M. How
many moles of O™ are there in a liter of 0.10 F NH,OH which contains
0.10 mole of NH,CI?

16.14 'The weak base, NH,OH, has an ionization constant of 1.8 X
10~ M. What is the OH™ concentration of a solution prepared by dissolving
0.25 mole of NH, and 0.75 mole of NH,Cl in enough water to make a liter
of solution?

16.15 How many moles of NaCN must be dissolved in a liter of 0.2 F
HCN to yield a solution with a hydrogen-ion concentration of 1 x 10—%
mole per liter?

16.16 The hydrogen ion concentration of a 0.034 F solution of CO,
in dilute HCl is 0.10 M. Calculate the molar concentration of CO, .

Solution: This problem differs from 16.8 in that H* has been added
(in the form of HCI) to give a total [H'] of 0.10 M. Using the first
ionization constant for HyCO; we will fist solve for [HCO, |

H,CO,z> Ht + HCOy~
Let X = [[ICO;].

0.10 = [H*]
0.034 — X = [H,CO,]
[HH][HCO, ] 0.10 X
= T I WM =
* [H,CO,] x 0034 — X

Since K, is very small and [H*] is high (0.10 M), [HCO,~] will be
very small in comparison with [H*] and [H,CO,|. Therefore we
can drop the X in the term, 0.034 — X. That leaves

0.10 X
0034

010X =14x 108 M

X =14 x 107 M = [HCO; ]

42 x 100" M
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We can now substitute this value of [HHCO, | and the value of 0.10 M
for [H+] in the second ionization constant to give

[HH[CO ] g OdOXY
Ke="mco, T ~ 48 XM M= 0 v

In this formula Y = [CO;—] .
Since Y will be very small by comparison with 1.4 % 10-7, it can he
dropped from the term, 1.4 X 10=7 — Y. This leaves
0.10Y
1.4 x 1077
010 Y=6.7 x 10718 M Y = 6.7 x 10-V7 M = [CO;]
Note: It should be pointed out that, when the hydrogen ion con-
centration of a solution of a weak polybasic acid such as HyCOq
(H,S, H,PO,, etc.) is fixed by the addition of a strong acid, the overall
jonization constant, K, can be used in solving for [CO,~"]. Thus
[H+P x [COy~]
[H,COs]

If we substitute the values of [} and [H,CO,] in this equation:

2 —
(0_‘19}[_(:91_] - 20 x 107
0.034

[CO;~] = 6.8 % 10-¥7

This, it will be noted, is practically the same value for [CO;—] that
was obtained when the calculation was made via K; and K,.

=48 x 1008 M

K=K XK= =20 X 10-Y7

16.17 Calculate the sulfide ion concentration of a 0.10 F solution of
H,S in 0.10 F HCI.

16.18 Calculate the molar concentrations of HyAsO,~, HAsO,
and AsO,— in 0.20 F HyAsO, which is 0.10 F in HCL,

Buffer action

1£0.10 mole of solid NaCN is added to aliter 0.010 F HCl the following

reaction occurs:
CN— -} H+ == HCN
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Because HCN is a very weak acid (K, = 4.0 x 10729}, CN—is avery strong
base. Because excess CN~ is added, practically all of the H* from the HCl is
tied up as HCN. As a result the [H*] of the solution drops from 0.010 M
down to an eXtrcmer low value.

H an additional 0.010 mole of HCI (as a gas so that there will be no
appreciable change in volume) is added to the solution there then is no
appteciable change in [H*]; the excess CN— combines with the additional
hydrogen ions from the added HCI to form more HCN.

If we now add 0.010 mole of NaOH to the solution there still is no
appreciable change in [Ht]. As fast as the added OH~ tons react with H*
ions to form water, more HCN ionizes, thereby keeping the [H+] practically
constant; the equilibrium, CN~ - H* 22 HCN, is shifted to the left.

If we continie to add NaOH we will find that a total of 0.020 mole of
NaOH will be required to neutralize the H* ions in the solution. This
means that, although the CN~ ions have reduced, enormously, the [Ht]
of the solution by tieing them up as HCN, they have not altered the total
available H* in the solution.

The salt of any weak acid, when added to a solution of a strong acid,
will behave as did NaCN. Likewise, the salt of any weak base (NI,Cl for
example) when added to a solution of a strong base (KOH, NaOH) will
depress the [OH~] by ticing the OH~ jons up in the form of the weak base
(NH,0H).

'The behavior described above is called buffer action. The salt of a weak
acid will buffer a strong acid; it reduces the concentration of Ht and, when
present in reasonable excess, will keep it practically constant at this low value.
Likewise, the salt of a weak base will buffer a strong base.

PROBLEMS
(See Table 2 for ionization constants.)

16.19 Calculate the hydrogen ion concentration of a liter of solution
which is 0.1 F in NaC,H,O, and 0.001 F in HCl. K for HC,H,O, =
1.8 x 105 M.

Solution: 0.1 F NaC,Hz0, will yield 0.1 M Natand 0.1 M C,H,0,.
0.001 FHC] will yield 0.001 M I+ and 0.001 M Cl-. H is a very
strong acid; CyHyO, is a moderately strong base.

The 0.001 mole of Ht will combine with 0.001 mole of C,H,0, to
form 0.001 mole of HC,H;O,.
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That will leave 0.1 — 0.001 or 0.1 mole of C;H;Oy~
Therefore, [CoF;05] = 0.1 M and [HC,HO,] = 0.001 M,

[HH] x [C,H;057]

K= =18 x 10" M
[HC,H;04]
Substituting in the above formula:
+
w =18%x10°%M
0.001 M

[Hf]=2 % 10° M

16.20 Calculate the hydrogen jon concentration of a solution which

is 0.2 F in NaF and 0.002 F in HCI, K for HF = 6.9 x 10—,

16.21 What concentrations of NaC,H,0, and HC,H;O, must be
used in preparing a solution with a hydrogen ion concentration of 1.0 X
10— M?

The ionization equilibrinm of water

Pure water is very slightly ionized as follows:
(1) H,0 <= HF - OH-

The concentration of IT* ions has been shown experimentally to be 1 x 1077
mole/liter at 25°C The concentration of OH™ ions is the same as the con-
centration of H* jons, namely 1 X 1077 molefliter; for this reason water is
neutral.

The ionization constant for water is expressed by the familiar equation,
[ x [OHT]

O] |

A liter of water (1000 g) will contain 55.6 moles of H,0Q; since, as

noted above, it contains 1 X 10~7 mole of H¥ and 1 X 10-" mole of OH~
the equilibrium constant will be calculated as follows:

(3) 4 H,0 = Hf 4 OH-

55,6—1x1077 1x1077 Ix1077

® K-

(1 x 10-7(1 x 10-7)
® K="ms—1x 109
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Te is obvious from Equation (3) that, not only is [H,O] enormous by
comparison with [H*} and [OH~], but that, rcgardless of how much the
equilibrium in (3) is shifted to the left (by adding H+ or OH7), the actual
change in the number of moles of H,0 is negligible. Even if the concentra-
tion of H* is so high that the equilibrium is shifted completely to the left
the number of moles of H,O will increase only by 10~7 mole; for all practical
purposes that is no change at all. That means that the concentration of
H,O molecules in equilibrium with H* and OH~ is constant. Therefore,
Equation {4) becomes (

-7 -7
) K (1 x 10-7)(1 x 1077

A constant whose value is 55.6

The constant whose value is 55.6 can then be multiplied by the ionization
constant, K, to give a new constant called the ion product constant for water;
it is designated by the symbol, K. That is
(6) Ky={1x107) x (1 x 1077) =1 x 10~ M2

Equation (6) states that, at 25°C, the product of [H'*] and {OH"] in water,
or any water solution, is always 1 x 10~

If the HI* concentration is greater than 10~ molefliter (10-% or 10-1)
the solution will be acidic, while if the hydrogen-ion concentration is less
than 10-7 molefliter the solution will be alkaline. One can, therefore,
designate whether a solution is acid or alkaline by stating for example, that
the value of the hydrogen-ion concentration is 1 x 10782 molefliter,
meaning thereby that it is slightly acid.

PROBLEMS
{ See Table 2 for ionization constants.)

16.22 Calculate the OH- concentration in moles of OH~ per liter
of a solution which contains 1 X 10-* mole of H* per liter. Will the
solution be neutral, acidic, or alkaline?

Solution: In any water solution the product of the concentration of
H+ and the concentration of OI~, when these concentrations are
expressed in moles per liter, is always equal to 1 x 1074, That is

[H] x [OH-] = 1 x 10-14 M2
1 x 10714 1 x 10-1¢
[ 7 T X 10 2 mole H¥ per liter
=1 x 1072 mole OH~ per liter

[OH] =
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If the concentration of Ht is 1 X 10~7 mole of H¥ per liter, the con-
centration of OH— will also be 1 x 10~? mole of OH~ per liter, and
the solution will be neutral. If the concentration of H* is greater than
1 x 107 molefliter, the solution will be acidic; if less, it will be
afkaline. Since 1 x 102 mole of [T+ per liter is a higher concentration
than 1 x 107 mole of H¥ per liter, the solution will be acidic.

16.23 Calculate the OH— concentration, in g of OH~ per liter, of a
solution containing 1 X 1071° mole of H¥ per liter.
Solution:
[Ht] x [OH] =1 x 107 M?
1 x 1074 1 x 1074

OH_ — —
[ ] [H*] 1 x 10719 mole H¥ per liter

=1 x 10~* mole of OH~ per liter

17 g of OH- E_
1 mole of OH-

= 1.7 x 10-3 g of OHfliter

1 x 1074 mole of OHliter %

16.24 Calculate the OH— concentration, in grams of OH™ per liter,
of a solution whose HY concentration is: :

{a) 1.0 x 10°° mole of H per liter
(b) 3.0 x 10 g of HF per liter

16.25 Calculate the H concentration, in grams of H+ per liter, of
solution whose OH~ concentration is:

(a) 2.0 x 107% mole of OH per liter
(b} 3.4 x 1072 g of OH~ per liter

pH

Because the use of numbers such as 1 x 10782 and 1 x 10737 is
cumbersome, the acidity or alkalinity of a system is commonly designated
by a term referred to as pH. The pH is the logarithm of the reciprocal of the
hydrogen-ion concentration, when this concentration is expressed as moles
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per liter. This is equivalent to saying that the pH is the negative of the logarithm
of the hydrogen-ion concentration. To illustrate, suppose the concentration of
H+ is 1 x 10~ molefliter. 'The rectprocal of this is 1/(1 x 10-%), which is
equal to 108 The logarithm of 10%is 6; the pH of the solution is 6. Likewise,
the logarithm of 107% is —6. The negative of —6 is 6. Therefore, a pH of
6 means a hydrogen-ion concentration of 1 X 107° molefliter. Likewise, a
pI of 8.2 represents a hydrogen-ion concentration of 1 X 107#% molejliter.

A solution whose pH is 7 is ncutral. A solution whose pH is greater
than 7 is alkaline while one whose pH is less than 7 is acidic.

Tt is important to remember that an increase in pH represents a decrease
in hydrogen-ion concentration, that is, a decrease in acidity.

PROBLEMS
{See Table 2 for jonization constants.)

16.26 Calculate the pH of a solution which contains 1 X 10-% mole
of HT per liter.

Solution: By definition, pH is the negative logarithm of the hydrogen-~
ion concentration when this concentration is expressed in moles of H
per liter.

pH = —log [Ht] = —log 105 =5

16.27 Calculate the pH of a solution which contains 3 x 10~% mole
of Ht per liter.

Solution:
1 1 104

pH = log ] == 1ogmz 1ogm§-

fos s
pH = 1og? = log 102 — log 3

log 106 =4  log3 — 0477
pH = 4 — 0477 — 3.523
16.28 Calculate the pH of a solution which contains:

(a) 1 x 107® mole of II* per liter
(b) 0.0020 g of H* per liter
(c) 0.0030 mole of H* per liter
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(d) 0.00017 g of OH~ per 100 cc

() 2.0 x 10-® mole of OH~ per liter

(f) 0.010 F HC,H;O, which is 4,179 ionized

(g) 0.10 F NH,OH which is 4.10% ionized

(h) 0.010 F KOH

(i) 1.00 x 10~ FHCI

16.29 Calculate the H¥ concentration in moles of H* per liter, of a
solution whose pH is 5.

Solution: pH is, by definition, the negative of the logarithm of the

H* concentration. Since the pH is 5, [H+] must be 10-® mole/liter.

16.30 Calculate the H¥+ concentration in moles per liter of a solution
whose pH is 4.8.

Solution: Since pH is 4.8, [H¥] must be 107*® molefliter. But

10—4.8 p— 1075 % 1Qo.2

1002 =159  (log 102 = 0.2 and antilog of 0.2 == 1.59)
Therefore, 10748 = 1,59 x 10-%
[F+] = 1.59 x 107° molefliter

16.31 Calculate the H concentration in moles of H* per liter of a
solution whose:

{a) pHis 1.5

(b) pH is 13.6

16.32 Calculate the OH~ concentration in moles of OH™ per liter of a
solution whose:

(a) pH s 3.6

(b) pH is 6.2

16,33 Which is more strongly acid:

(2) a solution with a pH of 27

(b) a solution containing 0.020 g of H+ per liter?

16.34 A 0.0010 F solution of HIF has a pH of 4. Calculate the percent
ionization of the HF,

§
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Hydrolysis

The hydrolysis equilibrium that is established when a salt, such as
NaC,H,O,, which is derived from the weak acid, HC,H;O,, is dissolved in
water may be represented by the net equation,

) CyH,0p~ + Hy0 2 HC,H,O, - OH-
The equilibrium constant for this reaction is represented by the equation,

9 _ [HC,I,0,] x [OH ]
@) T [CHsO5) % [HO]

In comparison with the concentrations of the other ions involved in this
equilibrium, [HyO] is extremely large; this is particularly true in dilute
solution. Since [H,O] is large, and since the degree of hydrolysis is in most
instances small, the change in the value of [H,0] when the equilibrium in
Equation (1) is shifted is negligible. For that reason [H,O] can be considered
to be constant. In dilute solutions the constant value of [H,O] is approxi-
mately 55.6 moles/liter. This constant value of [H,O] can then be multiplied
by the equilibrium constant, K, in Equation (2} to give a new constant K,
called the hydrolysis constant. The formula for the hydrolysis constant will
then be

3) \ K, = [HC,H,0,) X—[OH ]

[CaHL Oy

The constant for the hydrolysis of the ammonium ion is represented
by the formula,
4 -
[NH,OH] x [Ht]
4 K =
@ P ]

The argument that has been used above in determining the formula
for the hydrolysis constant, when applied to other systems, leads to the
general rule that the concentration of the liguid solvent never appears in the
Jormula for an equilibrium constant even if it is a reactant.

The numerical value of the hydrolysis constant for a particular ion can
be calculated from the ion product constant for water and the ionization
constant for the weak acid or weak base formed during hydrolysis in the
following way: :
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In Equation (3) we will multiply both numerator and denominator by
[H*], giving thereby,
[HC,H;O,)
[H] x [CeHOy

) K, = j % [OH"] x [H*]

The first term to the right of the = sign is the reciprocal of the ioniza~
tion constant, K, for FICyH,O, and the rest of the expression is the ion
product constant, K, for water. )

If we substitute the numerical values of K, and K; we obtain the
numerical value of K,

K, 1x 1042

Be_ 2 T 56 10°0M
K, 18 x 10°M

(6) K,=

It is obvious from these calculations that the weaker the acid {or base) -

the greater the percent hydrolysis of its anion (or cation).
If the salt is derived from a weak acid and a weak base both the cation
and the anion undergo hydrolysis. Thus, for the salt, NILF, the reactions

are:
@) NH,* -+ H;O <> NH,OH + H*
(®) F- -+ H,0<> HF + OH~
The H* and OH- formed in Equations (7) and (8) will react
() H* 4+ OH- — H,0O

Equations (7), (8), and (9), when totaled, give the net equation for the
hydrolysis,
(10) NH,* + F~ + H,0<e NH,OH + HF
The equilibrium constant for this reaction is
[NH,OH] x [HF]
[INH ] x [F| x [HO]

As in the previous hydrolysis, [H,0] is constant, and can be combined
with K to give 2 new constant, the hydrolysis constant K.

(11) K=

[NH,OH] x [HF]
2 P N X ]
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By multiplying both numerator and denominator by [H¥] x [OH-],
Equation (12) is resolved into three separate equilibria.

NH,OH HF

(13) K= [NH[4+] < [CEH‘] [mﬁ [ < B [on
1 1 Kw

S St R S o

By substituting, in Equation (14), the numerical values of the three
constants, the numerical value of K, can be calculated.

1.0 x 1074

(15) =1 105 x 69 x 10

= 8.0 x 1077

Other equilibria involving weak electrolytes

The technique of resolving a given equilibrium constant into its
con’iponent constants, which was used in calculating hydrolysis constants,
can be applied to other systems. To illustrate, when sodium formate
(NaCHO,) is added to a solution of acetic acid, the following equilibrium
is set up.

CHO,~ -+ HC,H,0, 2= HCHO, | CH,0,~
The equilibrium constant for this reaction is
[HCHO,] X [C,H,04]

~ [CHO4] x [HC,H,0,]

By multiplying both numerator and denominator by [H*| we obtain
_ [HCHO, | % [HY] % [CH;047]
N [H*] X [CHO,] [HC,H;0,]

1 1.8 x 105 .
X Kue,m,o, = CEEU=3 9 % 10~

K=

HCHO,

The fact that the equilibrium constant has the small value, 9 % 10-2, indi-
cates that, at equilibrium, the concentrations of the species on the left are
somewhat larger than the concentrations of those on the right. This is
another way of stating that the equilibrium lies quite far to the left. This
situation is consistent with the facts, testified by the values of the equilibrium
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constants, that HCHO, is a stronger acid than HC,HyO, and CH;Op™ is 2
stronger base than CHO;~. Since both of the stronger electrolytes lie on the
right it is logical to expect that the equilibrium should lie far to the left.

PROBLEMS

{See T'able 2 for ionization constants.)

16.35 Calculate the OH- ion concentration of 0.2 F KCN.
Solution: The net equation for the hydrolysis is
CN- - H,O0=> HCN | OH-
[ICN] x [OH] [HCN]
= = Ht| x |[OH-
& S I FUEa v s AL
K, 10x 10
" Kaow 40 x 10710
Let X = [OH*} = [HCN]
0.2 — X = [CN-]
XZ
02 - X
Xt=>5 x 107% M?*
X—2 % 109 M= [OH]

16.36 Calculate the pH of 0.10 F KCHO, (potassium formate).

=25%10°M

=25 x10°%M

16.37 Calculate the H* ion concentration of 0.10 F NH,CL

16.38 Calculate the concentration of HICN and of OH~ in 0.20 F
NH,CN.

1639 Im 2 0.5 F solution of KClO, the OH~ ion concentration is
3 % 10—t M. What is the jonization constant for HCIO?

16.40 Calculate the OH~ ion concentration of 0.10 FK,SO,.
Calculate also the concentrations of I+, HSO,~, SOy, HpS8O,, and K*.

Solution: In dealing with the hydrolysis of the anion of a poly-
protic acid such as 1,503, we find that the acid, HSO,~, formed in the

hydrolysis of SOz~
) SO, 4 H,0 == HSO;~ + OH~
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is also a base and, accordingly, will hydrolyze,
2) HSOy~ 4 H,O 2= H,S0, ++ OH-

The hydrolysis constants for these two reactions, calculated as in
Problem 16.35, are:

[50,7] x [OH-]

3 K, for SO,— = — .

(3) 5 R 50T 18x 107 M
H,50,] x [OH-]

4 K, for HSO,— = [H,5O, — 18

% , To s [FSO7] 7.7 % 1018 pf

Since K, for HSO,~ is so very much smaller than K, for SO,— the
amount of OH~ formed by the hydrolysis of HSO4™ is so small com-
pared with the amount formed by the hydrolysis of SO, that it can
be neglected. Accordingly, in this case and in all cases involving the
hydrolysis of normal salts of polybasic acids, only the first hydrolysis
will be used in calculating the concentration of OH~ or H,

Let X = [OH-] = [HSO, .

0.10 — X = [SO; ]
X2
0.10 - X

Xt —18x 108 M
X =13 x 10 M = [OH-] = [HSO;"]
(1] = 10X 107 L0 x lo7u
[OH-] ~— 13 x 104
[SO;7 ] =010 — 1.3 x 10+ =010 M

7.7 % 1071 X [HSO,]
[OH"]

=18 x107"M

=75 x 101t M

=77 =< 103N

[Hy80,] =

[K+] = 0.20 M

Note that, in calculating [H,SOq], the hydrolysis equilibrium for
HSOy~ was uscd.

Note: This problem. is an example of a situation which will be
encountered in those systems in which several equilibria exist. Thus,
in addition to the two hydrolysis reactions given in Equations (1) and
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9), the following equilibria are also set up:

g cq p
5) SO~ + H <= HSO,
6) HSO,~ 4+ Ht 2= H,80,
(7) F* 4 OH 2> HO

Since all of these equilibria occur in the same solution the concentration
of a given species must be the same in each; a concentration that
satisfies one equilibrium must satisfy all other equilibria in which that
species is involved. Thus, in this particular problem, the concentrations
of SOy, HSOy~ and H* that are calculated for Equations (1) and (7)
must satisfy the K for Bquation (5) and the concentration of H,S0,
caleulated for Equation (6) must be the same as that derived for
Equation {2).

In solving such a problem. the main equilibrium should be selected and
used as the basis for the calculations. The choice of the main equation
is, generally, quite obvious, since it involves the predominant reactants
(in this instance, SO;~~ and H,O).

16.41 Calculate the pH of 0.20 F Na,COs.

1642 Calculate the concentration of each species present in 0.010 F
K,PO,.
16.43 Calculate the formate-ion concentration in moles per liter of a
0.2 I solution of NaF in 0.1 F HCOOH (formic acid).
Solution hint: The principal rcaction is
F 4+ HCOOH == HF 4 HCOO~

16.44 Calculate the CN- ion concentration in moles per liter, of a
0.1 F solution of NaC,H,O; in 0.1 F HICN.

16.45 Calculate the pII of 0.10 F NaHCOs,. _
Solution: Acid salts such as NaHCO,, NaHSO3, K,HPO,, KHoPOy,
etc., are unique in that their anions are acids as well as bases. Accord-
ingly, the HCO,~ ion which is liberated when NaHCO; is com~
pletely dissociated will react as follows: :
As an acid:
HCO, <> H¥ + COg ™

As a base:

: HCO,~ + H0 = H,CO, + OH-
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The strong acid, HY, formed in the first equation will reace with the
strong base, OH™, formed in the second equation to form the extremely
weak electrolyte, H,O.

H* + OH-2= H;0

Canceling H+, OH-, and H;O and adding gives the following net
equation for the principal reaction that occurs when NaHCO, is dis-

solved in water.
9 HCO,~ 2= H,CO, + COy

Referring to Table 2, page 300, for the ionization constants for H,COy,
the equilibrium constant for this reaction is: '

[H,CO,] x [COy7 ] . [H,CO,) x [COy ] X [F1+] _ &

K == = =
[BCO, T [HCO, | x [H] X [HCO; ] K,
_asx oM
T 42 x 107 X

Let X — [CO;—] = [H,COy].  0.10 — 2X == [HCO;"]

Substituting these values in the above equilibrium formula and solving
gives the following values: X =1.05 x 107 M = [CO4] = [HyCOy)

0.10 — 2X = [HCO4~] = 0.098 M

By substituting these values of [HCO;4] and [HyCOy] in K; the value
of [H] is calculated to be 4.5 x 107 M, which represents a pI of
8.4. :

1646 Calculate the pH of:
(a) 0.10 FNaHSOq

(b) 0.10 F KHPO,.

(¢) 0.10 FKILPO,.

= 16.47 A liter of solution prepared by dissolving H,SO, in pure water
has a pH of 3.00.

(2} How many moles of HySO, were dissolved ? The first ionization
of H,8O, is complete. The ionization constant for HSO, is
1.20 % 102 M.

(b) Calculate the molarity of each species in solution.
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Solution: Let X equal the moles of H,SO, dissolved. Let ¥ equal
the moles of SO, Then, since the first ionization of HyS0, is

complete,
X X X—-Y
(a) HS0, = H¥ + HSO,~
X—Y Y Y
(b) HSO, == H* + SO,
(¢} X+ Y=100x 1028 = [Ht]
(d) YJ(X — Y} =[SO |/[HSO, | = Kf[HH] = 12.0
From (c) and (d) we find that
X — 5.90 % 104 moles == moles of H;SO, dissolved
Y — 4.80 x 10-4 moles per liter = [SO 1
X — Y =40 x 105 moles per liter = [HSO,|
1.00 x 10-34 — 1.00 X 108 = 1,00 x 107 = [OH7]
® 1648 Calculate the concentration of NH,OH in a solution which is
0.1 F in HC,H,0, and 0.1 Fin NH,CL .‘
Solution: The principal reactions with their equilibrium constants
are:
() HCH,0,7= I + G0y
(2)  NH + FO<=HF + NH,OH Ky =56 x 100

K,=18 x 10-®

Since Kyyq is so much smaller than K the amount of H* derived from .

the hydrolysis of NIH,* is negligible by comparison with the amount
derived from the ionization of TIC,H,O,. Therefore, calculate the
[H*] derived from the jonization of HC,H,O; as in Problem 16.6.
The value of [H*] thus calculated is 1.3 X 1072 M.

To calculate [NF,OH], substitute the above value of [H¥], 1.3 %
10-3 M, for [H*} and 0.1 M for [NH, | in Kypy-

Note: In the hydrolysis of NI, as in all equilibrium reactions, the
magnitude of the equilibrium constant tells us the extent of complete-
ness of the reaction. In many problems that will be encountered it will
be very useful to know this fact.

» 1649 Calculate the molar concentration of each species in a solution -

which is 0.20 F in NH, and 0.20 F in NaCN.
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Solution: The principal reactions with their equilibrium constants

are:
(1) NH, 4 H,0 <= NH,* - OH~
_ [NH.*] x [OH]
K, = N — 1.8 x 10-
2) CN-+ H,O0=HCN + OH~
HCN] % [OH~
Kyyq = | [l:N‘[} ] = 2.5 » 10-°

Since the two equilibria occur in the same solution the value of
[OH-] is the same for each. Therefore, K; and Kj 4 can be equated
to give:

(3)

But [NH;] is 0.20 M and [CN-] is 0.20 M. Substituting these values
in Equation (8)

(4)
(5) [HCN] = 1.4 x [NH,?|

Let X = [NII*].

Then 1.4 X — [HCN.

Since the OH~ derived in the ionization of N'Hj is, according to Equa-
tion (1), equal to [NT,"] and since the OH~ derived from the hydrolysis
of CN~ is, according to Equation (2), equal to [HCN], the total
[OH~] will be equal to [NH, ] + [HCN], or 2.4 X.

Substituting X for [NH,*], 2.4 X for [OH™], and 0.20 M for [NHy]
in the formula for K the value of X and, hence, the molar concen-
tration of each species in solution can be calculated.

1.8 x 1075 x [NH;] 2.5 x 1075 x [CN]
[NHH| JHCN]

[HCN] 2.5 x 108
[NH,#] 18 x 10-*

-p' 1§.50 Calculate the molar concentration of each species in a solution
which is 0.20 F in NH; and 0.20 F in NaC,H,O,.

s 1651 A mixture of 500ml of 1.0 FHNQO,; and 100ml of 15 F
NH,OH was diluted with water to 1.0 liter. Calculate the [H*] of the
solution.
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# 16.52 In a solution prepared by dissolving NaC,H,O, and HC,H,O,
in pure water, the sum of the formalities of the 2 solutes is 1.0. The pH of
the solution is 5.0.

(a) Calculate the formality of each of the 2 solutes.

(b) Calculate the molarity of cach of the species in solution. K; for
HC,H, 0, is 1.8 x 10-5 M.

Solution: Since [H+] is 1.0 X 10-% and K = 1.8 x 107° M, the ratio,
[CyH,0,7]/[HCHO, | will be 1.8. Since we know that [C,HyOy] -+
[FIC,I1,0,] = 1.0, the values of {CH;O,] and {HC,H,O,] can be
calculated to be 0.64 M and 0.36 M, respectively. The fact that [H*]
is 1 X 1075 means that a negligible amount of HC,H;O, ionizes and a
negligible amount of C;H;O4 is produced by this jonization. There-
fore, the molarity of the C,t;0,~ equals the formality of the NaC,H, O,
and the molarity of the HC,H Oy equals its formality.

Note: The solution of this problem illustrates the following fact
which can be very useful in solving problems: When the pH or [IT H
ot [OH] of a solution is known the ratio of anion to its acid can be
calculated provided the ionization constant of the acid is known. This
ratio can often be used in solving the problem. If the ratio of two
quantities and the sum of the two quantitics are known the value of
each quantity can be calculated.

# 16.53 A volume of 100 m! of a certain solution of NH,OH in water
was mixed with 400 m] of 1.00 F HCL. The resulting solution was diluted
with water to a volume of one liter; this liter of solution was found to have
a hydrogen ion concentration of 2.22 x 10~ moles per liter.

Calculate the formality of the original solution of NH,OH.

& 16.54 How many milliliters of 0.200 F NaOH must be added to
100 ml of 0.150 F HC,H,0, to give a solution with a pH of 4.046?

& 16.55 IHow many milliliters each of 1.00 F solutions of NaOH and
HC,H,0, must be mixed to give U liter of solution having a pI of 4.00?

» 16.56 How would you prepare a solution with a pH of 9.25 ﬁ'om
0.300 F HCl and 0.300 F NFH,OH?

» 16.57 One g of the solid weak base, MOH, whose molccular weight -

is 50, was neutralized by a certain volume of 1 F HCI and exactly half that
volume of 1 F NaOH was added to the solution. The resulting solution hasa
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pH of 8. Calculate the ionization constant of the weak base, MOH. The
volume of the solid MOH can be neglected.

# 16.58 An amount of 0.22 mole of the weak add, HX, was dissolved
in 100 ml of 0.20 F KOH. The hydrogen ion concentration of the resulting
solution was determined to be 1.0 % 1075 M. Calculate the ionization
constant for HX.

= 16.59 A student was given a certain volume of a solution of a weak
acid, HX; he knew the formality of this HX solution. He caloulated, correctly,
using the stoichiometric equation, NaOH + HX = NaX + H,O, that 19 m!
of a certain solution of NaOH on the reagent shelf would be required to react
with all of the HX in the certain volume of solution. He added 9.0 ml of
this certain solution of NaOH to the certain volume of solution of HX; he
found that the hydrogen ion concentration of the resulting solution was
1.0 x 1075 M. Calculate the ionization constant for HX.

® 16,60 How many moles of solid NaOH must be added to a liter of
0.10 F H,CO, to produce a solution whose hydrogen ion concentration is
3.2 x 10~ moles per liter? ‘There is no measurable change in volume when
the NaOH is dissolved.

Solution: The situation in this problem is complicated by the fact that
2 reactions are possible, namely

H,C0, + OH~ = HCO; + H,O
H,CO, 4- 2 OH- = CO,~~ + 2 H,0

Since [Ht] is 3.2 X 1071 M we can calculate, from K, and K for

11,CO,, that

[CO] _48x10m . [HCO,| 42x107
. 1 - —

[HCO, ]~ 32 x 101 M IECO ] Zx 0

= 1.3 x 10¢

This means that all of the H,CO, is consumed.

Let X = moles of HCO,; formed; 1.5 X = moles of CO,— formed.
2.5 X = total moles of carbonate = 0.10 mole.

Solving, X = 0.040 mole of HCOy~ and 1.5 X = 0.060 mole of COy4 .
To form 0.040 mole of HCOj4~ requires 0.040 mole of OH™.

To form 0.060 mole of CO4~~ requires 0.120 mole of OH~.

Total moles of OH~ consumed = 0.16 mole.
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Since [H] is 3.2 X 10721 M, the number of moles of excess OH~
added was 1.0 x 10714 = 3.2 x 1073 = 3.1 x 10~ or 0.06031 mole.
Therefore, total moles of NaOH added = 0.16 +- 0.00031 == 0.16.

@ 16.61 How many moles of solid KOH must be added to a liter of
0.20 F H,SO, to yield a solution whose pH is 7.857 There is no change of
volume when the KOH is added.

# 16.62 A solution which is 0.020 F in oxalate has a pH of 4.0. Cal-
culate the molarity of each species in the solution. For HyCeO4 Ky =
6.5 % 10-2 M and K, — 6.1 x 10— M.

Solution: Since [H+] is 1.0 X 107%, and since the ionization constants
are known, the ratios, [HC,O, |/[HsC:04], [C.O)/[HCO4 ],
and [C,04|/[HzC,O,] can be calculated. From these ratios, and the
fact that [I,C,0,] + [HCO, ] + [C,O ] = 0.020, the molarity
of each specics in solution can be calculated.

#» 16.63 A mixture of solid NaCO, and NaHCO, weighs 59.2 g.
The mixture is dissolved in enough water to give 2.00 liters of solution. The
pH of this solution is found to be 10.62. How many grams of Na,CO;3 were
there in the mixture?

% 16.64 A mixture of HCl and SO, gases was contained in 2 1.00-liver
fiask at 127°C and a pressure of 374.40 mm. The mixture was dissolved in
enough water to give onc liter of solution; this solution had a pH of 1.77.
Calculate the number of moles of SOj in the original mixture.

# 16.65 A solution prepared by dissolving HCl and HyS0, in water
has a pH of 1.514. To neutralize 100 ml of this solution required 45.0 ml
of0.100 F NaOH. Calculate the formal concentration of the HCl and of the
H,SO, in the solution.

& 16.66 A solution is prepared by adding 0.100 mole of NaH;AsO,
and a small amount of HCI to enough water to give a liter of solution. The
pH of this solution at equilibrium was found to be 5.75. Calculate the mole

ratio of HAsO,~— to H;AsQ, in the equilibrium system.

# 16.67 Calculate the pH of a solution which is0.10 Fin HCI and 0.35 F

in NaCN.
Solution: Since both HCl and NaCN are strong electrolytes and since
CN- is, as the jonization constant of 4.0 3 10719 attests, a very strong
base, the principal reaction is

H+ 4- CN~== HCN
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Since an excess of CN~ is present all but a very small amount, X, of
the H* from the HCl is converted into HCN by reaction With’ CI’\I*
Therefore, at equilibrium, [H] = X, [HCN] = 0.10 — X d
[CN-] = 0.95 |- X, ' "

r [H X [CN] X (0.25 4 X)
[HCN] 010 — X

=40 x 1030,
Since X will obviously be very small it can be d
0.25 + X and 0.10 — X, ’ an be dropped from the terms,

0.25 X
010

pH=10 —log of 1.6 = 10 - 0.2 =9.8

=40 X 107 X=16 x 100 = [H+]

It s important to n.acognize in all problems, as in this problem, that the
anion of a weak ac.1d is a strong base and will, therefore, have a strong
tendency to combine with the strong acid, H¥,

% 16.68 How much water and how much 6.0 F HCl must be added to
2.0 ml (?f 0.30 F NaAsO, to yield a solution which is 0.10 M in the ve
weak acid, HAsO,, and 1.0 M in H+? v

Solution: Tow many moles of AsO,~ are present in 2.0 ml of
0.30 ¥ NaAsO,? Keeping in mind that HAsO, is a very weak acid

hqw many moles of HAsO, will these AsO,~ ions yield when treated
with HCI? In what volume, V, of solution must this number of
moles of HAsO, be dissolved to yield a solution which is 0.10 M in
FAs0,? How many moles of HCl will be used up in producing this
number of moles of HAsO,? How many ml of 6.0 F HCl will be
needed to provide this amount of HCl? How many moles of H* are
present in the above volume, ¥, of a solution which is 1.0 M in F+9?
How many ml of 6.0 FHCI will provide this many moles of G
How many ml of water must then be added in order to satisfy the
tequirements of the problem?

, T& 16.69_ A Yolumc of 4.0 ml of 0.10 F NaCN was mixed with 2.0 m] of

h’yd ochlor.lc acid and 4.0 ml of water to give 10.0 m! of solution with a
ydrogen ion concentration of (.10 M. What i

bt o o at was the formahty of the

sz 16.70 8.0 ml of NaCN solution were mixed with 4.0 ml of 1.0 FHCI
and 8.0 ml of water to give 20 ml of solution; the hydrogen ion concentration
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of this solution was 0.080 M. Calculate the formality of the original NaCN
solution.

# 16.71 A solution is prepared by dissolving 0.20 mole of NaCN in
enough water to make 1.00 liter of solution.

(a) Calculate the pH of this solution.

b} The strong acid, HC), is then added to this solution (as a gas, so
g g

there is no change in the volume of the solution) until the pH of
the resulting solution is 9.60. How many moles of HCl were

added?
B 16.72

(a) A watersolution is 0.10 F in the soluble, strong electrolyte, NaCN.

Calculate the pH of this solution.

(b) The above 0.10 F solution of NaCN is then made 0.10 F in
HC,H;0, by adding pure acetic acid; there is no change in the
volume of the solution when the pure acetic acid is added.

Calculate the pH of the resulting solution.

# 16.73 A mixture of solid KCN and solid KHSO, totals 0.40 mole.

When this mixture is dissolved in enough water to form a liter of solution
the pH of this solution is 10. Calculate the number of moles of KCN in the
mixture of solids.
Solution hints: What is the net equation for the principal reaction?
What is the numerical value of the equilibrium constant for this
reaction; what does its value tell us about the completeness of the
reaction? Which solute is present in excess? How does the number of
moles of KHSO, in the mixture relate to the number of moles of one
of the species present at equilibrium ?
o 16,74 The pH of a solution 0.240 Fin HA {a weak acid) and 0.080 F
m Nah, is 5.30.
(a) Calculate the molar concentrations of all species and also the
ionization constant for HA.
(b} The solution is now made 0.010 F in HCL. Calculate the molar
concentrations of all species in the solution.

#» 16.75 How many grams of solid anhydrous NaC,H,O, must be
added to 100 ml of 0.110 FHCI to give a solution with a pH of 4.60?
Assume that the volume of the solution is unchanged.
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B 16.76 Calculate the pH of a solution
(a) which is 0.014 F in Na,SO, and 0.010 F in HNOQ,,
(b) which is 0.10 F in HCI and 0.35 F in NayPO,.

o 16.77 ILA is a weak acid. A solution 0.100 F in NayA and 0.070 F
in HCl has a pH of 8.0. A solution 0.100 F in NayA and 0.150 F in HCI has
2 pH of 1.30. What can be said about the three ionization constants of
HyA?

® 16.78 A solution is 0.10 F in formic acid and 0.025 F in hydrocyanic
acid. To 40 ml of this solution is added 10 ml of 0.050 F NaOH. Calculate
the pH of the resulting solution.
Solution hint: The hydrocyanic acid can be ignored. Develop the
argument to justify this conclusion,

w 16.79 The pressure of HCN (g) over 1.00 M HCN is 0,020 atm. To
(.338 F NaCN is added HNO; until the pH is 9.69. What pressure of HCN
(g) is over this solution? {Assume that a negligible volume change takes
place when the acid is added; assume that the volume of the gas phase over
the solution is small, so that not much HCN nced vaporize to establish this
pressure.)

Solution hint: Henry’s Law states that the partial pressure of a gas in
cquilibrium with its solution is directly proportional to its concentra-
tion in the solution. Thus, if the partial pressure of HCN in equilibrium
with 1.00 M HCN is 0.020 atm, its pressure in equilibrium with
0.50 M HCN will be 0.010 atm.

2 1680 The molar concentration of H,S in equilibrium with gaseous
H,S at a pressure of 1.00 atm is 0.10 M.

{a) Calculate the molarities of all species present in 0.020 F NaOH
saturated with H,S at 0.10 atm pressure.

(b) A solution which is 5.0 F in NH, is saturated with H,S until no
further reactions take place and the pressure of H,S over the
solution is 1.00 atm. Calculate the molarities of all species in this
solution.

Solution: See Problem 16.79.

The net equation for the principal reaction must first be written.

Referring first to part (a) the two possible reactions are:

H,S -+ OH- = HS- 4+ H,0
4,S + 2 OH- == S— - 2 H,0
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Let us assume that, since an excess of H,S is being added, the second

- reaction has taken place. Keeping in mind that (a) the S~ ion is a

very strong base, as the value of 1.3 % 1071 for k, testifies, (b) the
system is kept saturated with H,S, (c) the excess H,S in solution ionizes,
H,S <> HS™ + H", and (d) the H* formed in this ionization is a strong
acid, it is logical to expect that the following will occur:

(1 HyS + 2 OH-2= S~ + 2 H,0
@) 11,S == H 4 HS~

(3) HF-}- S~ HS~

(4) 2 1L,S + 2 OH-2> 2 HS~ + 2 H,0
or

(5) H,S + OH- = HS~ + H,0

The strong base, S, formed in equation (1) combines with the strong
acid, HY, formed in equation {2} to form HS™ according to equation
(8). The S— and H' cancel to give, on addition, equation {4) which
reduces to the final equation (5) for the principal reaction. Using this
equation and noting that the concentration of H,S remains constant
at 0.010 M, the problem can be solved.

The argument in part {b) is the same except that, since NH,OH is a
weak electrolyte, the net equation for the principal reaction will be

H,$ + NIH,0H = HS" -+ NH,* + H,0
16.81

(a) Calculate the pH of 0.10 F H,S.

(b) To 1.00 liter of 0.10 F H,S is added solid KOH until the pH is
7.00. Compute the amount of KOI added.

(<} What is the pH of the solution when 0.090 formula weight of
KOH has been added all told?

(d) Calculate how much KOH must be added {in total) to bring the
pH to 13.00,

16.82 A saturated CO, solution in pure water is 3.4 X 1072 molar in

. How many moles of CO, will dissolve in 1.00 liter 0of0.100 F NaOH?

Solution: Write the net equation for the reaction that takes place
when excess CO, is added to a solution of a strong base. How many
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moles of OH ™ are present in a liter of0.100 F NaOH? With how many
moles of CO, will this OH~ react? What, then, is the total solubility
of CO, in 0.100 F NaOH?

® 16.83 A solution is prepared by dissolving 1.07 moles of NaH,PO,
and 3.32 moles of Nay,PO, in enough water to make a liter of solution.
What is the pH of the solution? What are the molar concentrations of
H,PO,~, HPO,~~, PO, —, and H,PO,?

Solution: The main equilibrium is
PO, 4+ H,PO,~=2 HPO,

= 1684 A mixture of equal grams of Na and Ca was added to enough
water to give 500 ml of solution; this solution had a pH of 12.8. How many
grams of Na were in the mixture?

# 1685 An 85-gram sample of an antimony sulfide ore containing
409 by weight of Sh,8; and 609/ inert material is oxidized until all of the S
in the 8b,S, is converted to SO; gas. This SOy is dissolved in enough water
to give 320 ml of solution. This solution is then treated with excess mag-
nesium metal. The hydrogen gas cvolved is passed over excess heated AgCl
with which it reacts to give HCI gas and silver metal. The HCI gas is dis-
solved in enough water to give 10 liters of solution. What is the pH of a
500-ml sample of this solution? (There is no loss of material in any step
in the above series of reactions.}) The formula weight of Sb,S, is 340.

® 16.86 200 mi of a solution of C,H,S in water is mixed with 600 ml
of a solution of the potassium salt, K;S,04, in water to give 800 ml of
solution. In the reaction that occurs all of the $,0, is reduced to SO~
and all of the C,H,S is oxidized to CO,, H,0, and SO, . The resulting
solution is titrated with sodium hydroxide; 125 ml of 0.16 F NaOH are
required to neutralize the acid in the 800 ml of solution. Calculate the
formality {F) of the original solution of K,S,0, in water.

® 16.87 A certain weak acid has the chemical formula, C,H,,0,. When
6.60 grams of C,IL,, 0, are completely burned to CO, and H,0 in an
atmosphere of O, 0.375 meles of O, are consumed and 0.300 moles of H,O
are produced.
When C,H,,O; is dissolved in water it ionizes according to the
equation, C H, O, = H+*4 C H,, 0,
When the solution of C,H,,0, in water is treated with NaC,H,0,
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the following reaction occurs: C,H,, 0y + CH,0,~ = HC,H,O, +
C,H;, 10, The equilibrium constant for this reaction is found to have
the numerical value, 0.86.
Calculate the H* ion concentration, in meles per liter, of a solution
prepared by dissolving 6.60 grams of C,H,,O, in enough water to form a
liter of solution.

® 16.88 The solubility of a gas in a solution is directly proportional to
its partial pressure. The principal equilibrium for the hydrolysis of Cl, in
water is Cl, + H,O<= CI- 4+ H+ 4 HClO.
In a solution prepared by bubbling gaseous chlorine into pure water,
to what power of the pressure of Cl, over the solution is the molar chloride-
ion concentration proportional?

& 16.89 A solution of the weak acid, HCN, is diluted with water so
that the final molarity of HCN is exactly 0.01 times the initial molarity.

(a) How will the hydrogen ion concentration in the diluted solution
compare with that in the original?

(b) How will the pH of the diluted solution compare with that of the
original ?

{c) How will the percent ionization of the HCN in the diluted solution
compare with that in the original?

% 16.90

(2} You are given a solution, S,, of the weak acid, HA. A portion
of this solution is then diluted with enough water to give a solution,
Sy, i which the fimal molarity of HA is 0.0001 times the original
molarity. How does [H*] in §; compare with [H+] in §,?

(b) The solid soluble sale, KA, is added to S, so that the molarity of
A~ in 8y is 10,000 times its molarity in S,. There is no change in
volume when KA is added. How does the [Ht] in §; now com-
pare with the [H*] in S,?

(c} KA is now added to S, until the molarity of A~ in S, is equal to

its molarity in S;. How will the pH of S, compare with that of
§;?

® 1691 To what volume must a liter of a solution of the weak acid,
HZ, be diluted with water in order to give a hydrogen ion concentration
one-half that of the original solution?
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Solution:
HZ = Ht + 7~
Let X = [H'] at original equilibrium.
Then X = [Z7] at original equilibrium.
Let ¥ = [HZ] at original equilibrium.,
XZ

K=—
Y

Since diluting the solution does not affect the value of K,

X
b (“f/) v

v = = volume in liters of diluted solution)

|4
Solving, ¥ == 4 liters,

& 16.92 For the weak acid, HA, derive an expression for K; in terms of
the formality, F, of HA and the {raction, X, of HA ionized.

# 16.93 Calculate, to 2 significant figures, the pH of a solution formed
by dissolving 1.0 x 10~ mole of HCI gas in 1.000 liter of pure water.
There is no measurable change in volume when the HC dissolves.

Solution: H,Qz= H* 4+ OH-

Initially, [FI+] = 1.0 x 107 and [OH-] = 1.0 x 107,

On addition of HCI the equilibrium shifts to the Jeft.

At new equilibrium: [H¥] =20 X 10-7 — X and [OH"] = 1.0 x
107 — X

(1) (20X 107 —X) x (L0 X 107 — X) = 1.0 x 102
(2) Muftipiying gives
203104 — 30 x 107" X - X2 = 1.0 x 1024,

Because X will be very small, we will, as a first approximation, drop
X2, since it will be extremely small. This gives us
30X 107X =10 x 104 and X =033 x 107

The X* that we dropped will then have the value of 0.11 x 102,
If we insert this value of X® into equation (2) and then solve it for X
we will obtain, for X, the value 0.7 % 107,
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[Hf] =20 x 107 — X =120 x 107 — 0.37 x 10-7 = 1.63 x 10~7.

pH=7—log of 163 = 6.8

® 16.94 IA isa weak acid with an ionization constant of 1.0 X 10-8 M.
HA forms the ion, HA,~. The equilibrium constant for the reaction,
HA; <> HA + A-, is 0.25M. Caleulate [H*], [A], and [HA,| in
1.0 FHA.

Solution:
HA=HY - A-
A~} HA <> HA,~
[H*] x [A7]
[HA]
[HA] % [A7]

Kina = = 0.25 M
g [HA; ]
Since K is very small the number of moles of HA that jonize will be
so small that [HA] will be 1.0 M.
Therefore,
[HY] x [A]=1 x 10-8

Since Ky, = 0.25 M, and [HA] = 1.0, [HA,; | =4 x [A-].
Also, we see that [H] = [A~] + [HA,"].
Therefore, if we let X = [A7], then [HA; | = 4 X, and [Ht] =5 X,
Substituting in K;:
‘ 5X2=1x 108 M2

X — 45 x 1075 = [A~]
53X =22 x 107 = [HY]

4 X =18 x 107 = [HA,]

In chemical terminology ewo quantities of substances are eguivalent to each
other if they will react with each other or replace each other. Thus, 24.3 g
of Mg (1 mole of Mg) will combine with 16.0 g of O (I'mole of O); the
quantity, 24.3 g of Mg, is equivalent to the quantity, 16.0 g of O. Likewise,
23.0 g of sodium will combine with 1.0 g of hydrogen; 23.0 ¢ of Na is
equivalent to 1.0 g of H. One mole of HySO, will neutralize 2 moles of
NaOH; 1 mole of I,SQ, is ‘equivalent to 2 moles of NaOH. T'wo moles
of KMnO, will oxidize 5 moles of H,SOy; that means that 1 mole of
KMnO, is equivalent to 2.5 moles of H,SQ,. Two moles of aluminum
metal will replace 3 moles of copper according to the equation, 2 Al -+
3 Cutt = 3 Cu + 2 AlHH; that means that 1 mole of Al is equivalent to
L5 moles of Cu. One mole of Al will replace 3 moles of H according to the
reaction, Al + 3 Ht = A+ + 1.5 ,; 1 mole of H is equivalent to  mole
of Al

To facilitate comparison of equivalent quantities of different sub-
stances, 1.008 g (1 mole) of H is selected as a standard and is defined as one
gram-cquivalent weight of hydrogen. One gram-equivalent weight of any

205
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substance is then, by defnition, the weight in grams of that substance which will react '

with or replace one gram-equivalent weight (1.008 g} of hydrogen or its equivalent.

In the combination of H with O to form H,0, 1.008 g of H combine
with 7.999 ¢ of O; therefore, 7.999 g is 1 gram-equivalent weight of O.
To replace 1.008 g of H from HCl requires 12.15 g of Mg; therefore, 12,15 g
is 1 gram-equivalent weight of Mg.

The formula, HC, tells us that 1 mole of Cl is equivalent to 1 mole
{1.008 g) of H.

Since the number of moles of H with which 1 mole of an element, X,
will react is designated as the valence of X, it follows that the equivalent weight
of an element, when. it combines with or replaces another element, is its
atomic weight divided by its valence.

Since 1 mole of Na (which is | gram-equivalent weight of Na) will
react with one mole of HCI as represented by the equation

Na + HCl = NaCl + } H,

1 mole of HCl is 1 gram-equivalent weight of HCL This leads to the
conclusion, from the reaction, NaOH -+ HCl = NaCl 4 1,0, that | mole
of NaOH is 1 gram-cquivalent weight of NaOH. Likewise, from the reac-
tion

2 NaOH + H,50, = N2,S0, + 2 H,O

we conclude that 1 a mole is | gram-equivalent weight of 1,80, while
the equation
$ NaOH + H,PO, = Na,PO, -+ 3 H,O

tells us £ of a mole is 1 gram-equivalent weight of HyPO,, and the equation
6 NaOH -+ Fey(SO,)s = 3 NagSO, + 2 Fe(OH),

shows that } of a mole is 1 gram-equivalent weight of Fey(SOa)s.

From the above examples, and many similar examples, we conclude
that, in any simple replacement reaction or direci (nonredox} combination
between oppositely charged ions the equivalent weight of a substance is its formula
weight divided by the total valence of its + or -~ ion.

In any redox: reaction the equivalent weight of a substance is its formula weight
divided by the change in oxidation number of its component atoms. This is illus-
trated by the reaction

KClO, + 6 (H) = KCl 4 3 H,0

Since 1 mole of KCIOy, reacts with 6 moles of I, the equivalent weight of '
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KClO;, is obviously 4 of its formula weight. In the change from KClO,
to KCI the oxidation number of Cl changes from +5 to —1, for a total
change of 6. The cquivalent weight of KClO,, in this particular reaction, is,
therefore, its formula weight divided by the change in oxidation number of
its component atoms.

In the reaction

2 MuQ,~ + 5 H,SO; = 2 Mot 4 5 SO, +4Ht+ 31,0

the change in oxidation number of Ma per mole of MnO,~ is 5; therefore,
the equivalent weight of MnO,~ (or of KMnO,, if that is the compound
used in the reaction) is & of its formula weight. The change in oxidation
number of § per mole of HySOy is 2; therefore, the equivalent weight of
H,SO, is & its formula weight. That means that I mole of MnO, is 5
equivalents of MnOy, and 2 MnO,~ represents 10 equivalents of MnO,™.
Likewise, 1 mole of H,SO, is 2 equivalents of H,SO, and 5 H,SO, repre-
sents 10 equivalents. Therefore, in this reaction, it is a fact that the number
of equivalents of MnOy~ is equal to the number of equivalents of H,SO.

It follows from the definition of equivalence given in the first sentence
of this chapter, that, in any reaction between any two substances, A and B, one
equivalent of A will always react with one equivalent of B and the number of
equivalents of A that react will always equal the number of equivalents of B that
react.

The concentration of a solution, expressed in units of equivalents of
solute per liter of solution, is referred to as the normality of the solution. Thus,
a normal solution, abbreviated 1 N, of any solute contains 1 equivalent weight
of solute per liter of solution. A 0.5 N solution contains 0.50 equivalent of
solute per liter of solution, etc.

Since 1 equivalent weight of reactant A, H,SO, for example, will react
with 1 equivalent weight of B, NaOH for example, and sincea 1 N solution
contains 1 equivalent of solute per liter of solution, it must follow that
1 liter of 1 N H,S0, will neutralize exacily 1 liter of 1 N NaOH and 50 ml
of 1 N H,SO, will neutralize 50 ml of 1 N NaOH.

Since the concentration of 0.25 N HCl is 0.25 equivalent per liter, it
follows that 400 ml (0.400 liter) of 0.25 N FICl will contain 0.400 X 0.25 or
0.10 equivalent of HCL For any solution of any solute,

equivalents of solute

liters of solution X = total equivalents of solute

1 liter of solution

Since the normality of a solution represents the number of equivalent
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weights of solute per liter of solution and since the equivalent weight of a’

solute will depend on how it reacts, it follows that a solution which has a
certain normality for one reaction may have a different normality for another
reaction. 'To illustrate, suppose 2 solution is prepared by dissolving 1 mole
of KyCrO, in enough water to give 1 liter of solution, This, then, is 1.0
formal K,CrO, (1.0 FK,CrO,). When this solution is treated with
Ba(NO,),, the simple non-redox reaction, Ba' - CrO,— = BaCrO,,
occurs. In this reaction the equivalent weight of K,CrO, is equal to 4 the
formula weight. Therefore, when used to carry out this reaction, the above
solution of KyCrO, can. properly be labeled 2 N K,CrO,.

When K,CrO, is treated with NaySOj under proper conditions, the
following reaction occurs:

10 HF + 2 CrO,~ + 3 SOy~ = 2 Cri+ 4 3 SO,— + 5 H,0

This is a redox reaction. Since the change in oxidation number of Cr is 3
its equivalent weight is § of its formula weight. When used in this reaction,
1 FX,CrO, should be labeled 3 N K,CrO,.

This means that, in all problems dealing with equivalent weights and
normal solutions, the kind of reaction must always be kept in mind.

PROBLEMS

17.1 When 0.300 g of a metal was treated with excess HCI, 0.0177 g
of hydrogen was liberated. Calculate the equivalent weight of the metal.

Solution: 'To {ind the equivalent weight we simply find the weight
of the metal that will liberate 1.008 g of H,.

0.300 g of metal
00177 g of H
equivalent weight = 16.9

1.008 g of H, x = 16.9 g of metal

17.2 When 0.030 g of a metal will combine with 0.020 g of oxygen,
what is the equivalent weight of the metal? '

Solution: 1 mole of H is equivalent to } mole of O. Therefore, to

find the equivalent weight we simply find the weight of the metal

that will combine with 8.0 g of oxygen.

0.030 g of metal
0.020 g of oxygen

8.0 g of oxygen X = 12 g of metal

equivalent weight = 12
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17.3 If12 g of NaOH were required to neutralize 400 ml of a solution
of HC! in water calculate the concentration of the HCl solution in equivalents
of HCl per liter,

Solution: equivalents of NaOH = equivalents of HCl. The number

of equivalents of NaOH in 12 g of NaOH equals the number of

equivalents of HCI in 400 ml of solution. The equivalent weight of

NaOH is equal to its formula weight, 40. Therefore, 12 g of NaOH

is 1% or 0.30 equivalent of NaOH, and 0.30 equivalent of NaOH will

neutralize 0.30 equivalent of HCL That means that there is 0.30

equivalent of HCl in 400 ml of solution. The number of equivalents

per liter will then be

0.30 equivalent
1000 ml X —— e d VA

= 0.75 equivalent
400 ml

17.4 A solution containing 12.0 g of NaOH was added to a solution
containing 0.400 equivalent of Fet++. How many grams of Fe(OH),; were
precipitated ?

Solution: 12.0 g of NaOH is 12.0/40.0 or 0.300 equivalent. 0.300

equivalent of NaOH will react with 0.300 equivalent of Fettt to

form 0.300 equivalent of Fe{OH);. (There is an excess of Fett+)

1 equivalent of Fe(OH), = § X formula weight = § X 106.8 ¢
06.8

3

17.5 How many equivalents of KMnO, will be required to react
with 30 g of FeSO, in the following reaction?

5 et - MnO,~ 4+ 8 Ht = 5 Fett+ | Mt - 4 H,0

Solution: cquivalents of KMnO, = equivalents of FeSO,.

formula weight of FeSO,
oxidation number change of Fe

151.9 151.9 g of FeSO,
T T equivalent of FeSO,

_ FeSO 30 g of FeSO,
equivalents of FeSO, = 151.9 gfequivalent of FeSO,

= 0.20 equivalent of FeSO,
Therefore, 0.20 equivalent of KMnO, is required.

1 .
0.300 equivalent X gfequivalent = 10,7 g

equivalent weight of FeSO, =
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17.6 How many grams of KOH will be required for the preparation of

500 ml of 0.400 N KOH for use in neutralization reactions ?

Solution: 0.400 N KOH contains 0.400 equivalent of KOH per liter
(1000 ml). Therefore, 500 ml will contain 0.200 equivalent of KOH.
The equivalent weight of KOH is its formula weight, 56.1.

56.1
0.200 equivalent of KOH x ———8__ 11,24 of KOII
equivalent
The problem can be solved in one operation.

0.400 equivalent ~ 56.1 g of KOH

=11, {f KOH
1000 mi x 1 equivalent 2g ot KO

500 ml x

177 What is the normality of a solution of NaOI which contains -

8 g of NaOH per 400 ml of solution? ‘

Solution: The solution, 8 g of NaOH in 400 ml, is the same con-
ceniration as 20 g of NaOH in 1000 ml of solution. One equivalent
weight of NaOH is 40 g; 20 g of NaOH is 0.5 of an cquivalent weight.
Since 0.5 equivalent of NaOH is present in a liter of solution the
normality is 0.5 N. The problem can be solved in one operation.

8 ¢ of NaOH y 1 equivalent of NaOH
400 ml 40 g of NaOH
== 0.5 equivalent of NaOH

17.8 A sample of 50 ml of hydrochloric acid was required to react
with 0.40 g of NaOH. Calculate the normality of the hydrochloric acid.

Solution: 'To find the normality we must find the number of equiv-
alents of HCl in a liter of acid.

1000 ml x

equivalents of HCl = equivalents of NaOH

The equivalent weight of NaOH is 40. Therefore 0.40 g of NaOH
15 0.010 equivalent of NaOH. Since there is 0.010 equivalent of NaOH
there must be 0.010 equivalent of HCI in the 50 ml of hydrochloric
acid that were required. To find the number of equivalents per
1000 ml, which is the normality,

0.010 equivalent
50 ml

"Therefore, the solution is 0.20 N,

1000 ml x = .20 equivalent
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The above calculation can be carried out in one operation:

1 equivalent
40 g of NaOH
50 ml of HCI

0.40 g of NaOH x

X 1000 ml of HCI = 0.20 equivalent

17.9 How many grams of KOH will be required to react with 100 ml
of 0.80 N HCI?

Solution: equivalents of KOH = equivalents of HCI.

g of KOH

. H—
equivalents of KO 56.1 g of KOH per equivalent

0.80 equivalent of HCI
1000 ml of HC]

equivalents of HCl = 100 m! of HCI x

g of KOH
56.1 g of KOH per equivalent

0.80 equivalent of HCI
1000 ml of HCI

= 100 m! of HCl x

56,1 x 100 x 0.80
= P 4‘.5
g of KOH 1600 g

Since normality is defined as equivalents of solute per liter of solution,
since equivalents of KOH equals equivalents of HCI, and since 100 ml
is 0.10 liter, the entire calculation can take the simple form,

0.10 liter x 0.80 equivalent/liter X 56.1 g/equivalent = 4.5 g

17.10 How many milliliters of 0.30 NHNO; will be required to
react with 24 ml of 0.25 N KOH?
Solution: equivalents of HNOy = equivalents of KOH.
ml of HNOy X 0.30 equivalent 24 ml of KOH X 0.25 equivalent
1000 mi 1000 ml
24 ml x 0.25 equivalent
0.30 equivalent

milliliters of HNO, = = 20 ml

Since, in the above calculation, equivalents/1000ml represents
normality, ml of HNO; X mormality of HNO, = ml of KOH x
normality of KOH.
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17.11 'What would be the concentration, in grams per liter, of

0.100 N KMnO, when uscd in the following reaction?
2 MnO,~ + 10 CI + 16 I+ = 2 Mn* + 5 C, -+ 8 [,0

Solution: 0.100 NKMnO, contains 0,100 equivalent (equivalent
weights) of KMnO, per liter,

The oxidation number of Mn changes from +7 in MnO,~ to |2
in Mn**. This represents an oxidation number change of 5.

formul i
redox equivalent weight — ormula weight

oxidation number change
— 188316
0.100 equivalent = 3.16 g concentration = 3.16 g/liter

17.12  If 18 mlof0.2 N H,SO, were required to liberate the CO, from
82 ml of sodium carbonate solution, calculate the normality of the sodium
carbonate solution.

Solution: ml of HySO, X normality of H,SO, = ml of Na,CO, x
normality of Na,CO,.

1713 How many milliliters of 0.250 NHCI will be required to
neatralize 500 m1 of solution containing 8.00 ¢ of NaOH?

17.14 Calculate the normality of a H,PO, solution, 40 ml of which
neutralized 120 ml of 0.53 N NaOFH.

17.15 How many milliliters of 0.25 N NaOH will be required to
neutralize 116 ml of 0.0625 N H,80,?

17.16 It took 40 ml of 0.20 NI1,S0, to precipitate completely the
Bat ion (as BaSO,) from a BaCl, solution. Calculate the number of grams
of BaCl, that were originally present in the BaCl, solution.

17.17  How many grams of commercial sodium hydroxide containing

91.0%; NaOH will be required for the preparation of 600 ml of 2.00 N
NaOH?

17.18 1f0.664 g of phthalic acid, I1,C,0,, was required to neutralize
20.0 ml of 0.400 N NaOH, calculate the equivaltent weight of the acid.

17.19 A sample of 79 ml of hydrochloric acid was treated with an
excess of magnesium. The hydrogen gas that evolved was collected and
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measured over water at 30°C and 780 mum.; its volume was 500 cc. Calculate
the normality of the hydrochloric acid.

17.20 A sample of 200 ml of 1.000 N H,SO, was treated with an
excess of Na,CQj. How many liters of dry CO; gas, measured at STP, were
given off?

17.21 Each of the following solutions is used in nonredox reactions.

(a) Calculate the normality of a 77.0%; solution of H,SO, whose

density is 1.70.

(b) Calculate the percent of HClin 12.0 N HCI of density 1.20.

{¢) Calculate the density of 7.36 N HCI containing 24.0%, HCIL.

{d) What is the formality of 0.015 N H,PO,?

{e) What is the formality of 0.12 N H,S80,?

{f) What is the formality of 0.25 N'HCI?

(g) What is the normality of 0.20 F H,SO,?

(h) What is the normality of 0.15 F AL{(SO,);?

1722 A 25-ml sample of 0.50 NH,SO, was diluted to 30 ml
Calculate the normality of the resulting solution.

Solution: Since no HySO, was lost in the diluting process, equivalent

of H,SO, before dilution = equivalent of HySOy after dilution.

.50 equivalent X equivalent
= %ol X S
X = 0.42 equivalent

25 ml x

Solution is 0.42 N.

17.23 To what volume in ml must 100 ml of 2.00 N HCI be diluted
to give 0.400 N HCI?

17.24 Given some 2.00 F K,SO,, how would you prepare 400 ml
of 0.100 N K,80,?

17.25 To what volume must 1.00 ml of a 70.0%, solution of nitric
acid of density 1.42 be diluted to give a solution with a pH of 2.007 What
is the normality of this diluted solution?

17.26 Calculate the pH of each of the following:

(a) A solution containing 2.0 X 1075 equivalent of H* per liter.
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(b) A solution. containing 3.00 X 10~* equivalent of OH™ per liter.
{c) A solution containing 0.0220 equivalent of Ca(OH), per liter.
17.27 How many grams of KCIO, will be required for the prepara-
tion of 400 ml of 0.20 N KCIlO, for use in the reaction,
ClOg 4 3 Hy80, = Cl- ++ 380, + 6 H¥?
17.28 How many milliliters of 0.50 N H;SO; will be required to
redace 120 ml of 0.40 N K,Cr,0,?
Cr,0p— -+ 8 H,ySO; + 2 [T = 2 Cri+ | 350, -+ 4 H,0
Solution: ml % normality = ml X normality.
17.29 How many grams of FeSO, will be oxidized by 24 ml of
0.25 N XMnO, in the following reaction?
MnO,~ |- 5 Fert -+ 8 H¥ = Mnt + 5 Fert | 4 H,O

1730 Cr,O,~ will oxidize NO,;~ to NOy~ in acid solution, the

Cr,O,; being reduced to Cri++. '
In one student’s experiment 20 ml of 0.100 FK,Cr,O, solution

reacted with 1.020 g of a mixture of KNOj and KNO;. For this experiment
calculate:

(a) The normality of the K,CrsO,.

(b) The number of equivalents of E,Cr, O, used.

() The number of equivalents of KNO, present in the mixture.

(d) The gram-equivalent weight of KNO;.

(¢) Grams of KNO, in the mixture.
(f) Percent of KNO in the mixture.

17.31 A 2.0 g sample of crude sulfur containing inert impurities was
analyzed by burning in air to SO,. The 3O, was absorbed in water and t.he
resulting solution was acidified with dilute HCI and was then titrated with
0.25 NKMnO,. In the reaction the MnO,;~ was reduced to Mut+. Exactly
400 ml of this 0.25 N KMnO, were required. Calculate the percent of
sulfur in the sample.

Solution: The reaction when sulfur is roasted in air is

S+ 0, = SO,
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The reaction when SO, is dissolved in water is
SO, + H,0 = H,50,

Therefore, meles of H,SO, = moles of SO, = moles of S.
The reaction when H,SO; is titrated with KMnQ, is

5 HySOq - 2 MnO,~ == 5 SO, - 2 M + 4 H* | 3 H,0
Equivalents of H,SO, = equivalents of KMnO,

0.25 equiv

= 0.400 liters x -
1 liter

= 0.10 equiv.

Since the change in the oxidation number of S in going from H,S0,
to SO, is 2, the equivalent weight of H,SOj s 4 its formula weight.
Therefore, | equiv of HySOy is £ mole of HySO; and 0.10 equiv is
0.050 mole of HySO,. Therefore, since moles of HySO, == moles of
SO, == moles of S, there was 0.050 mole of pure S in the sample.
Grams of § = 0.050 mole x 32 gfmole = 1.6 g.

% of = 16¢/2.0g x 100%, = 80%,.

17.32 A 3.0 g sample of crude zinc sulfide ore containing sand and
clay as impurities was roasted completely in air, and the evolved SO, was
passed into 0,20 N K,CryO,. The CryO;— was reduced to Cr+. It was
found that 200 ml of this 0.20 N K,Cr,O, were required to react with the
evolved gas. Calculate the percent of ZnS$ in the crude ore.

17.33 112 cc of HCl gas at STP are passed into 30 ml of 2 0.20 N
Ba(OH), solution.

(a) Will the final solution be acid, basic, or neutral?
(b) How many grams of BaCl, could be recovered from the solution ?

» 17.3¢ A volume of 600 ml of HCI of a certain normality was mixed
with 400 ml of NaOH of the same normality. The resulting solution had a
pH of 1. Calculate the normality of the HCI and NaOI.

o 17.35 A mixture of Na and Ba was first completely oxidized by
oxygen. The mixture of oxides was then dissolved in 1000 ¢ of water.
The boiling point of the resulting solution was found to be 100.208°C at
760 mm; 500 ml of 0.500 N HySO, were required to neutralize the solution.
Calculate the number of grams of Na and of Ba in the original mixture.
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» 17.36 A mixture of CS, and H,S when oxidized, yielded a mixture -

of CO,, SO,, and H,yO (steam) which exerted a pressure of 748.8 mm when
collected in a 60-liter vessel at 327°C. To oxidize the SO, in the mixture to
SO, required 700.0 ml of a 2.00 N solution of I, the I, being reduced to
I~. What was the mole fraction of the CS, in the mixture of CS, and H,S?

» 17.37 A mixture of HCl and SO, gases was contained in a 2.00-liter

flask at 127°C and a pressure of 374.40 mm. The mixture was dissolved in

enough water to give 2000 ml of solution, To neutralize this solution
required 400 ml of 0.100 N NaOH. Calculate the weight in grams of the
mixtare of HCl and SO, and the mole percent of HCl in the mixture.

# 1738 A solution containing 0.100 mole of FeSO, is treated with
24.0 ml of 0.250 N KMnQ,. In the reaction that occurs all of the MnO,~
is reduced to Mo+ and some of the Fett is oxidized to Fet*+, How many
milliliters of 0.100 F K,Cry,O, will be required to complete the oxidation
of the Fet+, Cry0O,;~ being reduced to Crt+?

# 17.39 To oxidize 400 ml of 0.200 N Na,SO; to SO, required 320
ml of a certain solution of MnO,~; in the reaction the MnO,~ was reduced
to Mo+, How many ml of this certain solution of MnO,~ would be re-
quired to oxidize 120 ml of 0.300 M HyPO,~ to PO, in the reaction the
MnQ, is reduced to MnQO,,.

Solution: Note that in its reaction with Na,SQO4 the MnO,~ is reduced
to Mntt but in its reaction with HyPQ,™ it is reduced t0o MnQ,.
Therefore, its equivalent weight in the first reaction is § of its formula
weight while in the second reaction it is § of its formula weight.

Method I: In our first method we will determine the number of moles
of Na,SO, in 400 ml of 0.200 N Na,SOy and then make all of our
calculations in terms of moles and molarity.

Since, in the oxidation of SO, to SO, the oxidation number of S
increases from 4 to 6 the equivalent weight of Na, SOy is 4 its formula
weight. That means that 0.200 N Na,ySO,is 0,100 F NaySOgand moles
of NagSO; consumed == 0.400 x 0.100 = 0.0400 mole.

The equations for the two reactions that occur are:

580, -+ 2 MnO,~ + 6 IT* = 5 SO, -+ 2 Mo+ + 3 H,;0
3 H,POy~ + 4 MnO,~ + 2 OH~ = 3 PO + 4 MnO, -+ 4 H,0
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To oxidize 0.0400 mole of SOy~ will require & X 0.0400 or 0.0160
mole of MnO,~. Therefore the solution contains 0.0160 mole of
MnO,~ in 320 ml The 120 ml of 0.300 M H,PO,~ will contain
0.120 x 0,300 or 0.0360 mole of H,PO,~. To oxidize that amount
of HyPO,~ will, according to the second equation, require $ x
0.0360 mole or 0.0480 mole of Mn(Q,~. That amount of MnO,~ will
be contained in 0.0480 mole X 320 ml{0.0160 mole or 960 ml,

Method 2: In our second method we will express all concentrations
in terms of normality.

In the first reaction, equivalents of MnQO,~ = equivalents of Na,SO, =
0.400 liter x 0.200 equiv/liter — 0.0800 equiv. Since the equivalent
weight of MnO,~ is £ of its formula weight in the first reaction and &
of its formula weight in the second the 0.0800 equivalent of MnO,~ in
terms of the first reaction becomes £ x 0.0800 or 0.0480 equivalent
in terms of the second reaction; the concentration of the MnO,~, for
use in the second reaction is 0.0480 equivalents per 320 ml.

In the oxidation of I,PO,~ to PO, the oxidation number of P
increases from 1 to 5. Therefore the equivalent weight of HyPO,~
is 1 of its formula weight, and 0.300 M H,PO,~ is 4 x 0.300 or
1.200 N Hy,PO,~. Equivalents of MnO,~ = equivalents of H,PO,~ =
0.120 liter x 1.20 equiv/liter = 0.144 equiv. Milliliters of MnQ,~ =
0.144 equiv x 320 mlf0.0480 equiv = 960 liters.

A combination of Method 1 and Method 2 can often be used to good
advantage.

1740 40.0ml of 0.0250 F KMnO, were required to react with a
25.0-ml sample of a solution of SCN— according to the reaction

SCN~ + 2 MO, == CN™ -+ 8O, + 2 MnO,
v

How many milliliters of 0.0200 N KIO, will be required to react with a
50.0-ml sample of the same SCN- solution according to the reaction

3SCN 4104+ 6 0H =3CNO~ 435SO,/ +4I-+ 3 H,0?

® 1741 Exactly 25.0 ml of a certain thiocyanate (SCN-) solution are
required to react with 0.015 equivalent of permanganate in the reaction:

5 SCN™ + 6 MO, + I3 HY =6 Mn*tt 4+ 5 HCN + 5 SO, + 4 H,0

To another solution containing 0.015 equivalent of permanganate are added
40.0 ml of the above thiocyanate solution. How many milliliters of 0.20 N
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silver nitrate solution will be required to precipitate al'l the urfcacted 1\?110—-
cyanate as the insoluble silver salt, according to the reaction, Ag* - SCN™ =
AgSCN?

@ 17.42 The concentration of a hypochlorite solution (OCL) can be
determined by adding an excess of a solution of As,O, 'of known conc;:nt.ra-
tion and then titrating the unreacted (excess) As,O, with an iodine solution
of known concentration. The following reactions occur:

9 OCI- + AsyOy = AsO5 + 2 CI-
21, + As,Oy + 2 1,0 = 41~ + As, O + 4 HF

A student added 20.0 ml of 2.00 N As,Oy to a 30-ml _samplc of an unkn(()iwn
solution of OCI-. A total of 50.0 ml of a 0.2 N solution of I, was needed to
react with the excess As;Op. What was the formality of the unknown solu-
tion of OCI?

#® 17.43 In concentrated [Cl solution 105~ reacts with SbhCl,~ as
follows:

9 ShCl, + 104~ + 5 ILO = 2 HysbO, + IC1 4 7 Cl- + 4 HF

Exactly 25.0 ml of a certain iodate solution is just enough to react with
0.020 equivalent of SbCl,~. _

T((l) a solution containing 0.028 equivalent of SbCl,~ is ::.dee-d 42.0 mi
of this same 10, solution. What volume of 0.20 N Bat+ solution is require
to precipitate the cxcess (unreacted) [05~7

Batt | 210, = Ba(IOy}, (s)

® 1744 A solution of Cr,O; ~ ions also contains CrO,— ions is
represented by the equilibrium, Cr,0,— + HZO<i2.CrO4 E_QH .
This solution of CryO,— reacts with a solution of Fe'™ ions according to
the equation

6 Fett - CrO— - 14 Ht = 6 Fett | 2 Crit 4- 7 HyO
and with Batt ions to form insoluble BaCrO, according to the equation
9 Batt 4 Cry0,— + H;O = 2 BaCrO, + 2 H¥

To reac;: with the Fett+ in 300 ml of 0.600 N FeS0, -requin?d 250 ml of_ a
certain solution of Cr,0,~—. How many milliliters of this solution of Cr,Oy ;
will be required to precipitate all of the Ba*+ from 400 ml of 0.200 F BaCl,?
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Faraday’s law and electrochemical
equivalence

One faraday of electricity, when passed through a solution of an electrolyte,
will cause one gram-equivalent weight of substance to react, be deposited, or be
liberated at each electrode. This important generalization is a part of a broader
generalization known as Faraday's Law.

It should be noted that, since | gram-equivalent weight of a substance
such as Ag* contains 6.023 x 102 ions, 6.023 x 10% clectrons will be re-
quired to electrodeposit 1 gram-equivalent weight of silver according to
the reaction, Ag* | ¢~ — Ag. Since 1 faraday of clectricity will deposit
I gram-cquivalent weight of silver, 1 faraday must represent 6.023 x 102
clectrons. This is the basis for stating that I faraday is a mole of electrons.

One faraday of electricity is 96,500 coulombs. (The more cxact
value, to 5 significant figures, is 96,489.) One coulomb is the charge that is
carried when one ampere of current flows for one second. Therefore,
I faraday = 96,500 ampere-seconds — 26.8 ampere-hours. Tt will be as-
sumed in the problems that follow that the efficiency of the process (the
current efficiency) is 1009 unless stated otherwise.

PROBLEMS

17.45  Electricity was allowed to flow until 20 g of copper were
deposited from a solution of CuSO,. How many coulombs of electricity
passed through the solution ?

Solution: Since the cHange in oxidation number when Cut is
reduced to Cu is 2 the equivalent weight of copper is % its atomic
weight, namely 31.8,

200 g of Cu 96,500 coulombs
31.8 g of Cufequivalent 1 equivalent

= 60,700 coulombs

1746 A current of 2.00 amp was allowed to flow through a solution
of AgNO; for 6.00 hr. How many grams of silver were deposited ?

Solution:  6.00 hr = 21,600 sec. T'wo amp of current flowing for
21,600 sec is 43,200 coulombs of electricity. The equivalent weight
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of Ag in AgNO; is 107.9.

43,200 coulombs 1079 g of Ag

— 4840 of A
96,500 coulombsfequivalent 1 equivalent g ot B8

17.47 A certain amount of clectricity deposited 50.0 g of silver from a
solution of AgNQO;. How many grams of copper will this same amount of
current deposit from a solution of CuSO,?

Solution: Since 1 faraday of electricity will deposit 1 equivalent of

any element, it follows that the weight of one element deposited by

a given amount of electricity will be to the weight of another clement

deposited by the same amount of clectricity as the equivalent weight

of the first element is to the equivalent weight of the second element.

weight of copper deposited _ equivalent weight of copper in CuSO,
weight of silver deposited "~ equivalent weight of silver in AgNO,

The equivalent weight of Ag in AgNO, is 107.9. The equivalent
weight of Cu in CuSO, is 31.8. Therefore,

grams of copper _ 31.8
500gof Ag 1079

318
£ —_ 50. = 14,7
grams of coppet 107.9 x Og 8

17.48 How many grams of cobalt will be deposited from a solution
of CoCl, by 40,000 coulombs of electricity? '

17.49 How many coulombs of electricity will be required to de-
posit 100 g of chromium. from a solution of CrCl,?

17.50 How many grams of zinc would be deposited from a solution
of ZnCl, by a current of 3.00 amp flowing for 20.0 hr?

17.51 A quantity of electricity which deposited 70 g of nickel from a
solution of NiCl, will deposit how many grams of hydrogen from a solution
of HCI1?

17.52 A solution of CuSO, contains Cut+. A solution of NagCu(CN)g
contains Cu* ions in equilibrium with Cu(CN)y~~ ions and CN— ions. A
quantity of electricity which deposits 12 g of copper from a solution of
copper sulfate will deposit how many grams of copper from a solution of
NapCu{CN}y?
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17.53 How many grams of nickel will be deposited from a soluti
ion

of NiCl, by 4.00 amp of current flowi i
o the press s 600 owing for 24.0 hr if the current efficiency

17.54 Calculate the charge, in coulombs, on an electron.
17.55 A current of 2.0 amp was passed through a solution of H,50
2 4

for 20 min. How many milliliters of O, gas, measured at STP, were liberated 9

Solution hint: 1 mole of O, gas is how many equivalents?

1 i -
odes 7 A56 1A solution qf CuSO, was electrolyzed, using platinum elec-
. A volume of 6.0 liters of O, gas, measured at STP, was liberated at

the p()Sll Ve CiCCtIOdC, H y L0 JPC] WCErEe (] 1
OW man rams Of C
. g CPOSl Cd at thc

Solution: Number of equivalents of O, liberated at the positive

q bc q s ()f ( :—u dcp(} lt(:d at negaty
ele(i](!t[e(i lalSIl]]]!l Y UE c1 lValCn
S thc eg five

1 mole of O, = 4 equivalents

6 liters of O, = 6/22.4 mole == 0 x 4
224

equiv

6x4
5o cauiv of Cu x 31.8 g of Cufequiv = 34 g of Cu deposited

B 17.57 To electrodeposi
posit all of the Cu and Cd from a soluti
. - t
CuSO, and CdSO, in water required 1.20 faradays of cIcct;‘i)ciut;m'lI'}f

mixture of Cu and Cd that was depos i
posited weighed 5
grams of CuSO, were there in the solution? ighed 2050 s How many

c};tr:;.:ﬂ T}i certallﬁ sc:iutloh of X,80, was electrolyzed using platinum

crorode .STP ;om ine volume of the dry gases that were evolved was

o2 - Assuming 100 percent current efficiency and no loss of gases
g measurement, how many coulombs of clectricity were consumed?

17.
gosz()?s; 01} I(_:Iurrent of 2.0 amp was passed through a cell containin
: 250 The following clectrode reactions took place: s

Anode: 2 H,O = O, ) +4H - de
Cathode: 2H' - 2 ¢ = H, ()

() What time (in sec) was required to liberate 0.050 mole of O, ?
2]
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(b) What volume of H, gas, measured over water at 25°C and a
baromettic pressure of 740 mm, was produced at the same time?

(c) How many clectrons were involved in the anode reaction in this
experiment?

(d) What volume of 2 F NaOH would be required to neutralize all
the acid remaining in the cell at the end of the electrolysis?

» 17.60 When L g of yttrium metal (at. wt 88.92) is treated with excess
H,SO,, 378 cc of H, gas, measured at STP, are liberated. When the resulting
solution of yttrium sulfate is electrolyzed with platinum electrodes, using a
steady current of 2amp, 1g of pure yttrium is deposited on the negative
electrode and O, gas is liberated at the positive electrode. Calculate:

{a) the formula for yttrium sulfate,

(b} the number of minutes the electrolysis had to proceed to deposit
the 1 g of Y, and

{c) the volume, measured at STP, of the oxygen gas liberated.

& 17.61 The atomic weight of metal M is 52.01. When the melted
chloride of M is electrolyzed, for every gram of metal deposited on the
cathode 725 cc of dry chlorine gas, measuted at 25°C and 740 mm, are
liberated at the anode. Calculate the formula of the chloride of M.

Solution hint: Bquivalents of Cly= equivalents of M. Atomic
weight of M/equivalent weight of M = valence of M. This is equiv-~
alent to stating that atomic weight of M divided by the equivalent
weight of M equals the change in oxidation number of M when it is

electrodeposited.

# 17.62 A metal M is known to form the fuoride MF;. When 3300
coulombs of electricity are passed through the molten fluoride 1.950 g of M.
are plated out. What is the atomic weight of M?

& 17.63 When a solution of KI is electrolyzed using porous silver
clectrodes, H, gas is liberated at the negative electrode {cathode) and in-
soluble Agl is deposited in the pores of the positive electrode {anode). All
of the Ag] that is formed remains in the pores of the anode. Atthe conclusion
of the experiment the anode bhad increased in weight 5.076 g and 530 cc of
dry H, gas, measured at 27°C and 720 mm, had been liberated. Calculate

the atomic weight of iodine.
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B 17.64 An aqueous solution of the soluble '

_ : salt MSOy s electrol
betvxfen mcrt. {platinum) electrodes until 0.0327 g of metal, l:/l, are dc;)ozfi?Zj
?; t Z rllegtai:wel eiecti'ode {cathode). To neutralize the solution that was

med in the electrolytic cell required 50 ml of 0.0
the atomic weight of metal M. ! il of 0020 FROIL Calesfue

» 17.65 . When a hot, alkaline solution of NaCl is electrolyzed, oxidation
o chlorate ion (ClO;~) takes place at the positive electrode in a:ccordance
with the reaction, Cl~ -6 OH- = CIO;~ - 3 H,O 4 6 ¢~. Assumin
that the current efficiency is 100 percent and that all chlorate is‘ rccoveredg

hO W lor.lg must a current ()i 10 aIIlp be Pa lut O 0
3 SSCd th]:()ug}l th.e abOVC S50 101} t

 17.66 A potassium salt of a ternary aci

y acid of molybdenum (Mo, at wt
?5.?5) has the formula K;MoO,, When an acidified solution ot(r K;MoO
1;1 e cctr.o_lyzed between platinum clectrodes, only oxygen gas is liberated a:
the positive electrode and only molybdenum metal is deposited at the nega-
tive c?iectr.odg.I\?Vhen electrolysis is continued until 0.3454 g of molybdenum
are deposited 121.0 cc of O, gas, measured at ST i
ire deposited 1210 cc. s g ed at STP, are liberated. Calculate

Solution: 1f we know the oxidation number of Mo in MoO_~—-

can then caleulate the value of x. Since MoO, — is reduced to l\‘;;'e
metal, the change in the oxidation number of Mo in the course of tho
reaction is equal to the oxidation number of Mo in MoO,— The
equivalent weight of Mo in this reaction is its atomic wei h di.vide:l:
by the change in oxidation number when it is formed fror;gl MoO,
Thcr_efore, if we know the equivalent weight of Mo in the above
reaction we can, following the argument outlined above, calculate

the value of x.
s

Equivalents of Mo deposited = equivalents of O, liberated.

Equivalents of O, == 4 X moles of O, = _X 121 MR, i
N les N ) equiv of Mo.
Equiv wt of Mo = 0.3454 ¢ of Mo — ——X——}—l equiv of M
g " 99,400 qui o
= 16,0 g/equiv_

Change in oxidation number of Mo == At wtfequiv wt = 95.95/
16.0 = 6. Therefore, oxidation number of Mo in MoQ,~— 156, x — 4
and the formula of the compound is K,MoOQ,. ’ ’ ,
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@ 17.67 When a solution of the ternary salt, KXO,, is electrolyzed
under proper conditions, using platinum electrodes, 400 cc of dry O, gas
measured at 20°C and 1.20 atm are liberated at the anode and 0.816 g of pure
X is deposited on the cathode. No other species containing X are formed.
Calculate the atomic weight of X,

Solution: See Problem 17.66.

2 17.68 When a solution of the ternary salt, KXQ;, is electrolyzed
using platinum electrodes, 0.900 g of pure X is deposited on the cathode;
to neutralize the IT+ fons liberated at the anode required 353 ml of 0.250 F
KOH. No species containing X, other than pure X, is formed. Calculate'the
atomic weight of X.

@ 17.69 When 0.20 faraday of electricity is passed through a solution

of Pb{(NQ,),, a compound containing 20.7 g of Pb is deposited at the positive
clectrode. What is the oxidation number of lead in the compound that is

deposited ?

When a saturated solution of sugar is prepared by shaking an excess of sugar
with water the following equilibrium is sct up:

solid sugar <> sugar molecules in solution

When a saturated solution of a very slightly soluble salt, such as AgCl, is
PICI')B:!.‘C(E]. by shaking excess AgCl with water, a somewhat different typc, of
equilibrium is set up. AgClis a salt; hence, it is 1009 ionized. Therefore

thc saturated solution which is in equilibrium with solid AgCl contains
fllver ions and chloride ions but no un-ionized AgCl molecules. These silver
ions an}il cl}loride ions are in equilibrium with the excess solid AgCl. We
may, therefore, represent the equilibri i ists 1

e a}; csent q fum which exists in such a saturated

AgCl (solid) = Ag+ + CI-

Since this is a true equilibrium it will have an equilibrium constant.
As has already been noted in Chapter 15, solid reactants are not involved in
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the equilibrium equation. Therefore
K= [Agt] x [Cl']

This equation tells 'us, simply, that the product of the concentrations
of the solute jons in a saturated solution of a very slightly soluble electrolyte
is constant at a given temperature. This constant, K, is called the solubility
product constant, or simply the solubility product, and is usually designated by
the notation K, or S.P.

If the concentration of silver ions and the concentration of chloride
jons, expressed in moles per liter, is such that their product is less than K,
for AgCl, or is just barely equal to Ky, no precipitate of AgCl will form.,
If, on the other hand, the product of the concentrations of Agtand Cl-is
greater than K, silver chloride will precipitate; furthermore, AgCl will
keep on precipitating until enough Ag® ions and Cl ions have been
removed to lower the product of their concentrations to the value of Ky,

The solubility product represents a typical ionic equilibrium. As such
it behaves exactly like the other ionic equilibria discussed in Chapter 16,
In all problems involving solubility products we will assume, as we did in
Chapter 16, that all systems are ideal and that, accordingly, the activity
coeflicient of cach ion is 1. Therefore, the effective concentration, or activity,
of each ion is numerically equal to its molar concentration, and the solubility
product can be expressed, correctly, as a function of the molar concentrations
of the ions involved. For the majority of monovalent ions the activity
coefficients in dilute solution are in fact very nearly equal to 1. However,
for polyvalent ions the values of the activity coefficients may be somewhat
less than 1. In any case, making the above assumption will not alter the use-
fulness of the problem as a means of learning how to think.

'The solubility product constants used are normally those determined
at20°C. In certain of the problems the calculations are based on data obtained
at temperatures other than 20°C. Because the recorded solubility product
is a function of the temperature as well as the accuracy of the determination,
the value of K, for a certain substance may not be the same in. all problems.
Since such lack of agreement will in no way affect the calculation, it need
not be the source of any concern.

Tt 'should. be emphasized that the solubility product concept applies
only to very slightly soluble strong electrolytes. 1t does not apply to highly
soluble strong electrolytes such as NaCl, MgSO,, and KOH, or to weak
clectrolytes, regardless of their solubility.
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PROBLEMS
(See Table 2 for values of jonization constants.)

18.1 A solution in equilibrium with a precipi
. : precipitate of AgCl was f
on analysis, to contain 1.0 X 10~* mole of Ag* pcrpliter and lf%:/ X“l%s*ﬁonirgclié
of CI~ per liter. Calculate the solubility product for AgCl.

Solution: _The solubility product is, by definition, the product of the
concentrations of the ions in equilibrium with 2 precipitate of a ve
sparingly soluble (insoluble) substance. v
For AgCl,

Ky = [Agh] x [CI]
= 1.0 X' 10~ mole Ag™* per liter X 1.7 x 10-% mole Cl- per liter
= 1.7 X 107 M* (M means moles per litcr.)

Note that, in the equilibrium with which this problem is concerned
the concentration of Ag* ions is not the same as the concentration o%
.CIﬁ tons. As was pointed out in Chapter 15, the reacting substances
in an eqm'hbrium need not be present in the exact ratio called for b
thc' equation. They can be present in an unlimited combination 03;'
ratios. However, when. they intcract they always do so in the mole
ratio represented by the equation. Thus, when Ag* ions react with
Cl~ ifons to form AgCl, they always do so in the ratio of 1 mole of Ag*
to 1 m.01e of CI~. However, the solution which is in equilibrium Wi%h
thc_ solid AgCl can contain Ag* and Cl-ions in unlimited numbers of
ratjos. The only requirement is that the product of [Ag*] and [CI-
at the particular temperature must always equal the K. :

182 A solutio_n in equilibrium with a precipitate of Ag,$ was found
on analysis, to contain 6.3 % 10718 mole of S~ per liter and 1.26 x 1017
mole of Ag" per liter. Calculate the solubility product for Ag,S.

Solution:

S.P. for Ag,S = [Ag*]? x [S—]

= (1.26 x 10717 mole Ag™* per litct)?

X (6.3 x 1018 — i
10 % 10 g { mole 5~ per liter)

] 183 A so?ution in equilibrium with a precipitate of Ag,PO, was
ound on analysis to contain 1.6 X 10~ mole of PO,~— per Hf.’c; and
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48 x 10-5 mole of Ag* per liter. Calculate the solubility product for '

Ag PO,

184 A solution in equilibrium with a precipitate of Pby(PO,), was
found, on analysis, to contain 3.4 x 1077 mole of PO, per liter and
5.1 % 10~ mole of Pb++ per liter. Calculate the solubility product of
Pby(PO,)s.

Note: In comparing the solubility products in Problems 18.1, 18.2,
18.3, and 18.4, it will be noted that the units in which K, is expressed
is a function of the numbet of ions involved in the equilibrium. The
unit is “moles per liter” raised to a power equal to the number of ions
per mole of solute. In subsequent problems in this chapter the units
in which a particular solubility product is expressed will generally not
be given.

18.5 A solution in equilibrium with a precipitate of AgsPO, was
found, on analysis, to contain 1.52 x 103 g of PO, pet liter and 5.18 X
10-2 g of Ag® per liter. Calculate the solubility product of Ag,PO,.

Solution: First find the concentration of each ion in moles per liter.
Then solve as in Problem 18.3.

18.6 FExactly 450 ml of 1.00 x 107 F BaCl, is placed in a beaker.
In order to just start precipitation of BaSO, it is necessary to add, with
constant stirring, exactly 350 ml of 2.00 x 107¢ FK,SO, What is the
solubility product of BaSO,? '

Solution hint: Note that the final volume is 800 ml.

It should be noted in this problem as well as in later problems that

when the anion, SO, of a weak acid, HSO,, is dissolved in water

hydrolysis occurs according to the equation,

SO~ + H,O==HSO,;~ + OH-

Therefore, 2.00 x 10~¢ FK,S0, will not be exactly 2.00 x 1074 F
in SO,—. The value of the hydrolysis constant for SO, calculated
a5 in Problem 16.35, is 8.3 x 1013, That means that the amount of
hydrolysis is so small that, within the limits of the precision of our
measurements, it can be neglected. Only when the anion is a very
strong base, such as =, PO, and CN-, and the precision is very
high must the effects of hydrolysis be considered.

18.7 In each of the following a saturated solution was prepared by
shaking the pure solid compound with pure water. The solubilities obtained
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are given. From these solubilities, calculate the solubility product of each
solute. (In cach instance ignore the hydrolysis of each ion.)

(a) AgCl= 167 x 105 mole AgCl per liter

Solution: Since AgCl ionizes, completely, as follows, AgCl =
Agt + Cl, a saturated solution containing 1.67 X 105 mole of
AgCl per liter will contain 1.67 X 105 mole of Ag* per liter, and
1.67 x 1075 mole of Cl~ per liter. ’

S.P. = [Ag*] x [CI]
= (1.67 x 10~® mole Ag* per liter)

8 10 X (1.67 x 1075 mole CI~ per liter)

(b) Agl =22 x 10-°mg Agl per liter

(c) AgBr =157 x 10710 equivalent AgBr per milliliter
(d) BaCrOQ, = 14 x 10-° millimole per milliliter

{e) AgaSO, = 1.4 x 10-* mole Ag,SO, per liter

Solution: From the equation for the ionization of Ag,SO,
Ag,SO, = 2 Agt | SO, —

it is evident that 1 mole of AgsSO, produces 2 moles of Ag" and
I mole of SO, —.

Therefore, 1.4 X 1072 mole of Ag,SO, will produce 2.8 x 102 mole
of Agtand 1.4 x 102 mole of SO,—.
SP. = [Ag']* x [SO ]
= {28 x 10792 x (14 x 109
= 1.1 »x 10-%
{f) Pbl,=1.28 x 103 M
18.8 What concentration of Ag" in moles per liter must be present

to just start precipitation of AgCl from a solution containing 1.0 x 104
mole of CI~ per liter? The solubility product of AgCl is 2.8 x 1019,

Solution: A substance will start to precipitate when the product of
d?‘? concentrations of its ions equals {or just barely exceeds) the solu-
bility product. No precipitate will form until the product of the
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concentrations of its ions equals the solubility product. In this par-
ticular problem precipitation of AgCl will not begin until the product
of the mole concentrations of the ions involved equals the solubility

product for AgCL
SP. — [AgH] x [CI'] = 2.8 x 1070
28 x 10710 2.8 x 1010
Agtl = =
[Ag"] [Cl] 1 x 10~%* mole ClI- per liter

= 2.8 x 10-% mole Agt per liter

18.9 What concentration of OH~, in moles per liter, is neccsséry to
start precipitation of Fe(OH); from a solution containing 2 X 10-% mole of
Fett+ per liter? The solubility product of Fe{OH)g is 6 X 1038,

18.10 What concentration of sulfide ion, expressed in moles per liter,”
must be present to just start precipitation of the sulfide of the metal from
cach of the following solutions? The solubility product of cach of the

sulfides precipitated is given.

(3) 1.0 F CuCly; 4 % 107

(b) 0.2 F FeCly; 4 x 10717

(c) 0.0010 F CdCly; 6 x 107"

(ci) 0.1 EBiCly; 1 x 1077

18.11 The solubility of Pbl, in water is 2 X 10-* mole per liter.
What concentration of lead ion would be required to just start precipitation
of PbI, from 0.002 F Ki?

18.12 The solubility product of Fe{OH), is 6 x 10-%. How many
equivalents of Fet+ must be present in order that Fe(OH), will just start to
precipitate from a liter of solution whose pH is 87

18.13 The solubility product of AgPO, is 1.8 x 1075 Assuming

that a precipitate can be seen as soon as it begins to form, what is the mini- .

mum concentration of PO, in milligrams per liter that can be detected
by the addition of Ag* until the solution is 0.010 M in silver ions?

18.44 K, BaSO, — 1.5 x 10~; K,, Fe(OH); = 6 x 10-%,

Amounts of 0.00005 mole of soluble 100% ionized iron (III) sulfate
and 0.00001 mole of soluble 1009 ionized barium hydroxide are added to

enough water to give a liter of solution. Will a precipitate form?

o
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18.15 To a solution containia
. g 0.010 mole of Ag+, CI-
the final volume being 1000 cc; 7.0 x 10-* mole of gAgCl p:::j fded,
How much CI- remained in solution? S.P. of AgClis 2.8 x 10-10 pitated.

18.16 The solubility product of B i
18 aSOy, is 1.5 x 10*, To a solut
;lellta;?lél(g) 0.137 ¢ ?folga++ per liter, H,SO, was added until the Concclllltzn
+ was 1.00 x 10~4 AL, Therc was no ch i .
much BaSO, was precipitated 7 chaage fn volume. How

18.17 A suspension of calcium hydroxide i
ydroxide in wat fi
a pH of 12.3, Calculate the solubility product of Ca(aOtg):.ms oond o have

Solution hint:  How does [O11-] compare with [Cat+]?

18.18 1In each of the first 3 ion i
‘ parts set up 1 equation in 1 unknown, X,
\;flhich when solved for the value of X will give the correct :ansgz:lli t(;
t ]i problem. Do not solve for the numerical value of X. In eacl case the
substances are brought together in solution and the final volume of the

solution is exactly 1 liter. Solve the last 3 parts as noted. (In each instance

ignore hydrolysis.}

{a) How many mf)les ::)f Ag,CrO, will be precipitated when 0.002
mole of Ag" is mixed with 0.0003 mole of CrO,—? S.P. &
Ag,CrO, is 1.9 x 1032, P

(b) iozv Tény gralc111s of }ii\g3PO 5 will be precipitated when 0.01 mole
is mix ith 0.0 - i
o Xg e ed wi 2 mole of PO, 7 S.P. for Ag,PO, is

(c) I—}ovcv gany gramsl é)f Ag* jons must be mixed with 0.0004 mole
of CrO™ to yield 0.0002 mole of precivitated A.
for Ag,CrO, is 1.9 x 10712, precipliaed BBCOT Ky

(d) A saturated solution’ formed by shaking solid Ag,CrO, with
water Wa.s'found to contain X g of Ag* jons per liter. Calculate
the solubility product of Ag,Cr0, as a function of X.

() Exactly 10.00 g of Be(OH), were shaken with enough water to
form_ a illter of saturated solution; X g of undissolved Be(OH),
remained as residue. Calculate the solubili
rematned a resid ¢ solubility product of Be(OH),

(f) 'lz)he solubility product of Ag,PO, was determined by mixing
i O-ml of 0.01?} NNaaPO4 with 800 ml of 0.0050 F AgNO, and

rying and weighing the AgsPO, that precipitated. The Ag,PO,
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weighed m grams. Calculate the solubility product of Ag,PO,

as a function of m.

18.19 The molar concentration of the Cd*+ in a solution in equilib-
rium with a precipitate of CdS was found to be four times as great as the
molar concentration of the S~ K, for CdS is 6 x 1077, What was the
concentration of the Cd*++?

Solution:
K= [CdH] x [S]=6x 10%

Let X = concentration of Cd++

X .
i concentration of S~

Substituting these values in the S.P. equation

X
XXZZGX 10—27

X2=24 > 102
X=16x 10783 M

18.20 A liter of solution which is in equilibrium with a precipitate of
Cd(OH), contains four times as many moles of OH~ as Cd*™. How many
moles of OF~ are present? S.P. of Cd(OH), is 1.6 x 10-14,

18.21 A solution in equilibrium with a precipitate of AggPO, con-
tains twice as many grams of PO, = as Ag*. The solubility product of
Ag PO, is 1.8 x 10-*. How many grams of PO, =~ are present per liter
of solution?

2 18.22 250 ml of a solution containing 3.70 X 10~* moles per liter of
Batt+ is added to 250 ml of a solution 0.0004 F in Na,SO,. After precipita-
tion of BaSQ, it was found that the [SO, | was four times as great as the
[Batt]. Calculate the solubility product for BaSO,.

®» 18.23 An insoluble compound, AB, ionizes to give A" and B, The
atomic weight of A is 50, of B is 80. When 50 ml of a solution containing
1.000 mg of A" per milliliter is mixed at 20°C with 50 ml of a solution
containing 1.640 mg of B~ per milliliter, precipitation of AB continues
until, at equilibrium, the number of moles of B~ in solution is exactly twice
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as great as the number of moles of A+ in soludon. Calculate the solubility
product of AB at 20°C.

» 18.24 A 500 ml solution containing 1.391 g of Ag* was mixed, at
20°C, with 500 ml of a solution containing 0.927 g of BrO,~. When pre-
cipitation of AgBrO; was complete, the solution contained exactly ewice as
many grams of Ag+as BrO;~. Calculate the solubility product of AgBrO,.

# 1825 You are given equal volumes of two lead salt solutions in
which the concentration of Pbt+ is exactly the same. To one isadded 4.00 x
101 mole of KCl and to the other is added 1.00 x 10-* mole of NaySO,.
The final volume is in each case one liter. A total of 0.103 gram of PhCl,
precipitates from one solution and 0.136 gram of PbSO, precipitates from
the other. The solubility product of PbSO, is 1.10 X 1078 Formula
weights: PbCl, = 278; PbSO, == 303. Calculate the solubility product of

PbCl,.

® 18.26 From the respective solubility products at 20°C, calculate the

solubility of each of the following in moles per liter. (By “solubility” is
meant the quantity of solute that will go into solution when the pure solid
is shaken with pure water, at 20°C, until a saturated solution is obtained.)
The solubility product of each solute is given directly after its formula.
(Ignore hydrolysis.)

(a}) AgSCN; 1 x 10712

Solution: When AgSCN dissolves, it is 1009 dissociated into Ag

and SCN-. Therefore,

moles of AgSCN dissolved = moles of Ag* = moles of SCN~
Let X == moles of AgSCN dissolved
X = moles of Agt X = moles of SCN~
K, — [AgH] % [SCN-] = X?=1 x 10-12 M?
X=1x10"*M
(b) AgCl; 2.8 x 1010
{c) Mg(OH),; 8.9 x 10722

Solution:
Mg(OH), = Mg+t |- 2 OH~
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Let X = moles of Mg{OH)}, that dissolve
X = moles of Mg+t  2X = moles of OH~
Kop = [Mg#] X [OH]2 = X x (2 X)* = 8.9 x 10-12 A3
4 X3 =89 x 10712 p#
X=13x10+*M

{(d) Ag.SO,; 1.1 x 10-®

(¢} Al(OH),; 5 x 102

18.27 The solubility product of Pbl, at 30°C is 1 x 108, The
solubility product of BaSO, at 30°C is also 1 x 10—8. How does the solu-

bility of Pbl, in moles per liter compare with the solubility of BaSQ, in
moles per liter?

s 18.28 The solubility product of AgCl is 2.8 x 102 How many
moles of AgCl will dissolve in a liter of 0.010 FKCl? The KCl is 100%,
ionized.

Solution:
[AgH] x [Cl-] = 2.8 x 10

28 % 10-10 2.8 x 10-10 '
+] = = —928 x 108 M
Ae*] = I x 1072

To produce this 2.8 x 10-% mole of Agt, 2.8 x 108 mole of AgCl
must have gone into solution. In making this calculation the Cl-
derived from the AgCl has been ignored since iis concentration is
negligible, being about 2.8 x 108 M.

w 18.29 The solubility of BaSO, in water is 1 % 10-5 M. What is its
solubility in 0.1 F K,S0,?

® 18.30 What volume in liters of 0.10 F MgCl, is required to dissolve
the same amount of Hg,Cl, that will dissolve in 1.00 liter of pure water?
K, for Hg,Cly is 4.0 x 10718,
Solution: Hg,Cl, ionizes as follows: Hg,Cly== Hgy,™ -+ 2 Cl- K,
for HgyCly = [Hgytt] x [Cl7]2 = 4.0 x 107,
Its solubility in pure water, calculated as in Problem 18.26, is 1.0 x
10~% mole per liter.
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Its solubility in 0.10 F MgCl,, in which [Cl] is 0.20 M, calculated as
in Problem 18.28, is 1.0 % 10-1% mole per liter.

1.0 x 1078 molefliter of water — 1.0 x 1016 mole/liter of 0.10 FMgCl,
= 1.0 x 10% liters of 0.10 F MgCl, per liter of water.

o 18.31 When excess solid Ag,CrO, is shaken with a liter of 0.10 F
KyCrO,, 0.723 mg of Ag,CrO, dissolve. Calculate the solubility product of
AgZCfO4.

o 18.32 Silver oxide is in equilibrium with its saturated solution
according to the reaction, Ag,O + H;0 2> 2 Agt 4 2 OH~. The solubility
product for AgOH is [Ag+] x [OH ] =2 x 10-%. How many moles of
Ag,O will dissolve in a liter of solution whose pH is 117

® 18.33 The first ionization of sulfuric acid, H,SO, — H*+ 4 HSO,~,
is 10079 complete. The ionization constant for the second ionization,
HSO, <= H" + SO, is 1.2 x 1072, The solubility product for BaSO,
is 1.0 X 10710, Excess solid BaSO, was shaken with a solution of sulfuric
acid until a saturated solution of BaSO, was obtained. The pH of this
saturated solution was 2. How many moles of BaSO, dissolved per liter of
saturated solution?

Solution: K, for BaSO, being 1.0 x 10~1°, the maximum number
of moles of BaSOy that can dissolve in a liter of pure water is 1.0 x 105,
The number of moles that will dissolve in a solution of F,SO, whose
pH is 2 will be much less than 1.0 x 10-5,

The number of moles of Ba** jons in the final solution will be equal
to the number of moles of BaSO, that dissolve. The number of moles
of SO, ions in the final solution will equal the number of moles
initially present (from the H,SO,) plus the number derived from the
BaSO, that dissolves. The number derived from the latter source is
so small compared with the number initially present that they can be
ignored in the.calculation,

Therefore, to solve the problem, first calculate the concentration of
SO, ions in a solution of H,SO, whose pH is 2 in the manner out-
lined in Problem 16.47. This value, divided into K, for BaSO,,
gives the concentration of Bat+ and, hence, the number of moles of
BaSO, that dissolve. The smallness of the answer justifies the assump-
tion made in solving the problem.
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® 1834 A solution in equilibrium with solid CaC,O, has a pII of 4.0. '

The sum of the CyO,—, HC,O,, and H,CyO, in the solution is 0.20 F.
Caleulate the concentration of Ca’+ ions in the solution. K, for CaCyO, =
1.3 x 10—*.

Solution hint: See Problem 16.62.

% 18.35 A solution contains 0.010 mole CI~ per liter and 0.0010 mole
CrO,— per liter. The S.P. of AgClis 1.56 x 107, the S.P. of Ag,CrO, is
9.0 % 1012, What will be the concentration of CI~ in moles per liter when
Ag,CrO, just begins to precipitate by the continued addition of Agt, the
volume of the solution at this point being exactly 1 liter?

Solution: When Ag* ions arc added to the solution represented by
this problem, AgCl will begin to precipitate when the product of
[Agt] and [Cl-} equals the solubility product, 1.56 x 1071%. Since
[CI is 1 x 1072, the precipitation of AgCl will begin when [Ag*]

i51.56 x 10-8, Since the solubility product of Agy,CrO,is9.0 x 1071%

and [CrO, ] is I x 1079, precipitation of Ag,CrO, will not begin
until [Agt] is 9.5 x 107%; that means that, at the start, only AgCl
precipitates. As more Ag* ions are added after precipitation of AgCl
first begins, more AgCl will precipitate. As more AgCl precipitates
the concentration of the Cl~ ions remaining in solution decreases, and
as the concentration of Cl- ions decreases the concentration of Ag*
ions required to continue precipitation of AgCl increases; during the
entire AgCl precipitation process the product of [Ag*] and [ClI7]} must
always be equal to 1.56 X 1071, Finally, the concentration of CI-
ions will be low enough so that a Ag" ion concentration of 9.5 x 107°
will be required to precipitate more AgCl When that happens
Ag,CrO, will also begin to precipitate. Since [Ag*] X [CI] must
always equal 1.56 x 10, when [Agt] is 9.5 x 1075, [Cl] will be
1.56 % 1019 = 9.5 x 1075 or 1.6 x 10~% mole per liter.

® 18.36 A solution contains 0.000020 mole of Br— per liter and 0.010
mole of CI- per liter. The S.P. of AgClis 1.56 X 107, the S.P. of AgBr is
3.95 % 1015, Which of these ions will stare precipitating first when Ag¥ is
added to the above solution? What will be its concentration when the other
ion begins to precipitate?

# 18.37 The solubility products of AglO, and Ba(IOs), arc 1.0 X 1 0-8
and 6.0 x 1071, respectively. A solution is 8.6 X 10-4 molar in Ag* and
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3.74 % 103 molar in Bat+. Iodate ion is added to this solution slowly and
with constant stirring.

(a) Which cation precipitates as the iodate salt first? At what 105~
jon conceniration does this precipitate just start to form?

(b} At what IOy~ ion concentration does the second cation just start
to precipitate as the iodate salt?

(c) What s the concentration of the first cation when the second cation
just starts to precipitate?

& 18.38 Calculate the concentration of Cl- in a solution saturated with
both AgCland Ag,CrO, and in which the concentration of chromate ion is
1.0 X 103 M. K,, for Ag,CrO, = 1.7 X 1022, for AgCl = 1.1 x 10-,

® 18.39 If to a certain solution 1.00 x 107 F in KI and 0.100 F in
NaCl solid AgINQ, is added, how many moles of Agl per liter will be pre-
cipitated before the solution is saturated with AgCl? Solubility products:
Ag], 1.00 x 1077%; AgCl, 1.10 x 10720,

% 18.40 The solubility product of Ag,CrO, is 5 x 107%, of AglO, is
I % 10-%. Silver ions are added to a solution which is 0.001 F in KIO, and
0.001 F in X,CrO, until one half of the chromate ions are precipitated as
Ag,CrO,. What mole percent of the total iodate ions is still in solution?

# 18.41 Aliter of solution which was in equilibrium with a solid mixture
of AgCl and Agl was found to contain 1 x 10~* mole of Ag*, 1 x 10~
mole of CI-, and 1 x 10~ mole of I=. Enough Ag* ions were added, slowly
and with constant stirring, to increase the concentration of Ag* to 107¢ mole
per liter; the volume of the so}ution was kept constant at 1 liter, How many
moles of AgCl were precipitated as a result of this addition of Ag* fons?
How many moles of Agl were precipitated as a result of this addition of
Ag+? '

& 18.42 Aliter of solution which was in equilibrium with a solid mixture
of AgCl and Ag,CrO, was found to contain 1.00 X 10-* mole of Agt,
1.00 x 10~ mole of CI~, and 8.00 x 10~* mole of CtO, . Ag¥.ions were
added, slowly and with constant stirring, the volume being képt constane
at 1liter; 8.00 X 10~7 mole of AgCl was precipitated as a ‘result of this
addition of Ag*+. How many moles of Ag,CrO, were precipitated as a result
of this addition of Agt?
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@ 18.43 One commonly used titrimetric method of determining the
chloride ion content of a material utilizes the red color of sitver chromate as
an end point indicator. A solution of known volume, to which the chromate
ion indicator has been added and which contains a weighed sample of the
material, is titrated with a standard AgNO, solution until the red of
the Ag,CrO, just appears. From the measured and observed quantities and
the appropriate solubility product constants, the amount of Cl~ present can
be determined within a small error. Given the following data:

A 1.7750 g sample is dissolved in 203 ml of water.
1 cc of 0.00100 F K,CrO, is added.
46.00 ml of 0.250 N AgNO, were required to produce the red end

poing.

K., of AgCl = 1.50 x 10710

K., of Ag,CrO, = 9.00 x 10-2

(a) What is the [CrO, ] just as the red color appears?

(b) What is the {Ag*] at this end point?

(c) What is the [CI-] a¢ this end point?

(d) How many moles of Ag" were added?

(¢) How many moles of AgCl precipitated ?

{f) What is the total amount of Cl~ present?

(g) What is the weight percent of CI™ in the original sample?

®» 18.44 A 0.20F solution of NagPO, has a pH of 10.5. How many
moles of Ag,PO, will dissolve ina liter of this solution? K, for Ag,POy =
1.8 x 10738, .

» 18.45 The solubility product of PbSO,is 1.3 X 102, The solubility
product of Pb(ClOy), (lead perchlorate) is 2.4 X 107, Perchloric acid
{HCIO,) is completely iomized. The first ionization of HySO, is complete;
+he ionization constant for the ionization of HSO, is 1.2 X 102,

A solution prepared by dissolving pure HCIO, and pure H,SO, in the
same beaker of water has a pH of 1.51. To neutralize 100 ml of this solution
requires 90.0 ml of 0.050 FKOH. How many moles of solid Pb(NOy),
must be dissolved in a liter of this solution before a precipitate begins to
form? Give the formula of the solid that begins to precipitate.

& 1846 2.667 moles of solid Na,CrOgare added t0 0.250 liter of 4.000 F
Na2,SOy,; the resulting solution is diluted to a volume of 1.000 liter with a
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buffer solution. of such composition that the pH of the diluted solution, both
before and after the following reaction has taken place, is 8. ’

2 CrO;~ + 3 S0g + 5 HyO —+2 Cr(OH); + 3 SO, ~ + 4 OH-
This reaction goes to completion and is not affected by the buffer,
{a) Wha_t is the molar sulfate ion concentration in the final diluted
solution after the above reaction has gone to completion?

(b) Whaf: is the formal Cr(VI) concentration in the final diluted
solution after the above reaction has gone to completion? |

(c) In any solution of CrQ; the following equilibrium is established

and has the equilibrium constant noted. (Ther i
. ¢ are practicall
HCrOy~ jons.) ( pracey o

2Cr0,;  + 2H'=Cr,0; + H,0  K=100 x 10%

Calculate the molar concentrations of CrO,— and Cr,O,~ in the
final solution.

{(d} How many moles of solid soluble BaCl; must be added to the
final solution in order to just start the formation of a precipitate?
What is this precipitate? K, for BaSO, is 1.0 x 10729, for
BaCrQ, is 2.4 x 1010, BaCr,O, is soluble. ’

» 18.47 Calculate the concentration of I™ in a solution obtained by
shaking 0.100 FKI with an cxcess of AgClL K, of AgCl= 1.1 x 10710
K, of Agl = L0 x 10-15, ’

Solution: The two equilibtia involved are:

(1) AgCl (s) = Agt + ClI-
(2) Agt+ 1" Agl (s)

The net equation for the principal reaction is

(3) AgCl(s) + - Agl (s) + CI-

The equilibrium constant for Reaction (3) is

= [CIT]  [CIF] x [Ag*] 1.1 x 10710
W« [I] B 7] x [Ag*] =10 % 1056 1.1 x 108
Let X = [I7]

0.100 — X = [CI]
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Substituting these values in Equation (4) gives us

0100 — X | o 108

Since [I-] is only 108 as large as [Cl-}, and since the maximum vz_due
of {CI] is 0.100 M, it is obvious that the value of X in the expression,
0.100 — X, is so small that it can be dropped.

= 1,1 x 108

X=91x 108 M = [I7]

Nofe: Since 0.100 M T~ is added to solid AgCl, a natural inclination,
when substituting in Equation (4), is to let X = [CI-] and 0.100 —
X = [[7]. If ¢his is done, X, being very large (about 02100), .cannot
be dropped from the expression, 0.100 — X. The equation will then

be,

X

—_— =11 x 10¢
0100 — X

Solving, :
& X 1.1 x 105 — 1.1 x 108X

1.1 x 108 X 4+ X =11 x 108

If X is dropped from the expression, 1.1 X 108 X + X, the calf:ulated
value of X is 0.100. The value of [I7], since it is 0.100 — X, Wl].l thc'n
be 0.100 — 0.100, or zero. Obviously, X cannot be dropped in this
instance.
The correct procedure in situations of this type is to let X equal that
quantity which we know is very small; X, being very small, can then be
dropped from expressions in which it is subtrac.tcd from or added to
a number which is very large by comparison with X, o
Note that Equation (4) above tells us that in a saturated S(.)h.lt;on in
cquilibrium with the two solids, AgCl and Agl, containing the
common ion, Ag", the concentrations of the two dissimilar ions,
Cl- and I, are to each other as the solubility products of the parent
specics. That is

[CI] K, for AgCl

-] K, for Agl
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"This relationship can also be derived as follows:
For AgCl, K, = [Ag*] x [C7] = 1.1 x 100 and [Ag+]
[.1 x 10~
sy
For Agl, K, = [Agt] x [I7] = 1.0 x 10728 and [Ag+] i
- L0 x 107
_ S
Since [Ag*] is the same for both equilibria
1.0 x 1076 1.1 x 10710 [Cl] 11 x 1010
[ [CF] ] = 10 x 10
K, for AgCl
K for Agl

This relationship will be an important one to keep in mind in certain
problems.

% 18.48 Calculate the concentration of Agt in a solution prepared by
mixing 100 ml of a solution 0.200 F in both NaCl and KI with 100 ml of
0.100 F AgNO,. K, for AgCl = 1.1 x 1071, for Agl = 1.0 x 10,

» 18.49 A solution is 0.10 Min CI, in Br—, and in I~. T'o 1 liter of this
solution is added 0.15 mole of AgNO,. What are the final concentrations
of CI-, Br, and I~ in the solution?

Kpgon =15 X 1030 K, =50 x 107 K, =83 x 10-17

# 18.50 To oxidize a certain sample of a mixture of SnSO, and FeSO,
required 560 ml of0.20 F KMnQ,; in the reaction the MnO,~ was reduced to
Mn+*. To oxidize a'second identical sample of the mixture required 400 ml
of 0.40 F1,. A third identical sample of the mixture was dissolved in water
and treated with 2 F Na,CO;. When equilibrium had been established
0.356 mole of a mixture of SnCO, and FeCO, had precipitated. To oxidize
this 0.356-mole precipitate required 390 ml of 0.40 F L. Calculate the
numerical value of the ratio of the solubility product of FeCO, to the
solubility product of SnCOs,.

Solution hints:  Consult Table 5 to sec what species will be oxidized
by MnO,~, what by I,. Sce Problem 18.47.

® 1851 A mixture of Na,CO, and Na,CrO, totaling 1.96 x 10~2 mole
is dissolved in water. To the solution is added 1.94 % 10-% mole of BaCl,.
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When precipitation is complete the volume of the solution is one liter and a

mixture of BaCO, and BaCrO, totaling 1.90 X 10-3 mole has precipitated.
The solubility product for BaCOy is known to be 5 times as great as the
solubility product for BaCrOy.

Calculate the solubility product for BaCrOa.

@ 18.52 The molar solubility of MCQ, in water is 5 times as great as
the molar solubility of MC,O, in water. A mixture of K,COy and K,C04
totaling 2.042 x 10~% mole was dissolved in water. To this solution "was
added 2.80 x 10-2 mole of MCl,. Water was then added to give a volume
of onc liter. When precipitation was complete a mixture of MCO;, and
MG,0, totaling 2.000 x 107 mole had precipitated. Calculate the solu-
bility product for MC,yO4.

» 18.53 A certain quantity of a certain solid mixture of Na,SOy and
NaySeQ, was placed in beaker A. Exactly the same quantity of the same
solid mixture of NSOy and NaySeO,y was placed in beaker B.

Excess 3%, HyOj was added to beaker A and the solution was boiled
antil all SO, and SeOy~ had been oxidized to SO, and SeO, ~and the
excess H,O, had been decomposed. A quantity of BaCl, was then added
nd the volume was made up to one liter by addition of water. When all
reaction was complete a mixture of BaSO, and BaSeO, totaling 0.200 mole
had precipitated and the concentration of SO, remaining was found to be
0.00200 M.

How many ml of an acidic solution of 0.0400 N KMnO, will be
required to oxidize the SO;~ and SeOy~ in beaker B to SO, —and SeO, 77
In the reaction the MnQ, is reduced to Mn* + The solubility product of
BaSO, is 1,00 x 105, of BaSeOy is 1.00 X 10 HyScO,, like HySOy is 2
strong acid. For HySO,, K, = 1.2 x 107%; for H;S¢O,, K, = 1.15 x 102

® 18.54 To oxidize a certain quantity of a mixture of Na,S0; and
Na,SeO4to SO, ~and 5S¢0y~ required 444 ml of an acid solution of 0.200 M
KMnO,; in the reaction the MnO,~ was reduced to Mn*+.
An exactly identical quantity of the same mixture of NapSQj and
Na,SeQ, was dissolved in water; to this solution was added some 1.00 M

BaCl,, the final volume of the resulting solution being exactly one liter.

When reaction was complete a mixture of BaSO, and BaSeOy totaling
0.200 mole had precipitated. Calculate the molar concentration of SOy~

remaining in the solution.
Solubility products: BaSO, = 1.00 X 10-%; BaSeQy = 1.00 x 1077
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W: Pilai.:;in}: Eli:xl:ure (;\f N2,CO, ar;d Na,C, 0, totaling 2.60 x 10~% moles
: eaker. A quantity of BaCl, was added. When equilibri
;?;tsiablfl‘s]};“é (t)he vglume of the solution was exactly lli;:?:u;;{;ltl}t:el

of BaCO; and BaC,O, that had precipi .
: pitated totaled 2.38 x 10-3
moles and weighed 0.5255g. The solubility products of BaCOg and
3

BaC,Of are 1.60 x 10~° and 1.60
. B0 % 18 i i
buffered to prevent hydrolysis.) ¢ respectively {Solution was

(a) How many moles of BaCO i i
BaeOn e a were present in the mixture of

(b) How many moles of Na,CO :
WEre t .
NayCOj and NayC,0,? A present in the mixture of

{¢) How many moles of BaCl, were added?

= 18.56 A liter of solution known to contain Znt and Nit+ in equal

molar concentrations was ke i
i pt saturated with H,S. When ipitati
complete it was found that * o precipiation was

(a) the volume of the solution i el :
in .
1 Jiter equilibrium with the precipitate was

(b) the pH of the solution was 4.000
1) 9 0 : "
(c) 99.000%; of the Nit+ originally present was precipitated as NiS

What percent of the Zn'tt origin
W ally present ipi
Solubility products: ZnS = 1.3 x 1%*20, IZIFS j T;.;V;S f{];icﬂlzplmtEd st

wp 18.57 The solubility of CaCOQj, in water at 25°C is 1.3 x 10~* moles

per liter. The solubility product, calcul i ility, i
R e o, ol 103;‘ pEXPIacﬁ;. calculated from this solubility, is 4.8 x

Solution: Hydrolysis of .CO4~ is not ignored.

2 18.58 To 1 liter of a 1 F solution of i
- . N2,CO, is added 107 mol
MgCl,. Will a precipitate form; and, if so, what is 3!;he precipitate'i]'fno s of

Ky for MgCOy = 4.0 x 107% K, for Mg{OH), = 1.3 % 101

SOI%ﬁOﬂ.‘ Calculate fi‘OI’l’l th h (l Q. 1 onstant for CO 1
N ] yar IYSIS E¥ u
concentrations Of C03 and OH inlF l\lcazcsoa t ‘ 2ot
3.

s 1859 The divalent metal ion, M+, f i
, , forms an insoluble hydroxi
x(gH)z, whose solubi.il.ty product is 3.0 x 10711 and an insolzblg crzziz’
(CN),, whose solubility product is 1.0 x 105, M++ does not foZm any:



244 Solubility products. Complex ions

stable hydroxo or cyano complexcs. The ionization constant of HCN is
4.0 % 10-1°. When a small amount of soluble solid MCI, is added to a
0.30 F NaCN solution, with no change in the volume of the solution, which
solid, M(OH); or M(CN),, precipitates first? What is the molar M*+ con-
centration when this precipitate just starts to form?

# 18.60 A certain trivalent metal jon forms an insoluble hydroxide and
an insoluble carbomate; the solubility products are 1.0 X 10-2¢ and
5.5 x 10-25, respectively. If a mixture of a very small amount of these 2
solids is placed in 0.20 F Na,COs, will the conversion hydroxide — car-
bonate oceur, or will the reverse change take place? :

Solubility products and the
hydrogen sulfide equilibrium

A saturated solution of hydrogen sulfide in water a¢ 18°C and standard
barometric pressure is approximately 0.10 M in H,S. Hydrogen sulfide is a
very weak acid; hence, its percent jomization is small. Although FL;S ionizes
in two stages,

IS HY | HS- K =10x 107M
HSe=HY 45— K, =13 x 1078 M
the overall ionization can be represented by one equation,
H,S<>2 H+ 4+ §—

The ionization constant for this overall reaction is 1.3 X 1029, That is,

[H+]? x {$]
[F1,S]
When the concentration of I+ is fixed, by addition of acid or base to the
solution, this overall ionization constant can justifiably be used to calculate
[S]. Since the solution is saturated, the concentration of HgS will be
constant, namely 0.10 M. We can, therefore, combine this constant value
with the ionization constant to get the equation,

[ % [S]
010
[HH]2 x [S]=13 x 10— M3

= 1.3 x 10-20 M2

=13 x 1020 M2
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Ehés clor-zstant, 1.3 x 107% M?, is the ion product for a saturated solution of
25, Itis a very useful constant in calculations involving reactions in-which

an acidified or alkalinized saturated soluti e
solution of hydrogen is either
reactant or a product. yerogen sulfide is cither 2

PROBLEMS

@ 18.61 Given solutions containing 1 X 10-¢ mole per liter of Hg++
Cut, Pb*"':, Snt, Nitt, Fett, and Mn*+, respectively. 'Ighese solutioljsg ar{;
saturated w1th-HZS at 18°C. The ion product, [HH]? x [S—], for a saturated
(0.10 A1) 391ut10n of F,S is 1.3 x 1072, In each casc what is ’the greatest [+
concentration in moles per liter which will just allow precipitation of th
sulfide to start? The solubility product for each sulfide is given. )

(a) Hgt+; 1 x 16-5¢
. Solution:
[Hg"f'*'] X [S_‘] =1 x 10-6¢
1 x [0—5¢
1 x 1078 mole Hg'+ per liter

[s=1-

=1 x 1074 M

This is the concentration of =~ which must be present for precipitation

of HgS to start from a solution containing 1 x 10~% mole of Hgt+
per liter. ¢

[HH]2 x [$—] = 1.3 x 10-2

(]2 — 1.3 x IQ"zl
1 x 107* mole S~ per liter

= 1.3 x 1023

‘ {H'] = 3.6 x 104 M. This is the concentration of H* which will be
in equilibrium with 1 x 107%4 mole S~ per liter.

(b) Cutt; 4.0 x 1073 (&) Nit+; 1 x 10~
() Pb¥+; 4 x 10726 (f) Fett; 4 x 10—
(d) Snt+; 1.0 x 10%  (g) Mat+; 8 x 10-1a
% 18.62 A §oluti011 containing 1 X 10~ mole of Cdt" per liter was
kept saturated with H,S until precipitation was complete. The concentration

of H¥ was k‘ept at 0.2 M during the precipitation. How many grams of Cd$
were precipitated per liter of solution? S.P. for CdS is 6 x 10-27,
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Solution: [H*]? x [S—]=13 x 107
. 13x 107 13 x 107
[$—1= e 2
[ %)
"This is the final concentration of $=~ in the solution.
[CdH] x [S—] =6 x 107
6 x 10737 6 x 10-%
[S—] 325 x 107%

= 325 x 10720 M.

=1.85 x 107

[CdH+] =

This is the concentration of Cdt+ ions left in the solution.

Moles of Cd$ precipitated = 1 x 10-¢ — 1.85 x 1077 =8.15 X 107
Grams of CdS precipitated = 8.15 X 10~7 moles » 144.5 g/mole
— 118 x 10 g =1x10%g

® 18.63 The solubility product of SnS is 1.1 % 10—%4, One liter of
0.00013 M Sn*+ was kept saturated with H,S until precipitation was com-
plete, at which time 0.0185 g of Sn§ precipitated. What was the pH of the
solution at the end of the precipitation?

» 18.64 How many grams of Agt must be present per liter before
Ag,S will start to precipitate from a saturated solution of H,S whose pH is
2,07 The solubility product of Ag,Sis1 x 107%.

% 18.65 The solubility product of Cu,S is 4.4 X 10—, What must be
the pH of a saturated solution of HeS containing 2.0 10~ mole of Cut
per liter if Cu,$ will just barely start precipitating ?

w 18.66 The solubility productof SnSis1 X 10-24, [fa0.5 x 109 M
solution of Sut+ whose pH is maintained at 4 is saturated with H,S, will a
precipitate form?

= 18.67 A solution is 0.0000010 M with respect to Pbt+ and 0.0050 M
with respect to Cut*. If the solution is kept saturated with H,S, what is the
hydrogen-ion concentration which will permit the maximum precipitation
of CuS but will not allow the precipitation of PhS? K, for CuS is 3.5 X
1028 and for PbS is 1.0 x 102,

& 18.68 IfNiS just begins to precipitate from 2 0.0010 F NiCl, solution
saturated with H,S when the pH is 1.0, what is the solubility product for
NiS? .
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s 18.69 The solubility product for SnS is 1.0 x 102, A solution of
SnCl, was of sach concentration that 500 ml of this SnCl, solutionteduced
20 m! of an acid solution of 0.0050 N KMnQ, to Mnt+. What concentration
of h.ycllrogen ions must be maintained in the above SnCl, solution if the
precipitation of S8 is to be just prevented when it is saturated with H,S?

Solubility products and the
ammonium hydroxide equilibrinm

PROBLEMS
(See Table 2 for values of ionization constants.)

s 18,70 Wh_en excess solid Mg(OH), is shaken with 1liter of 1.0 F
NII,Cl the resulting saturated solution has a pH of 9.0. The net equation for
the reaction that occurs is

Mg(OH), + 2 NH,* = Mg** | 2 NH,OH
Calculate the solubility product for Mg{OH),.
NH ] x [OH]
[NH,OH]

=18 x 10-°

pH = 9.0; [II+] = 1.0 x 10-%; [OH-] = 1.0 x 105
Ky, = [Mgtt] X [OH]% Since we know [OH~], all we need is to
find [MgH] The important fact to notice is that the molar concentration
of Mg++ is 4 the molar concentration of NH,OH. The molar concen-
tration of the NTL,OH can be calculated as follows:

F}Tom the iomization constant formula for NH,OH we can determine
that:

Solution: NH,OHz=NH,*1+ OH- K= [

NI 18 x 10 18 x 107

[NO,O0H]  [0H] 10 x 10
Since we started with 1 liter of 1.0 F NH,CI, [NH,] + [NII,OH] =
1.0. Let X — [NILOH]; 1.0 — X = [NH,*].
PO — X
X

1.8

=18 Solving, X = 0.36 = [NH,OH]
3 X =0.18 = [Mgt+t]
Ky = [Mgt+] x JOH-]2=0.18 x (1.0 x 10-8)2 = 1.8 x 10-1
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@ 18.71 Excess Mg(OH), is added to a solution which is 0.20 F in

NH,NO; and 0.50 F in NH,OH. Calculate the concentration of Mgtt
jons at equilibrium. K, for Mg{OH), = 1.2 x 1074

w 18.72 The S.P. of Mg(OH), is 8.9 X 10712 How many grams of
NH,* must be present in a liter of 0.10 F NI:LOH containing 0.30 g of
Mg, to prevent Mg(OH), from being precipitated ? - '

Solution: First calculate the maximum [OH~] that will juse fail to
produce a precipitate of Mg(OH), in the solution. Then calcul'ate th.c
amount of NH,* that must be present in 0.10 F NH,OH to give thls
[OH.

# 18.73 The S.P. of Mn(OH), is 2.0 x 107*%. How many grams of
NH,Cl must be present in 100 ml of 0.20 F NH,OH to prevent precipitation
of Mn(OH), when the solution is added to 100 ml of 0.20 F MnCl,?

» 1874 To a liter of 0.10 F NH,OH containing 46.8 g of NH,CI are
added 0.10 mole of Mu*+ and 1.0 mole of Mg+, The final volume of the
solution is 1 liter. Will Mg(OH), be precipitated? Will Mn{OH), be
precipitated ? N

® 18.75 You are given 200 ml of a solution containing Martt and
Mg*+* each at 0.1 M, and 200 ml of a solation 0,40 F in ammonia. How
many grams of solid ammonium chloride should he a_dded to thft .latter S0
that when the solutions are mixed, the Mn(OH), -WIH be P.L’C(.:lpltatcd as
completely as possible but the Mg(OH), will remain unl}ireapltatcd? K
for Mg(OH), = 14 x 107, for Mn(OH), = 45 x 1074,

Solution hint: Note that NH,* is liberated in the precipitation of
Mn(OH),.

% 18.76 The S.P. for Fe(OH)yis 6 x 10%. How much NH4+ must be
present in order to prevent the precipitation of Fe(OH)3. in a sc;'lutlon
0.1 F in NH,OH and 0.0010 M in Fet+? Would it be possible to dissolve
that much NH,* in a liter?

Solubility product equilibria involving
selected weak acids

: PROBLEMS
(See Table 2 for values of ionization constants.)

# 18.77 The solubility product of AgC,H;O, s 4:0 X 10““.‘. To 1 liter
of a solution 1.0 F in HC,H,0, and 0.10 F in HNO, is added just enough
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solid AgNO; to start precipitation of AgCyIT,0,. How many moles of
AgNO, are added?

® 18.78 A solution was prepared by dissolving 1.80 moles of NaC,H,0,
and 1.00 mole of HC,H,0, in enough water to give 1.00 liter of solution.
What is the maximum concentration of Fet+ that can exist in this solution

without precipitation of Fe(OH),? Solubility product for Fe(OH),; =
6.0 x 10-38,

® 1879 The K, of Fe(OH), is 6.0 % 10-%:

{a) What is the formal solubility of Fe(NOy), in a solution that is
0.20 F in NH, and 0.36 F in NHNG,?

(b) What volume of this NH;-NHNO, solution is needed to dissolve
the same amount of Fe(NO,), that will dissolve in 1,00 liter of 2
solution that is 0.10 F in HCOOH and 0.42 F in HCOOK?

# 18.80 A saturated solution was prepared by shaking excess solid
CaCO; with water containing a small amount of HCl. When equilibrium
was established the pH of the saturated solution was found to be 7.0. How

many moles of CaCOj dissolved per liter of solution? The solubility product
of CaCOyis 7 x 102,

Solution hint: Let X = [Cat+] = moles of CaCO, dissolved.

X will then equal [CO,™] + [HCO,] + [HCO;)-

Knowing K; and K, for H;CO, and knowing the pH of the solution
the relative amounts of COy;—, HCO,~, and H,CO, are known, The
necessary equations for calculating X can then be set up.

® 18.81 The solubility of BaCO, in water saturated with CO, at | atm
is 0.01 mole per liter. The concentration of H,CO, in this solution is
0.04 M. The net equation is BaCOj (s) + H,COye> Bat* 4 2 HCO, .
Calculate the equilibrium constant for this reaction and calculate the solubility
product of BaCQO,,.

& 18.82 A [iter of water in contact with excess solid BaCO, was kept
saturated with CO,. When equilibrium had been established in the reaction

BaCOy () + HyCOy<> Batt 2 HCO,

the concentration of the HCO, was 0,040 M.
Calculate the concentration of the CO,~~ ions in the solution.
The solubility product for BaCOj is 1.0 x 10-%.
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#» 18.83 When excess solid BaSOy is added to a liter of pure dilute
HCI, 4.0 x 10~ moles of BaSO, are dissolved. No SO, gas is evolved in
the process, and no complex ions are formed. The pH of the resulting
solution s 5.0. Calculate the solubility product for BaSOs.

» 18.84 Excess solid Ni(CN), is added to a liter of dilute HCL. When
equilibrium is established, the pI of the saturated solution is 4 and exactly
0.010 mole of Ni(CN), has dissolved. No stable complex ions are formed.
Calculate the solubility product of Ni(CN},.

@ 18.85 In order to just prevent precipitation of BaF, in a solution
which is 0.10 Fin BaCl, and 0.10 F in KF, it is necessary to adjustthe pHto a
value of 1.96 by addition of HCL Calculate the solubility product of BaF,.

2 18.86 The solubility product of Ni(CN), is 6.4 x 10-". You are
asked to make up 1 liter of a solution 0.010 F in NiCl, and 0.010 Fin NaCN.
To what maximum value must the pH of the solution be adjusted by the
addition of HCI to just prevent precipitation of Ni(CN),? How many
moles of HCl must be added per liter of solution to just prevent precipitation
of Ni(CNY},. No stable complex ions are formed.

» 18.87 A solution containing 0.01 M Zn*+, 0.1 F acetic acid, and
0.05 F NaC,11,0,, is saturated with H,S. What concentration of Zn**+
remains in. solution? K, for ZnS = 1.3 x 107%%,

Solution hint: Note that 2 moles of H* ions are liberated for each
mole of Zn$ precipitated.

®» 18.88 A solution contains 0.01 F Ca(NOy),, 0.01 F Sr(NOy),, and
0.5 F oxalic acid. To what value should the hydrogen ion concentration be

adjusted, by addition of HCl or NaOH, in order to precipitate as much as

possible of the calcium while leaving all of the strontium in solution? K,

for calcium oxalate = 2.6 x 10~°. K, for strontium oxalate = 7.0 x 1075
Solution hint: Note that 1 mole of oxalate is removed for each mole
of CaC,0, precipitated.

Complex ions and solubility products

When a cation (called the central ion) combines with one or more anions
or neutral molecules (called ligands) to form a new ion, this new ion is called a
complex ion. Complex ions are weak electrolytes and, as such, dissociate
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incompletely to form the original species. Thus

Zntt + 4 NH, = Zn(NH3) Nt
and

Zn(NHy)it 2> Zn'+ + 4 NI,

The equilibrium constants for ionization of complex ions are referred to as
insfabilt’t}f canstants. (See Table 3, page 301.) Just as polybasic acids such as
H;PO, tonize in stages, each stage having its own ionization constant, k;, k
and ky, with the overall ionization constant being the product of ky, k, :,11'1c11’k32

H bl 3

50 cor.n‘plex ions also dissociate in stages with each stage having its own
instability constant.

Zn(NH,) 2= Zn(NHy), "+ 4+ NH,
Zn(NH,), 2= Zn(NH,)," 4 NH,
Zn(NH,)ott e Zn(NI,), ++ + NH,
Zn{NHy), " > Zn++ - NII,

The F)verall instability constant is the product of the four individual constants
and is represented by the formula

K, = 122 X NI
e [Zn(NH,),+]

Just as, with polyprotic acids, the overall ionization constant can be used to
Falculate the concentration of the anion only if excess HY or OH— is present
in the system, so, with complex ion equilibria, the overall instability con-
stant can be used only when excess ligand is present. In all problems in-

?‘olvlr%g_ complex ions excess ligand will be present; accordingly, overall
instability constants can be used.

PROBLEMS
(See Tables 2 and 3 for values of equilibrium canstants,)

#» 18.89 Calculate the concentration of Cutt in a solution which 1S

0.10 Fin CuSQO,and 1.40 Fin NH,. Theinstabili
: . tant f ++
is 4.7 % 1073 molet/lters. 3 ty constant for Cu(INH,),

Soiufi?n.' The very low value of the instability constant means that
essentially all the copper ion in solution will be in the form of the
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iter. Thens
ammine complex. Therefore, [Cu(NHs):ﬁ‘*‘] = 0,10 mole/liter
[NH,] = 1.40 — 4 (0.10) = 1.00 moleflitex

w{ﬁ; — 47 x 10715 mole*/liser®
[Cu(NH3]4++

- [Cutt] = 4.7 X 10718 mole/liter

T'h oW Cutt justi he assumption that

thus calcuiated Justlﬁes t un o

CufENi-I) “'f+[ is b} far the predominant copper—contammg species
3/4 )4

; 1t i th
1t should be noted that, in effect, the NH; actsas a bu&r, it ties up the
C1i++ in the form of the weak electrolyte, Cu(NHg) .

i 10-® mole?
# 18.90 The instability constant for Ag{NHg), is 6.0 X mole?/
liter?, )
i f NH, needed to conve
is the molar concentration 0 . onvert
@ Xiﬁymﬁm; of the silver ion to the ammine complex in
AgNQO,? o .
(b) Vghat iz the formal concentration of NI in this solution?
ilibri = Ag(NHy),t] = Y/2.
fon hint: libtium [Ag*] = Y{2and [Ag(D .
i"i“;’(‘m hE;ItH ]l:: zgtﬁﬁbrium. The formal concentration of NHj will
L = 3
be equal to [NH} + 2 X [Ag(NHa}z.

idati d4 A
® 18.91 The clement Q has stable oxidation st‘a‘t?§ of 12,8 5(;,{ 31(804)3,
ixture.weighing 907 g contains “a” moles of QCl,;, “b” mole 2
m
and “¢7 moles of Q(CrOy)s.

- - . d
(1) 1.35 moles of Ba't are needed to precipitate all the sulfate an
l i ie.
chromate in a 207 g samp . o
9} A second identical 207 g sample requires {2..180 énf:dio MG f)
@ to oxidize all the Q to the +4 state (MnO,~ is redu ) )
o . -
ires 2.60 moles of ammom
ird identical 207 g sample requires : :
o t};lrrj lletecrlly convert Q++ and QT to thiirlrery iﬂ)lzoiis
:zi:m cgmplcxes Q(NH) ', and Q(NHa)ls o h}(:izr e
mmi lex nor an insoluble .
cither a stable ammine comp : )
(a) 1;Iow many moles of cach compound wete in a 207 g sample o
a
this mixture?
(b} Calculate the atomic weight of Q.
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®» 1892 Ga(OH), is practically insoluble in water, its solubility product
being about 1 x 1036, A beaker containing a liter of a s
of Ga(O1); prepared by stirring solid Ga(OH),
107 mole of excess solid Ga(OH)
dissolved in the liter of solution,
dissolves, a very stable compl

solution has a pH of 10.9. C
ion.

aturated solution
with water contains 4.0 x
s 1.2 X 10-* mole of solid KOH is
As a result, all of the solid Ga(OH),
ex hydroxo ion being formed. The resulting
alculate the formula of the complex hydroxo

» 18.93 Co(OH), is practically insoluble in water. It dissolves to some
extent in NH,OH to form a very stable ammine complex ion. In an effort
to determine the composition of the complex ion, a chemist carried out three
experiments in which he added ewcess solid Co(OH), to three different
solutions containing NaOH and NH,OH. Ay equilibrium he found the molar

concentrations of NH,OH, OH—, and complex ion in the solutions to be:

Solutions Conc. of NH,OH  Cone. ef OH— Conc. of complex: ion
First experiment 0.5 M 0.1 AMf 3.0 x 10?01
Second experiment 1LoM 0.1 M 20 x 1077 A
Third experiment 20M 0.1 M 1.3 % 1075 pAf

Calculate the formula of the complex ion.

Solution hints: The formula of the complex ion is Co(NH, <
Cot+ X
What will be true of the value of [ [(()30 (kzs{)]jia] in each experi-

ment? Since [OF-] is the same in each experiment what will be
truc of [Co**] in each experiment?

% 1894 The solubility product of AgClis 1.2 x 10-19, The instability
constant for Ag(NHy),* is 6,0 x 10-8, What must be the formal concen-

tration of a solution of NHy in water if one kiter of this solution shall just
barely dissolve 0.020 mole of AgCl?

Solution: The net equation for the principal reaction is
AgCl (solid) + 2 NH, = Ag(NHy),* + CI-
Since 0,020 mole of AgCl dissolves, [Cl-] = 0.020 M.
0K 101
=6.0 x 10~* M.

1. 1010
Since Ky, for AgCl = 1.2 x 10-19, [Agt] 2 X
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That means that practically all of the dissolved AgCl is present as
Ag(NH,),*. Therefore, [Ag(NHa)zf] = 0.020 M .
The equilibrium constant for the principal reaction is:

[Ag(NH)'| ¥ [Cl] [Ag(INHy)st] X [cl] x [Agt]

N [NHL,[? B [NFH,J? % [Ag]
—L0 :
_ K 1231070 9h 5 100
K 6.0 x 10-8

inst

Tet X = the concentration of NHj at equilibrium. Substituting thc
values of the three species in the above equilibrium constant:
(0.020) X (0020} _ o o 195, Solving, X = 0.45 M = [NH,] at
X* ‘
equilibrium. The formation of the 0,020 mole of Ag(INHy)s" rcquu:eci
the consumption of 0.040 mole of NH,. Therefore, the forma
concentration of the original solution of NHjy was 045 + 0.040 =

0.49 F.
#» 18.95 Excesssolid AgClis treated with 100 ml of 1 ¥ NH,OH. How

many grams of AgCl will dissolve? The solubilitY.product f(irg AgCl is
1.0 % 10-°, The instability constant for Ag(NHy);" is 6.0 x 1075

ili i 108, When cxcess
18.96 'The solubility product of AglOg is 4.5 X :
soﬁd AplOy is treated with 1 liter of 1 F NH,OH, 85 g of AglO, dissolve.

AgIO; 4 2 NH, 2= Ag(NHy)s* + 105
Calculate the equilibrium constant for the reaction:

Ag(NH,)s+2= Agh -+ 2 NI,
» 18.97

(a) Exactly one millimole of silver chloridfe is s}}akei} with a liter oi
water. What is the concentration of silver ion in the saturate
solution.? -

(b) Solid potassium bromide is added to the solutio.n. Hovl:lf ma}-z:
moles of potassium. bromide are added to the solution at the poi

" at which the first bit of silver bromide forms?

(c) How many moles of potassium bromide arc added at the point
at which the last bit of silver chloride disappears?
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{d) At the point at which the solid is converted completely to silver
bromide, addition of potassium bromide is terminated and am-
monia is added until all the silver bromide dissolves. What is the
concentration of ammeoenia in this solution?

Kpfor AgCl = 1.8 x 10719, for AgBr = 5.2 % 10-13, Instability
constant for Ag(NHg),* = 6.0 x 10-8,

# 18.98 The cation M*+ forms the complex ion MCl,— whose insta-
bility constant is 1.0 x 10-#', The solubility product of M1, is 1.0 x 10-5;
Calculate the number of moles of CI- ions that must be present in a liter of
aqueous solution in order that 0.010 mole of MI, shall dissolve when excess
solid ML, is added to the liter of solution.

s 1899 K, for Zn(OMH), is 1 X 10716, When excess Zn(OH), is
treated with 1 liter of 0.4 F KCN the reaction

Zn(OH), {s) + 4 CN—=> Zn(CN),~~ + 2 OH~

occurs. When equilibrinm is reached, the pH is 13, Calculate the equilibrium
constant for the reaction,

Zn(CN),—<> Znt+ 4 CN-

» 18160 The solubility product of Cd(OH), is 2.00 x 1014, The
instability constant of Cd(CN);~ is 1.40 x 10~%*. The ionization constant
of HCN is 4.00 x 1072, Excess solid Cd(OH), is added to a liter of KCN
solution. When equilibrium is established, the pI of the final solution is
12.4 and the concentration of Cd{CN),~~ in the final solution is 0.0120 M.

Calculate the concentration of Cd++, of CN—, and of HCN in the
final solution. Calculate the formal concentration of KCN in the original
KCN solution, ¢

= 13.101

(a) Silver cyanide, AgCN, is soluble in water to the extent of 1.34 x
10=* mgm per 100 ml of water. Assuming that when AgCN dissolves the
species present are Ag? and CN, what is the solubility product for AgCN?

(b) Actually a very stable complex is formed; the constant for. the
reaction, Ag{CN}); x> Ag* + 2 CN—, is K = 9.0 x 1022 Con-
sidering this fact also, what is the true solubility product for AgCN'?

Solution: (a) The solubility product, calculated as in Problem 18.7,
1s 1.0 x 10716,
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(b) Assuming the correctness of (a), the equilibrium system would be:

AgCNe Agt |- CN—;
[Ag*] and [CN-] would each be 1.0 x 10—° M

But the following reaction occurs:

Agt + 2 CN—2= Ag{CN);~

Since K, = 9.0 x 1022 this reaction is nearly complete to the right.
At cquilibrium, [CN-] =X, [Agf] =50 x 10-*+ 050X and

[Ag(CN), ] = 5.0 x 10-° — 0.50 X.
If we substitute these values for [CN-], [Ag*], and [Ag(CN), | in the

formula for the instability constant and solve for X, we will find the
correct values of [Ag*] and [CN-] and, hence, the correct value of

the solubility product.

& 18.102 Calculate the solubility of Aglin 0.1 F Hg(NOg),. The main
reaction is Agl{s) + Hgtt==Hgl* + Ag*. For the equation Hgl*<>
Hg* -+ I-, K = 10-13. K, for Aglis 1 x 10-1°.

# 18103 The solubility product of AgCNis2.6 x 1071, Theinstability
constant of the dicyanoargentate(l) ion is 9.0 x 10722 M2 The ionization

constant of HCN is 4.0 X 1010 M. Calculate the molar concentrations of
all jonic and molecular species in 0.100 FHCN to which has been added

sufficient solid AgCN to form a saturated solution.
Solution: 'The net equation for the principal reaction is
AgCN (5) + HCN == Ag(CN),~ + H*

The equilibrium constant for this reaction is

[Ag(CN)s ] x [H]
[HCN]

Tn calculating the numerical value of this equilibrium constant we will,
as in previous problems, resolve it into constants whose values we
know. In accomplishing this we will start with the most complex
c(iuilibrium, that which involves Ag{CN),~. We will multiply both
numerator. and denominator by [Agt] x [CN-]2 Having done this
we find that we have also introduced the terms for K, for AgCN and

K for HCN.
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_ [Ag(CN). ] x [HY] x [Ag+ _
K= X 1 x [CN _
[FICNT [Ag+g] XTC[N_]E] X [CN]

Bagon X Kygow 26 x 100 x 4.0 5 10-10

=0 - XU XU
Kiust 9.0 x 1022 = 1.2 x 107

[Hl(tji;q Ehujr Elforma_tlon ]:VC can then solve for [H*] [ Ag(CN) ~1, and
. en, HSIHg the aPPfOPI‘iate e lb . s 2 |s
. quilibrium
caleulate the concentrations of the other species in ti:;) I::Jgir:itz’nwe o

» 18'104 TO a ]ltct Of 0.1 1 EICIJ 18 ad(ied 9.9 g Of CU.CI- ASSUmIn
g

added, calculate the mol
2 ar concentrati ..
Kipgy for Cu(CN)y= = 5 x 108 pge, I?: fzf ce;fglsicg? X 1%15- solution.

= 18.105 Calculate the
: PH of a solution i

scohd Cu(OH), to 1.0 F NH,CIL. K, for Cu(OHi))rza;eg byl aifimg o
u(NH) = 4.7 x 1915 * T K for

% 18.106 ZnS will ipi
: ' precipitate from 0.010 F 7, i
) 1 . n(NO
s:; uration ;mth HyS only if the pH is greater than 1 (SO 233128 SOI'LIIIUOH ho
En(;;pltgtte from 2 solution 0.010 F in Zn(NO,), ;;nci 1.00 Av/_‘;l' e
Zn“H'SqL Zpé‘ll\li grjfterlth:%n 9.00. Calculate K for the reaction. Zn(CliS Elj:
A UNTC A solution saturated wit} i i " The
overall ionization constant for H,S is 1.3W;<t 1101‘{:“;S o A0 i s The

» 18107 At50°C the concentration of undissoci

_ _ ciated i ilibri
:zifl}; ;Ilzsbgfag: ratd a partial pressure of 1.00 agm is 0.075 J\}/f'.zslilnf %L(l)ﬂllllzzug}
orponion © Nacfi t}alt H .4.00, and which is 0.0045 F in Ni(NO) and
it ok eopartlal pressure of H,S gas required to Jjust be 31; r
g o of 18 is 0.0333 atm. Assuming the Ks of H,S and thcg}( Pfe"
oty S Coi;agles 3(}0-34042. are applicable at 50°C, and ¢hat NiCH+ ?; t}?(ra
oaly chloro N‘C%rex ¢ N1 formed, calculate the equilibrium constant f

10 e Nit+ - - e

® 13, . .
18.208 The following solubility equilibria apply to Zn(OH),:
2.
Zn(OH): ()= Zut* + 20H- K, — 5.0 5 1047 g0
ZnOH), (5) + 2 OH~2> Za(OH);~ K — 0.95 g1

Over what
sense that th(f it;a Zglicgg?ra%izg?o?)ﬁ be quantitatively precipitated in the
solid Zn(OH), is less than 10— A9 10ns contaming zinc in equilibrium with
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c \'i {le y 0] Ve ﬂ one or morc ectrons to I()Im p()SItl\.‘C
M tals ha ¢ a teiraenc t g 8] € Cl

. . . -
10118, 1us, W 1en ZIne 18 Ioug t m confact w it w ater: or an aqueo s

solution of some substance, the reaction

Zn = Zntt 4+ 2 e

ke place. ) o e

tends Ti?k?wisz the reactions Mg = Mgtt 2¢ ,d Mn ;ulg/lr'} hetnergy

Cu= Cutt+ 2¢, Ag= Agh+ e, and so omn, ten 1_lto o the.cnergy erey
ot polential with which the electrons are expelled, t fllt is

hfioch the metal reacts, varies from one metal to anot }flzr. e decerons

v If we list the metals in the order of the potential with whic o cjectrons

i f, and include in this list other substances that give o eT ctron

e ey 1 t we obtain the sort of arrangement found in Ta s

Whecn?;%léfy';lelicsllbstance with the strongest tendency to lose electrons is

pag )

the one with the weakest tendency is at the bottom.

b the reaction, H, (gas) =

In arriving at this table the potential of
2Ht 4 2e, isused as a standard of reference.
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,‘/‘
Potential is expressed in units of volts. The voltage of the reaction,
Hy=2Ht 4 2¢,is arbitrarily assigned a value of zero. That s,

Hy=2H"4-2¢  Potential = 0.00 v

Any substance which has a stronger tendency to give off electrons than
does H, has a positive voltage and lies above H, in the table: any substance
whose tendency to lose clectrons is less than that of H; has a negative voltage
and falls below hydrogen. The voltage listed in the table gives the relative
numerical value of this tendency. Thus, for the reaction, Zn = Znt 1. 2 ¢~
the potential is 0.763 v greater than that for H, while the potential of the
reactton, Cu = Cutt + 2 e, is 0.337 v less than that for H,,

When the reaction, Zn = Zn++ + 2 €7, occurs, zinc is oxidized. The
evidence is that its oxidation number s increased from 0 to 42, and two
electrons are lost. Owidation involves (1) an increase in oxidation number of the
element oxidized and (2) a loss of electrons by the element oxidized.

In the above reaction zinc functions as a reducing agent. When any
substance loses electrons and, for that reason, is oxidized, it functions as a
reducing agent. We note, in Tables 5 and 6, that all of the substances on the
left in the table react by losing electrons. Therefore, all of the substances on
the left arc reducing agents. The higher the potential of a substance the
greater its strength as a reducing agent.

The reaction, Znt+ 4 2 o~ — Zn, is the exact reverse of the reaction
given in the previous paragraph. In this reaction zinc is reduced from Znt+
to Zn metal; Znt+ functions as an oxidizing agent.

If we examine the reactions in Tables 5 and 6 we will find that, in
cvery instance when the reaction proceeds from right to left the substance on
the right functions as an oxidizing agent; in the course of the reaction the
substance on the right is reduced.

Just as the substance on the left with the highest potential is the strongest
teducing agent so the substance on the right with the lowest potential is the
strongest oxidizing agent. The magnitude of the potential is thus a measure
of the relative oxidizing strength of an oxidizing agent as well as the relative
teducing strength of a reducing agent.

The reaction, Zn = Za++ | 2 o, will not go on by itself. Tt must be
paited up with another reaction, one that will accept the two electrons. The
same thing is true of every reaction in this table. Fach is only a half-reaction
and must be coupled with another half-reaction.

When zinc metal is added to a solution of copper sulfate the reaction

Zn + Cutt = Zn+t 1 CQy
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ion 1 —reactions.
occurs. This overall reaction 1s the sum of the two half-re -

Zn = ZoF - Qe 0.763 v

The substance with the higher Potential {Zn) will tfu?c(té)ur: fis ‘;}:ﬁ
ducing agent while the substance with the lower potentia aASY
?‘5 utim% as the oxidizing agent. In cffect, the second reaction 1;: éfvc.se nd
t}u:ttcoverall reaction is the sum of the two half»rcactlf)rlls. fthz:\:; O’half_
tential of the overall reaction is the sum of the potentials ? ‘ wohall
react Since the second reaction is reversed, the sign of its potential 1
r;aCt:g(::I;S‘frolrrxllci—O 337 to 4-0.337. The potential of the overall reaction is
change .

therefore, 1.100 v.
Zn = Zntt |2 0.763v

Cutt + D e = Cu 0‘337 v

Zn + Cutt = Znt + Cua 1.100v

That the potential of this reaction is, in fact, 1.100 v, can b
strated by the following experiment.

Voitmeter

.

e demon-
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Beaker A in the figure contains a strip of Zn metal in a 1-molal solution
of ZnSO,. Beaker B contains a strip of Cu metal in 1-molal CuSOy: The
U-shaped tube C contains a gel prepared with a solution of KpSOy. It is
called a salt bridge and scrves as a conducting medium between the two
solutions. The strips of Cu and Zn are connected by copper wires through
a voltmeter.

When the circuit is closed, the voltmeter registers 1.100 v. This
proves that the potensial of the cell is the sum of the potentials of the two half-
reactions.

A cell, made up as described above, is commonly designated by the
notation Zn | 1 M Zot+ | 1 M Cutt| Cu.

If 2 hydrogen gas electrade, prepared by keeping a piece of platinum
immersed in 1 M H* and continually enveloped in hydrogen gas, is sub-
stituted for the Cu-CuSO, half cell the voltage is 0.763. This illustrates one
method by which voltages in Tables 5 and 6 were determined. ,

Ieshould be emphasized that the voltages given in Tables 5 and 6 are for
systems in which the concentrations of all substances in solution are l-molal.
(Since molar and molal concentration of aqueous solution are very nearly
the same, particularly for dilute solutions, it is common practice to consider
that these solutions are 1 M.) The temperature is 25°C, and gases are at a
pressure of 1 agm. Under these conditions the potentials are referred to as
Standard electrode potentials and are designated by the symbol E°.

To determine the voltage for a pair of half-reactions such as

Fett o= Fettt L o~ —0.77t v
2CHH 4 TH0 2 Cr,O— 4+ 14 HY -6 133+
beaker A in the figure on page 260 contains a platinum electrode immersed
in a solution 1 Min Fe*+ and 1| M in Fet*++ while beaker B contains a

platinum electrode immersed ina solution 1 M in CryO;—, 1 M in Crtt,
and 1 M in H+.

If a battery is made up with a strip of Cu in a solution of CuSO, in one
cell and a strip of Ag in Ag,SO, in the other cell, its voltage is 0.462 v
caleulated as follows:

Cu= Cugtt |} 2¢ —0.357 v
2Agt+ 2 =2 Ag +0.799 v

Cu+ 2 Agt = Cutt 2 Ag +0.462 v
This is referred to as a Cu | Cutt | Agt| Ag cell.
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Note, in this example, that doubling the number of moles of Agtin
the reaction, 2 Agt -2~ = 2 Ag, does not alter the voltage. The reason is
that the voltage is a measure of the work per electron.

Note, also, that the substance with the lowest (most negative) potential,
Ag* in this case, functions as the oxidizing agent. The Ag" half-reaction
has accordingly been reversed, resulting in its voltage being changed from
0799 to -1-0.799. As aresult, the sum of the voltages is positive (+0.462).
This illustrates how one can determine whether or not a certain oxidizing
agent will react with a certain reducing agent. 'The rule is this: If the sum
of the two potentials, written with the proper signs (sign of the potential of
the oxidizing agent is reversed), is positive, the two substances will react with
cach other, if it is negative, they will not react.

Will Cu reduce Sut+++ to Sn+t, being itself oxidized to Cutt?

Cu= Cutt -+ 2e” . —0.337
Syt 4 2 = Sntt +0.15
Cu L Snt+++ = Cutt 4 Sntt —0.19

The sum is negative. Reaction will not occur.

Application of the above rule to Tables 5 and 6 reveals these simple and
useful relationships:

Any reducing agent of higher potential will reduce any oxidizing
agent of lower potential. Any oxidizing agent of lower potential will
oxidize any reducing agent of higher potential.

Any reducing agent on the left will reduce {be oxidized by} any
oxidizing agent below itself and on the right. Tt will not be oxidized by an
oxidizing agent above itself and on the right.

Any oxidizing agent on the right will oxidize {be reduced by) any
reducing agent above itself and on the left. It will not oxidize a reducing
agent below itself on the left.

In the reaction, Zmn 4 Cut* = Zatt + Cu, Cutt functions as the
oxidizing agent and the half-reaction, Cu = Cut* + 2 ¢, proceeds to the
left. In the reaction, Cu 2 Agtez Cutt -2 Ag, Cu is the reducing
agent and the half-reaction, Cu = Cut + 2 e, proceeds to the right.
This means that the reaction, Cu = Cu*t + 9 e, is reversible, and, being
reversible, it can reach a state of equilibrium.

What is true of the reaction, Cu = Cutt ;- 2 e, is true of all redox
(oxidation-reduction) half_reactions. They are revérsible and can reach
a state of equilibrium. Tor reactions with a high positive potential, indicating
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ti_laf; the substanc.e is a strong reducing agent, the equilibrium is far to the
right. For reactions with a low potential (a large negative potential)

meaning that the substance is a strong oxidizing agent, the equilibrium is far
to the left.

Since the reactions are all reversible and can reach a state of equilibrium
- . - ?
they are written with conventional double arrows, Cuex Cut¥ + 2 e~

PROBLEMS

19.1 _ Calculate the theoretical voltage of each of the following cells
assembled in the manner shown in the figure on page 260. ’

(a) Zn|! M Zot+] 1 MNit | Ni
(b) Al| 1 M A+ |1 M Cu**| Cu
() Cu|1MCutt|1MHgt|Hg
(d) Pt|1 MFett, 1 MFett|1 M MnO,~, 1 M Mn++| Pt

19.2 State whether or not a reaction will occur when the following
are brought together in acidic 1 M solution at 25°C.

{a) MnO, and I~

(b} Crt*and Cutt

{¢) Sn*t+and HgPO,

(d) H,S {(at I atm) and Fet+
{e) Sn and Spt+++

Effect of change of concentration

SI.H.CC 'each half-reaction reaches a state of equilibrium, it follows that
the equilibrium, and, hence, the voltage, will change when the concentration
of a reactant or product is changed. Thus for the reaction

Fette==Fettt + e~ (—0.771 v}

an increase in concentration of Fet+ will shift the equilibrium to the right
thereby increasing the positive potential (decreasing the negative potential)’
If the concentration of Fet+ is reduced, the equilibrium will shift to the leﬂ.t
and the potential will decrease. If the concentration of Fet*+ is increased, the
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equilibrium will shift to the left and the potential will decrease while, if the -

concentration of FerH+ is reduced, the equilibrium will shift to the right and

the potential will increase.
The quantitative effect of change in concentration can be calculated

by the use of the Nernst equation,

. 2.303 RT1 [product]
W [reactant]

(1) E=E

In this formula E° is the standard potential of the half-reaction, E is its
potential under the particular condition of the experiment, 2.303 is the
constant for conversion from natural logarithms to logarithms to the base
10, R is the gas constant (with a value of 1.98 cal/mole X deg), Fis the faraday
{with a value of 28,060 calfvolt), n is the number of electrons transferred in
the half reaction, and T is the absolute temperature. Therefore, at constant
temperature, 2.303 RT/F will be constant for all reactions; its value, at
95°C, is 0.059 volts/mole. Thus Equation (1) takes the simplified form

0059 1 [product]
f {reactant]

E=F°

Since the product, Fet++ in the above cxample, is in the oxidized state
and the reactant, Fet™, is in the reduced state, the formula is comtnonly

written
0.059. [oxidized state]

E—E —
%8 [reduced state|

Suppose the concentration of Eet+ is 0.1 M and the concentration of
Fett+is 1.0 M.
0.039 1.0

= —0.771 — -1 log ol —0.771 — 0.059 = —0.830 v

If more than one reactant or more than one product is involved, each
species is included in the concentration term and, as in the standard equi-
librium formula, each is raised to a power equal to the number of moles that
react. Solid or liquid species are not included in the formulation and the
concentration of H,O is constant at 55.6 moles per liter. Thus, for the half-
reaction,

Cl-+3H0=ClO; 4+ 6 H + 6 e (—1.4'5 v)

B 0.059 . [ClO, |[H*]?
E=—145 - — log L]
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and for the reaction,
Zn(s) = Zntt 4 2 ¢ (0.763 v)

E=10763 — 0.059

log [Zn*]

Note that, if all concentrations are 1 M, the term [oxid]/[red] = 1.
Since log 1 = 0, the entire term,
—0059,  [oxid]

O8]

equals zero, and E = E°. ;
If Joxid] is less than 1 or [red] is greater than 1, making [oxid]/[red] |
less than 1, the log will be negative. As a result, the term, '
—0.059, [oxid]
1
8 Tred]
will be positive and E will be more positive than E°. This is exactly the

conclusion that was reached in our qualitative inspection. If the ratio of
[oxid] to [red] is greater than 1, the log will be positive, the term,

—0.059  [oxid] |
78 Tred] |

will be negative, and E will be less positive than E°.

PROBLEMS
19.3 Calculate the potential of the half-reaction, Zn = Zn*+ + 2 e,
when the concentration of the Zn*t ion is 0.10 M.

19.4 Calculate the potential of the half-reaction, Fet* = Fettt e,
when Fet+ and Fett+ are, respectively, 0.40 M and 1.60 M.

- Calculation of equilibrinm constants

The Nernst formula enables us to calculate the equilibrium constant
for the overall oxidation-reduction reaction. Thus, suppose we set up a cell
like the figure on page 260 with Br, — Br~ in one beaker and I, — I~ in the
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other, close the circuit, and allow the system to stand until the voltage drops -

to zero. The reaction, Br, + 2 =21, + 2 Br—, will then have reached a
state of equilibrium. When this point is reached, the potential generated by
the reaction, 2 Br— = Br, - 2 e~, will exactly equal the potential generated
by the reaction, 2I- =1, + 2¢.

But ‘
0.0.
B 1065 00 1og 1B
2 [Br—]?
and
_ 0,059, [I)
El= 0536 - ——1 "
2 BT
Then
0059, [Bry] 0.059, [L]
—1.065 — —1 = —0.536 — ——u L
9 8 [Br 5 o8 s
0.059(, [I,] [Br,] )
I —1 = 1.065 — 0.536 = 0,529
5 ( og BE og [Br? 0.52
(1]
0059, [IJ?
o = (1.529
& TBry]
[Br]®
L] x [Br-]* 0.529 x 2
= =18
log - [B:9] — 0,099
I Br-|?
But M is the equilibrium constant, K, for the reaction Br, |-

[IF]® x {Br]
21~ 2 Br- | I,
log K= 18
K =10
This means that the above reaction is practically complete to the right.
If we examine the calculations given above we will find that, for a
reaction at equilibrium,

# (difference in the standard potentials of the two half-reactions)
0.059

logK:_

and
A B°

K = 10005
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where # is the number of electrons gained or lost in each balanced half-
reaction and AE® is the difference between the two standard potentials.

PROBLEMS

19.5 Calculate the equilibrium constant for each of the following
reactions.

(a) Cly+ 2 Br-2 Cl 4 Br,

(b} 2 Fettt - 222 Fet+ + 1,

() CrO/— | 8 Sn + 14 222 Cr++ 4 3 Sp* 4+ 7 H,0

{(d} Zn -+ Cutte=Znt+ + Cu

Calculation of the potential of a
half-reaction from the potentials of other
half-reactions

We have learned that when two half-reactions are combined to give a

complete chemical reaction, the voltage of the couple is the sum of the two

voltages, due regard being given to the sign of each ¥oltage.

When the potential of a half-reaction is calculated from two other
half-reactions we must keep in mind that (1) the expulsion of electrons
requires encrgy, (2) that, since the potential of a reaction is a measure of
the work per unit charge, the total energy in electron-volts will be the
product of volts X electrons, and that (3) in any series of reactions the net
change in energy is the algebraic sum of the energy changes in all steps.

Thus, suppose we wish fo calculate the potential of the half-reaction,
BrO~ 4 4 OH- = BrOy~ + 2 H,O + 4 ¢, from the two half=reactions,
(1) and (2).

Reaction t ke Total energy
(1) 60H 4+ Br =DBrOy +3H,0-+ 6e —0.6lv 6 x —061=—366¢cv
@2 208 4B~ =30 +H,0 + 2¢ —076v 2x —076—= —152¢v
(3) 40H 4+ BrO =BrOy + 2 HO+ 4e¢ —0.535v —2.H4ev

If we subtract Reaction (2) from Reaction (1), taking proper note of signs,
we obtain Reaction {3). Note that, in Reaction (3), the total energy is
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—92.14 electron-volts. Since 4 electrons are given off per molecule of BrO—,
the potential, E°, in volts will be —2.14 + 4 or —0.535. _

When a balanced equation for a chemical reaction is obtained by combining
two half-reactions, the number of moles of each reactant must be chosen so
that the total number of electrons lost by the oxidized substance equals the
total number of electrons gained by the reduced substance; as a result, the
electrons cancel and no electrons appear in the final balanced equation. In
contrast, when a half-reaction is calculated from two half~reactions, the electrons
do not cancel. Instead, a chemical species common to the two parent half-
reactions is canceled. {In the example given above Br— ions are canceled.)
Every half-reaction must include electrons; if electrons are not included in
the balanced equation it is not a half-reaction; it is a balanced equation for a
chemical reaction. If electrons appear in the balanced equation it is a half-
reaction, not a chemical reaction; like all half-reactions, it will not occur
unless it is combined with another appropriate half-reaction.

PROBLEMS

19.6 Given the halfreactions:
$ 4 3 H,0 — H,SO, + 4 HV | 4e
H,S0, -+ H,O — SO, + 4 H+ - 2 &
Calculate E° for the half-reaction,
S+ 4HO = SO, | 8H++ 6

Solution: Add the two half-reactions, including the total energies,
cancel the H,S0;, and divide the total energy in electron volts by the
number of electrons in the final half-reaction.

E°=-—045v
E= —017v

19,7 Given the half-reactions:
Gl -4 3 HyO = ClOg= -+ 6 Ht 4 6 e~
2C = Cly + 2 &

Calculate E° for the half-reaction, & Cl, + 3 HyO = ClO;~ 4+ 6 HY 4 5 e
Solution: Divide the second equation by 2 to give

Clr=3Cl,1le B =-—13%v

Then subtract this equation from the first, including the total energies.

E°=—145v
E°=—136v
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Finally, divide the total final energy in electron volts by the number
of electrons in the final half-reaction.

19.8  Given the standard potentials (E°) of the following half-reactions:

Half-reaction E°
() M=Mt4 2 +0.80 v
() M=Mit+ 4 3¢ +0.70 v
(8) M 4 0 = MO + 2HF 4 +0.30 v

(4) Mt 21,0 = MOSF+ 4HY + 3¢~ +0.20v

Calculate the standard potential of the half-reaction in which M++ s oxidizea/

to MO+,
Solution: In this instance there are no two equations one of which
involves M+, the other MO+, each of which contains the same
species. So we must try to create two such equations. Inspection tells
us that if we subtract (1) from (2) we will obtain the halfereaction in
which M*+ is converted to M*++, We note that, in equation (3)
M**+is converted to MO, Therefore, if we add our newly-created
equation to (3} we will obtain the desired half-reaction.

19.9 Given the following standard potentials in basic solution:
BtO~ + 4 OH- = BrO,~ 4+ 2 H,0 + 4 e~  E°— —054 v
Brm 4+ 20H = BrO~+ H,0 + 2 e~ E° = —076+v

Wi_]l BrO- disp.roportionatc-to give Br~and BrOy~? If the answer is “yes,”
write the equation for the disproportionation reaction.

Solution: Disproportionation occurs when a substance undergoes a
redox reaction with itself. Some of the substance acts as a reducing
agent, some as an oxidizing agent. For disproportionation to occur the
potential of the half-reaction in which the substance functions as a
reducing agent must be higher than the potential of the half-reaction
in which it functions as an oxidizing agent. Inspection of the above
two equations shows that this requirement is satisfied; therefore,
disproportionation will occur.

The balanced equation for the reaction is obtained in the conventional
manner by multiplying the lower equation by 2 (to give 4 clectrons),
then subtracting it from the upper equation to give

3 BrO- =2 Br— + BrO4~

-
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19.10 Given the following half-reactions in acid solution:

Half-reaction E°
H,S=S +2HY 4 2e —0.14v
H,50, + HyO = H80; ++ 2H + 2 —0.40 v
28 + 3H,O =50, + 6HF +4¢ —0.50 v
S+ 4H,0 =30+ 8Hr+ 6e" —0.36v
S,05— + 3HO = 2H,8O, + 2HF + 4 —0.4025 v

Will H,50, disproportionate to give S and SO, —? Give the data upon
which your answer is based. If the answer s “yes,” write the cquation for
the disproportionation reaction. ‘

19.11 You are given the following half-reactions in alkaline solution:

Half-reaction E°
ClO,;~ 4+ 2 OH™ = ClO;~ + HyO + 2¢~ —033v
ClO- + 2 OH = ClO, + HO + 2~ —0.66
CIm +20H =ClO- + 4,0 +2¢ —0.89v
CI- =1Cl,+ le —136v

(2) Calculate the potential, E°, of the halfereaction, L Cl, + 6 OH- =
ClO, + 3 H,O + 5 e
(b) Will ClO— disproportionate to give CI~ and ClOy~? Show the
calculations that lead to your conclusion. If the answer is “yes,”
write the equation for the disproportionation. reaction.
19.12 In acid solution will H,PO, disproportionate to give PH, and
HyPO,? (Sce Table 5.)

19.13 Calculate the potential of the half-reaction,
PH, + 3 H,0 < HyPO, + 7 Ht 4 Te~

19.14 What oxidation state of chlorine will be formed when 1.0 M
ClO, is reduced with excess solid Mn(OH), in alkaline solution? (See
Table 6.)

19.15 Calculate the potential of the half-reaction,
Cl-+80H=2ClO/+4H,O+ 8¢

19.16 The mectal M has five oxidation states: 0, 2, 3, 4, and 5, which
are related by the redox potentials given below; the potentials for zinc, iron,
and tin are also included. Assume that all possible reactions are very rapid.
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Half-reaction E*°

A M=Mtrp2e +0.80
Zn = Zntt 4 2™ +0.76

B M=MHT43e +0.70
C MA+HO=MOH 4 2H +4¢ +-0.60
D Mt =M e +0.50
Fe = FetT - 2~ £0.45

E M+ 2H,O0=MO* + 4HF+ 5e~ +0.44
E o M +HO = MO | 2HF 4 2e” +0.40
G ML HO = MOH 4 21+ e +0.30
H M4+ 2HO=MO}+ 4HY + 3¢ +020
-Sn = Sntt + 2¢ +0.14 -

I MU 4 2H0=MOF+4HY + 2 4-0.05
J  MO™ + HO = MOyt + 2H + o —0.20

(a) What is the potential of the reaction
38t 2 MM 4+ 4 HO =3 Sn + 2 MOt 8 I+

{b) Will excess metallic Zn reduce M*+ to M?
{c} Will excess metallic Zn reduce M+ to M++?
d) Will excess metallic Zn reduce M+t to M?

(
(¢) What oxidation state of M is produced when I molal MO+ is
treated with

{1} excess metallic zinc?
(2) excess metallic tin?
(3) excess metallic iron?
(f) Will oxidation state +3 disproportionate to +2 and 57

{g) Show how E° for half-reaction H can be calculated by appropriate
combination of E®’s for

(1) half-reactions A and E.
(2} half-reactions D, G, and J.
(3) half-reactions J and F
(4) balf-reactions A, C, and J.
19.17 The following electrode reactions occur in a “dry” cell:
Zn=7Zntt + 2 ¢
2 NH," -+ 2 MnO, + 2 ¢~ = Mn,O, -} 2 NH, + ILO
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A certain dry cell contains 11.74 g of MnO, and 17.60 g _of NH,CI PI]l;s-
enough water to enable it to function properly. Th_e zinc can weighs
150 g. Calculate the maximum theoretical lifetime of this battery in ampere-

hours.

® 19.18 A cell is made up as illustrated in the figure on page 260 Wit}l. a
standard hydrogen electrode in beaker B. Beaker A contains Zn metal in
contact with a solution prepared by adding a large excess of Zn{OH), to
0.20 M NaOH. Calculate the theoretical voltage of the cell. Ky for
Zn(OH)g is 5.0 X 10777, Ky, for Zn(OH),— is 3.4 x 10720,

inst

When a natural radioactive atom decays, its nucleas loses cither an alpha
particle or a beta particle. An alpha particle has a mass of 4 atomic mass
units and carries 2 positive charges. A beta particle has the negligible mass
of an electron and carries 1 negative charge. ¥ follows, therefore, that when
an alpha particle is emitted, the mass number of the atom decreases by 4 and
the atomic number decreases by 2. The loss of a beta particle involves no
change in the mass number of an atom but an increase of 1 in its atormic
number. '

The mass numbers and atomic numbers of elements are represented
by the notation *33U in which the number above and to the left of the symbol
represents the mass number and the number below and to the left represents
the atomic number. Since an alpha particle has the same mass as the heliam
atom, it is usually represented as §He. The beta particle, since it is an electron,
is represented as_%; the —1 indicates that it has a single negative charge.

The reaction that takes place when an atom undergoes radioactive
decay may be represented by an equation of the following type:

226 __ 298 a
BBRa - ssRn ‘I“ 2HC
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This reaction tells us that when radium decays, an alpha particle (§I1e) is-

emitted and radon, with a mass number of 222 and an atomic number of 86,
is formed.
The reaction’
U — BNp + %

tells us that the uranium isotope with a mass number of 239 and an atomic
number of 92 emits a beta particle ( J¢) and is converted to neptunium,
whose mass number is 239 and atomic number is 93. It should be noted that,
in this reaction as in all decay and transmutation reactions, mass number
and charge are both conserved. Thus,

239 =239+ 0 and 92=93 -1

If the nucleus of an atom is bombarded by a certain particle such as
an alpha particle (#Hc), a beta particle ( %), a neutron (in), a proton (I},
or a deuteron (2D}, the bombarding particle may be captured by the nucleus.
As a result, the atom is converted into a new element or an isotope of the
otiginal element. The capture of the particle may or may not be accompanied
by the expulsion from the nucleus of some other particle. For example,
when nitrogen is bombarded by alpha particles, the nitrogen nucleus
captures one alpha particle, but, in so doing, it also ejects a proton ({H). The
product is an atom. of oxygen. The reaction involved in this transmutation
may be represented as follows:
uN  $He = 170 + IH
[This is referred to as a {&, p) transmutation, since an aipha
particle (3He) is captured and a proton (JH) is ejected.]
The rate of radioactive decay is generally expressed in terms of half
life. The half life of a radioactive nuclide is the time required for one half
of any given amount of the substance to decay.

PROBLEMS

20.1 A radioactive element A, whose mass number is 220 and atomic
number 85, emits an alpha particle and changes to element B. Element B
emits a beta particle and is converted to element C. What are the mass
numbers and atomic numbers of elements B and C? Of what elements are
B and C isotopes?

Solution: When A loses an alpha particle (4He), its mass number
decreases by 4 and its atomic number decreases by 2. Therefore,
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B has a mass number of 216 and an atomic number of 83. When B
emits a beta particle {_%), its atomic number increases to 84 but the
mass number remains the same, 216. Therefore C has a mass number
of 216 and an atomic number of 84. Isotopes have the same atomic
numbers but different atomic weights. Therefore, by consulting the
table of atomic numbers, we find that B is an isotope of bismuth while

C is an isotope of polonium.

20.2 Actinium, which has a mass number of 227 and an atomic
number of 89, undergoes radioactive disintegration as follows: Actinium
loses a beta particle and becomes radioactinium. Radioactinium loses an
alpha particle and becomes actinium X, Actinium X loses an alpha particle
and becomes actinon. For each of the 3 elements formed in the above series
of changes, give the mass number, the atomic number, and the symbol of the
element of which it is an isotope.

20.3 When boron (mass number 11, atomic number 5) is bombarded
with alpha particles the following changes take place:

B + alpha patticle = new element + neutron
[This is a (o, #) transmutation.]

What is the mass number and atomic number of the new element and in what
group of the periodic table will it fall?

Solution: The alpha particle has 2 positive charges and a mass of
4 amu. A neutron has no charge and a mass of | amu. Therefore,
the mass number of the new element is 14 (11 4 4 — 1}. Since the
boron nucleus picks up 2 positive charges, the atomic number, which
is the number of protops (positively charged units) in the nucleus, is
increased by 2. Therefore, the atomic number of the new elementis 7.
This means that the new atom has 5 electrons in the valence shell.
Therefore, it falls in group 5 of the periodic table.

204 Complete the following transmutation reactions, indicating, in
each case, the symbol, mass number, and atomic number of the element
formed:

(a} Be+iHe= . +1In

(b) BSi+ D= + ln
() igAl +on= . + iHe
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20,5 Complete the following transmutation reactions, indicating, in

cach case, what particle, if any, was ejected:

() N+ in=UB |
(b) Be+ 2D =1B 4
() HALY $He=2P 4

20.6 In the complete transformation of 28U to #fPb how many
alpha particles and how many beta particles are emitted for each atom of
206ph formed?

Solution: Since the mass number decreases by 32, 8 alpha particles

must have been emitted; this would have decreased the atomic number

by 16 units. Since the atomic number decreases by only 10 units,

6 beta particles must have been emitted.

20.7 In the complete radioactive decay of 1 mole of %3U to form
1 mole of a stable solid element as the end product a total of 156.8 liters of
helium gas (measured at STP) will be produced. In the course of this
complete decay 4 beta particles will be emitted for each atom of stable
clement that is formed. Give the symbol, atomic namber, and mass number

of the end product.

20.8 An isotope of neptunium, %INp, decays by alpha and beta
emission. A 0.0100 mole sample of this isotope, if allowed to decay com-
pletely, would form 1.792 liters of helium gas measured at standard con-
ditions. Six beta particles are given off in the radioactive decay for each
atom of stable product formed. Write one balanced nuclear equation
representing the overall decay process.

20.9 The nuclide 3Br decays with a half life of 18 min. How much
time will clapse before § of a starting sample of the nuclide has decayed?

Solution: 'The half life of a radioactive nuclide is, by definition, the
time required for one half of any given quantity of that nuclide to
decay. Since the half life of §¢Br is 18 min, at the end of 18 min one
half of the sample will have decayed and one half will remain. At
the end of another 18-min period one half of the remaining half will
have decayed and the other half of the half {or one fourth of the
original sample) will remain. At the end of a third 18-min period one
half of the remaining one fourth will have decayed and one half of that
fourth, or one eight of the original sample, will remain. That means
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that, at the end of 54 min, § of a starting sample of ¥Br will have
decayed.

20.10 When the radioactive element, A, decays to form the stable
product, B, it emits an alpha particle. If the half life of A is 64 days and its
atomic mass is 210, how many grams of A must you start out with in order
to have collected 1.68 liters of helium gas, measured at 0°C and 2 atm pres-
sure, at the end of 192 days?

20.11 2%Es and 22U both have 20-day half lives and both decay by
alpha emission. In each case the daughters are beta emitters with very long
halflives. If1 g of pure 20U and 1 g of pure 253Es were placed in an evacuated
22.4 liter flask at 0°C, what would the pressure be at the end of 20 days?

% 20,12 'The metal M is in Group ITA. A particular isotope of M decays
with a 20.0-day half life by alpha emission to form a product, X, whose
half life is so large that, for the purposes of this problem, it can be considered
to be non-radioactive.

Exactly 1.00 mole of MH,, with all M initially present as the isotope
described above, is placed in an evacuated 22.4-liter heavy-walled glass
container maintained at 0°C. Calculate the total pressure in the vessel at the
end of 40 days.

Solution: MHj is the hydride of 2 Group IIA element; therefore, it
is 2 solid. When M decays by alpha emission to form new element X,
this new element must fall in Group 0; it is a monatomic inert gas.
Therefore, the reaction that takes place is:

MH, (solid) = X (gas) + H, (gas) -+ He (gas)
Since 2 half lives are involved, § of the M will decay.

# 20.13 3Cl decays by beta emission with a half life of 40 min. Four
moles of HECl are placed in an evacuated 62.4-liter heavy-walled container.
After 80 min the pressure in the container is found to be 1650 mm of

mercury. What is the temperature of the container in degrees Kelvin?

® 20,14 When ordinary BF, gas is bombarded with neutrons, the boron
undergoes a (1, «} reaction but the fluorine is not affected. T'wo moles of
BF, gas contained in a 62.4-liter flask at 27°C are bombarded with neutrons
until half of the BF; has reacted. What is the pressure in the container,
measured at 27°C, when half of the BF; has reacted?
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# 20.15 When CaF, is bombarded with neutrons, the Ca atom captures
1 neutron and then emits 1 alpha particle, an atom of a new element being

formed in the process. The F atoms are not affected by the bombardment. -

A sample of CaF, contained in a 10-liter evacuated flask is bombarded
with neutrons until one half of the Ca has undergone the reaction described
above; the pressure in the flask, measured at 127°C, is then 1.105 atm. How
many moles of CaF, were originally placed in the flask?

# 20.16 A sample of water was a mixture of 'H,O, 2H,0, and *H,0;
it contained ordinary oxygen, atomic weight 16.00, but contained some of
each of the 3 hydrogen isotopes, *H (1.00 amu), *H (2.00 amu), and
H (3.00 amu). A total of exactly 1.00 faraday of electricity was required
to electrolyze the sample; the mixture of 'H, *H, and *H which was pro-
duced weighed exactly 1.75 g. On standing the *H all decayed according
to the reaction, 3H = 3He + beta particle. By the time all of the *H had
decayed a total of 1.5 x 102% disintegrations had been counted. Calculate
the mole percent of 2H,0O in the sample. (The Avogadro number is 6.0 x
1023,)

® 20.17 The isotope of hydrogen, tritium, represented by the symbol,
SH or T, forms the weak acid, tritium fluoride, TF, in which the T+ ion,
formed in the ionization reaction, TF== T+ -+ F, is equivalent in its prop-
erties to the H+ ion. Tritium undergoes slow radioactive decay according
to the equation

3H = 2He + one beta particle (—e)
A freshly prepared aqueous solution of the weak acid, TF, has a pT (the
equivalent of pH} of 1.50 and freezes at —0.372°C. If a 600-ml portion of
this solution were allowed to stand for 24.8 yr a total of 4.50 ¢ 1022 beta
particles would be emitted.

The molecular weight of TF is 22.0. 'The freezing point constant for
water is 1.86. The density of the above aqueous solution of TF is 1.0. The
half life of tritium is 12.4 yr.

On the basis of the above data and facts calculate:

{a) The ionization constant for TF.
{b) The numerical value of the Avogadro number.
® 20.18 You are given 2 sample of pure “ammonia” gas in which all

of the hydrogen that is present in the NHy molecule is the isotope of hydrogen,
tritium (T), with mass 3. The formula of this ammonia can then be written

NT,.
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It is 2 known fact that triti ioacti
ttium undergoes radioactive decay accord;
to the reaction: Y socordiug

iT'=3He + %

The ‘3Hc, like *He, is a monatomic gas. Write the equation for the chemical
reaction that occurs when the T in NT, decays.

In a series of precise experiments you observe that when a sample of
pure NT;, gas contained in a 1.00-liter sealed steel tank at 27°C and an
unknown initial pressure is allowed to stand until exactly half of the 3T has
fiecayed to *He, the pressure in the tank rises to 2.46 atm, (The temperature
is kept constant at 27°C.) Geiger counter readings show that, during the
intcrval from the start of the experiment until the pressure reached a value

pf 2.46 atm, a total of 4.0 x 1022 bety particles were emitted. Calcalate the
value of the Avogadro number.

# 20.19 A student is given a sample of ammonia gas. He knows it has
the formu?a NHj, that the nitrogen has atomic weight 14.0, and that the
};ydrogcn is part_ly the isotope of atomic mass 1.00 {(*H), and partly tritium
(*H or T, atomic mass 3.00). He knows the gas constant R. He is asked
to redetermine Avogadro’s number and to find the SHf*H ratio in the
sample.

He knows *H undergoes radioactive decay to 3e.

He observes that a 1.00 liter sample at 1.50 atm pressure at 27°C in-
creases in pressure to 3.75 atm on standing until all the 3H decays. During
this time 7.7 x 1022 disintegrations occur.

What does he calculate for the *Hf'H atom ratio and for Avogadro’s
number?

» 2.0.20 Caleulate a valpe for the Avogadro number using only the
following information.:

(2) the atomic weight of chlorine is 35.5

(b) 1.00 cc?ulomb of clectricity will cause 3.61 x 10~ g of chlorine
to be liberated from melted NaCl

(©) a quantity of radioactive material emits 9.40 % 105 alpha particles
per sec; the current which accompanies this radioactivity is 2.80 x
107 coulombs/sec,

» 2_0.21 The radioclement 2Na decays with a half life of 15 hours
according to the reaction, Na = mMg + %.
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(2) In how many hours will 25%; of a sample of {Na have decayed?
(b) What fraction of the sample will have decayed in 70 hours?

Solution: 'The rate of decay of any nuclide is represented by the
equation

i N, —Hk

%8N, 2303

in which N, is the number of moles {or the fraction of the total moles)
present at zero time (starting time), N, is the number of m‘oles (or the
fraction of the initial total moles) present at time ¢, and k is the dccay
constant for the particular decay reaction. The decay constant, k, is
numerically equal to 0.693 divided by the half lifc {¢5) of the particular

nuclide.

0.693
k=

fire
Using the above formulas, the problem can be solved.

®» 20.22 Sixty percent of a radicactive nuclide was found to have
decayed in 20 hours. Calculate its half life.

Many redox equations arc so easily balanced that they can be done quickly
by simple inspection. Thus, for the anbalanced equation, Al 4 Ht —
Al 4 H,, it is quite apparentythat the balanced equation will be 2 Al +
6 H* = 2 A"+ - 3 H,. In this equation, as in all balanced equations, the
number of atoms of each element on the left of the equality sign must equal the
number of atoms of each element, respectively, on the right and the net sum of
the charges on all ions on the left must equal the net sum of the charges on all ions on the
right. Whenever possible equations should be balanced by simple inspection;
there is no point in calling upon some refatively cumbersome balancing
routine when simple inspection will suffice.

For many redox equations the balancing is too involved to be ac-
complished, easily, by simple inspection. Such equations can be balanced by
the Method of half-reactions (called also the Jon-electron method) and by the
Method of change in oxidation number (also called Loss and gain of electrons)

281
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The method of half-reactions

Every redox reaction is, in reality, the sum of two half-reactions. Thus,
the overall reaction represented by the equation, Zn 4+ Cutt = Zn*t 4 Cu,
is the sum of the two half-reactions, Zn = Zott 4+ 2 e~ and Cutt - 2 e~ =
Cu. (It should be noted that each of the above half-reactions, like all half-
reactions, is balanced with respect to both number of atoms and net charge;
the charge balance is in each instance achieved by the use of electrons. The
presence of clectrons in a balanced equation means that it represents a half-
reaction.)

In the first of the above hilfreactions Zn is oxidized to Znt+; this
oxidation is attended by the loss of 2 electrons per atom of Zn; the fact that
electrons are lost is evidence that oxidation has occutred; oxidation may be
defined as a reaction in which electrons are lost. In the second half-reaction Cut+
is reduced to Cu; this reduction is attended by the gain of 2 electrons per atom of
Cu; the fact that elecirons are gained is evidence that reduction has occurred;
reduction may be defined as a reaction in which electrons are gained.

When the two half-reactions which constitute the redox equation
are added the fmal balanced equation is obtained.

Zon = Zntt + 2 e~
Cutt+2¢ =Cu

Zn + Cutt = Znt+t + Cu

Note that in this addition process the electrons, being on opposite sides
of the equality sign, cancel and hence do not appear in the final balanced
equation. The reason they cancel is that the total number of electrons lost
in the first half-reaction is equal to the total number of electrons gained in the
second half-reaction.

Balancing by the Method of half-reactions is based upon the concepts
and facts that have been cited above, namely, that:

1. Every redox equation is the sum of two balanced equations for two
half-reactions.

2. The two balanced half-reaction equations can be added to give the
final balanced redox equation provided the total number of electrons
lost in the half-reaction in which oxidation occurs is equal to the
total number of electrons gained in the half-reaction in which
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reduction occurs. This is equivalent to stating that, in any balanced
redox equation, the total number of electrons lost by the element,
or elements, oxidized must equal the total number of electrons
gained by the element, or elements, reduced.

In brief, balancing by this method consists of three steps:
First, the unbalanced skeleton equation is broken down into two
unbalanced skeleton half-reactions.

Second, each half-reaction is balanced.

Third, the two balanced half-reactions are added together to give
the final balanced redox equation; to do this, enough multiples of each
balanced half-reaction muwst, if necessary, be taken so that the total number
of electrons lost in one half-reaction equals the total number of electrons
gained in the other. As a result, all electrons cancel and do not appear in the
balanced equation. (Ifelectrons appear in the final equation itis not balanced.)
The following examples will illustrate the use of the Method of half-reactions.

Example 1. Balance the equation, H,SOQ, + MnO,~ = SO, +
Mn*+ (In acid solution.).

Step 1. Write the two skeleton half-reactions:
Hp80, = SO, (The reducing agent, H,SOQ,, is oxidized to
$0,)
MnO,;~ = Mntt (The oxidizing agent, MnO,, is reduced to
Mntt)

Step 2. Balance each half-reaction.

{a) To balance the O, a&d H,0.
H,S0, -+ H,0 = SO,
MnO,~ — Mn*+ + 4 H,0

(b) To balance the H, add H*,
H,S0; + H,O = SO, + 4 H*
MO, |- 8 H* — Mn*+ - 4 H,O

{¢) To balance the charge, add electrons.
H,SO; -+ HyO == SO, -+ 4 H+ 4+ 2 &
MnO,~ + 8 H¥ + 5 ¢~ = Mn't - 4 H,0

e
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Step 3. Add the two half-reactions. Since 2 electrons are lost in the first while
5 are gained in the second, and since the lowest common multiple of 2 and 5
is 10, we will multiply the first by 5 and the second by 2. When the resulting
equations are added, the 10 e~ on the two sides of the equations will cancel.
Also 16 Ht and 5 H,O will cancel from each side.

5 11,50, + 5 H,O = 5 SO~ -+ 20 Ht 4 10 ¢~
2 MnO,;~ + 16 0+ + 10 e~ = 2 Mo+ 4 8 H,0
2 MnO,~ 4 5 HL,SOq = 2 Mt + 5 SO, — + 4 H¥ + 3 H,O

Example 2. PS; + NOy~ = HyPO, + SO, + NO (In acid solu-
tion.)

Step 1. Write the two skeleton half-reactions.

NO;~ = NO

P,S,; = 4 H,PO, + 3 SO, {Note that the skeleton half-reaction
contains the minimum number of moles of product per mole of
reactant.)

Step 2. Balance each half-reaction.

(a) To balance the O, add H,O.
NO,;~ = NO 4 2 H,0
P,S, | 28 FLO = 4 H;PO, -+ 3 SO,

{b} To balance the H, add H*.
NO,~ -+ 4 Hf — NO + 2 H,0
P,S, + 28 H,0 = 4 H,PO, |- 3 SO, — |- 44 H+

(c) To balance the charge, add e~
NO,~ + 4 H* + 3 ¢ = NO 4 2 H,0
P,S, 4 28 HyO = 4 HyPO, 4 3 SO~ + 44 H+ + 38 ¢

Step 3. Add the two half-reactions. To balance the electrons multiply the
first equation by 38 and the second by 3.

38 NOy- + 152 Ht | 114 e~ = 38 NO | 76 H,0
3PS, | 84 H,0 = 12 H,PO, + 9SO, + 132 Ht 4 114 ¢~
3P,S, + 38 NO, | 20 Hf - 8 H,0 = 12 H;PO, -+ 9 SO, + 38 NO
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Example 3. Cu,S + SO, — = Cutt + H,S80, (In acid solution.)
Step 1. Write the two skeleton half-reactions.

CityS = 2 Cutt + H,SO,
SO, = H,50,
(Note that H,SOj 15 a product in each half-reaction.)

Step 2. Balance each halfereaction.

(a} To balance O, add H,0.
CupS + 3 H,O = 2 Cutt 4 H,S0,
SO, = H,50, + H,0

(b) To balance H, add H+
CuyS + 3 H,0 = 2 Cut* 4+ H,S0, | 4 LI+
SO ™ + 4 ¥ = H,50, | H,0

(c) To balance the charge, 2dd e~
CuS + 3 HyO = 2 Cutt + H,S0, + 4 H+ + 8 ¢
SO~ 4 4 Ht + 2 &= = H,80, - H,0

Step 3. Add the two half-reactions. To balance the electrons multiply the
sccond equation by 4.

CuS + 3 HyO = 2 Cut* + H,SO, | 4 1+ 4 8 e
480, + 16 H* + 8 &~ = 4 [,50, + 4 H,0
CuyS + 4 SO~ 4 12 H+ — 2 Cutt - 5 H,SO, - H,O

Example £, HS,0, + CrOy— = SO, | Cr(OH),~ (In basic
solution.)

Step 1. HS,0,~ =250,
CrO,;*i = CI'(OH),;“
Step 2.

(2) HS,0, + 4 H,O — 2 SO, —
CrO; = Cr(OH), (O is balanced)

(b) To balance the H add H* as in acid solution. However, since the
solution 1s basic, these H* ions will react with OII- ions to form
H,O. Accordingly, the procedure is to first add H to balance H,
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then have this Ht react with OH~ to form H,O, then add the E Step 3.
resulting 2 cquations. P 3 P4 a4 24 OH = 19 H2P02—ﬁ + 19 &=
HS,04~ + 4 H,0 = 250, + 9 HY P, + 1210 | 12¢ =4 PH, | 12 Ol
9R' 4 90OH" =9IH,0 4P, + 12 OH- + 12 H,0 = 12 H,PO,~ + 4 PH,
HS,0, + 9 OH- = 2 $§O,— + 5 H;O or |
P, + 3 OH- -+ 3 H,0 — 3 H,PO,~ + PH,
CrO; + 4 Ht = Cr{OH),~
4H,0 — 4 1+ + 4 OH- Example 6. HPOy~ + H,Op = PO, (In basic solution.)
Step 1. POy~ — PO, —
CrO;— + 4 H,0 = Cr(OH), + 4 OH~
_ H,0, = (IO, H*, and OH~ are generally not included in a
(¢} HS,04 +9O0OH- =230, +3H O+ 6¢ skeleton equation.)
CrO,— + 4 H,0 + 3 e~ = Cr(OH),” + 4 OH~ Step 2.
Step 3. ()  H,0 + HPO; = PO —
HS,0; +9O0OH =280+ 5H,0 +6e" 2 s ‘
o oo H,0; = 2 H,0
2 CtO; | 8 H;O + 6 &= = 2 Cr{OH),~ + 8 OH v ) HO 4 HPO. = PO 4 BH+
HS,04~ 1+ 2 CrO,~ + 3 HyO + OH- = 2 SO, + 2 Cr{OH),~ 3 Ht + 3 OH- = 3 1,0
Example 5. Py = H,PO,  PH;  (In basic solution.) HPO,~ + 3 OH- = PO,— + 2 H,0
Step 1. Py= 4 H,LO, (P, is oxidized) . H,0, + 2 H* = 2 H,0
P, = 4PH, (P, is reduced) 29H,0 =2H++2O0OH"
(Note that P, disproportionates.) .0, — 2 Ol
Step 2. B2
(a) 8 1,0 + P, = 4 H,PO,~ (C) HPO, +3OH =PO,~— 4+ 2H,0+ le"
| H,O, -+ 2 &= — 2 OH-
P, =4PH, Step 3.
)  8HO + P, =4HPO, |-8HF 9 PO, }+6 OH~ = 2 PO~ + 4 H,0 | 2~
8H+*4+30H =8H,0O H,O, +2e¢ =2 0H-
P, + 8 OH~ = 4 H,PO,~ . 2HPO, 4+ H,Op + 4 OH- = 2PO,— 4+ 4 H,O
P, + 12 H+ = 4 PII,
12 H,O = 12 H+ 4 12 OH- _ The method of change in oxidation
: number
P, - 12 H,0 — 4 PH, + 12 OH-
() By + 8 OH- =4 HPO,” + 4 e In any redox reaction the oxidation number of at least one element is
P, +12H,0 + 12¢7 =4 PH; + 120H increased, and the oxidation number of at least one element is decreased.
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Thus in the reaction

Sntt -+ 2 Pettt = Spt+++ + 2 Fett

tin is oxidized from an oxidation number of 2 in Sn¥t to 4 in Sttt Ag
the same time, iron is reduced from an oxidation number of 3 in Fet*+ to 2
in Fet*. Here Fe™+ is said to be the oxidizing agent, while Sn*+ is said to be
the reducing agent.

In the reaction

Cr,O; + 3 HL,S + 8 H¥ = 2 Cri+t | 3§ + 7,0

chromium is reduced from an oxidation number of 6 in Cr,O7— to 3 in~

Cr+++, while sulfur is oxidized from an oxidation number of —2 in H,S to
0in S. Cr,O,— is the oxidizing agent or oxidant, HyS is the reducing agent or
reductant.

In determining the oxidation number of a specific element in a given
molecule or ion the following rules are applied.

1. In an elemental ion, such as SniH+ or Sn—, the oxidation number
is equal to the charge on the ion. Thus, in Sottt+ and S— the
oxidation numbers of Sn and $ are, respectively, +4 and —2.

9. The oxidation number of any free clement, such as O, and §, is
Zero.

3. In its compounds or ions H has an oxidation number of +1. {The
exceptions to this rule are the metal hydrides such as CaH,, where
the oxidation number of His —1.)

4. In its compounds or ions O has an oxidation number of —2. (The
exceptions to this rule are OF,, in which the oxidation number of
O is 42, and the peroxides, such as HyO, and Na,Q,, in which its
oxidation number is —1.)

5. In any neutral molecule the total positive oxidation numbers equal
the total negative oxidation numbers. In an ion the charge on the
ion equals the difference between the positive and negative oxidation
numbers. In the compound, HyAsO,, the total oxidation number
for the four atoms of oxygen is —8; since the three hydrogen atoms
have a total oxidation number of +3, the oxidation number of
arsenic is 5. In the ion, CryO,—, the total oxidation number for
the seven atoms of oxygen is —14; since the charge on theion is —2,
the total positive oxidation number is +12, or +6 for each of the
two atoms of chromium.
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If we examine the two equations given above, and any other equation
that we wish to select, we will find that, in every balanced redox equation the
total increase in oxidation number of the element {or elements) oxidized equals the
total decrease in oxidation number of the element (or elements) reduced. Tn the first
of the two equations given above one atom of tin has its oxidation number
increased from +2 to 4-4; the total increase in oxidation number is 2. Two
atoms of iron each have their oxidation number reduced from +3 to +2;
the total decrease in oxidation number is 2. In the second balanced equation
three atoms of S are cach oxidized from an oxidation number of —2 in H,S
to O in free S; the total increase in oxidation number is 6. T'wo atoms of Cr
are each reduced {rot an oxidation number of 4-6 in Cr,O7 to +38 in Cri-H,
the total decrease in oxidation number is 6.

We will notice also, if we examine the two equations above and any
other balanced equation, that the sum of the charges of the ions on each of the two
sides of the balanced equation is the same. In the first equation the sum of the
charges on the one Sn'*+ ion and two Fett* ions on the left is +8; the total
net charge on the one Sni+++ ion and the two Fett ions on the right is also
-+-8. In the second equation the sum of the charges on the one Cr,O,ion
and the eight H* jons is 6. The total charge on the two Cr**+ ions on the
right is also +6.

The above facts {the equality in the total increase and decrease in
oxidation number and the equality of the net charge on the two sides of the
equation) are the bases for balancing redox equations by the Method of
change in oxidation numbers. 'The following examples will illustrate the use of
the method.

Example 7. Fett + MnO;~ = Fett+ 4+ Mntt {In acid solution.)

Step 1. Identify the element or elements oxidized and the element or
elements reduced. Note the initial and final oxidation number of each of
these elements. Note the change in oxidation number of each of these
elements.

I— Increase of l—l
+2 +7 +3 +2

Fett ++ MnQO, = Fet+ | Mntt
LDecrease of 5 -J

Fe is oxidized: Mn is reduced.
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Step 2. Select a sufficient number of moles of each reactant so that the total
increase in oxidation number equals the total decrease.

Total increase of 5 1
5 Fett 4 MnQ,~ = 5 Fet*F  Mnt+
L-Total decrease of 5 |

Step 3. Balance the charges on each side of the equation by adding the
necessary Ht ions. {If the solution is alkaline, the charges can be balanced
by adding O™ ions. If the solution is neutral, either H* or OH™ ions may
be added; H,O will provide these ions.) _

As the equation is written in Step 2, the net charge on the left (from
the five Fet+ jons and the one MnQ,~ ion) is -9 and the net charge on the
right {from the five Fet++ ions and the one Mn*+ ion) is 4-17. By adding
eight H jons to the left the charge on each side will be +17.

5 Fett 4+ MnO,~ | 8 Ht = 5 Fett 4+ Mntt

Step 4. Balance the hydrogen by adding H;O. If the work has been correct
ap to this point, balancing the H will also balance the oxygen and, thus,
balance the equation.

5 Fett 4 MnQ,~ - 8 HY == 5 Fettt 4 Mnt+ 4 4 H,O
Example 8. FeS + NOy~ = NO -+ SOy~ -} Fett+ (In acid solution.}
If mote than one element is oxidized (and/or reduced), the total increase

(decrease) in oxidation number is the sum of the increases (decreases} for
each element. The oxidation of FeS by HNOj illustrates such a reaction.

Increase of 1
I Increase of 8 —
12-2 45 42 46 3
Step 1. FeS + NO;~ = NO + SO,/ + Fettt
R

/Decreasc of 3> —
Total increase of 9 ——
O Total increase of 9 T
Step 2. FeS - 3 NOy~ = 3 NO + SO, - Fett+
/Total decrease of 9

Step 3. FeS + 3NO, + 4HY =3 NO + 80, | Fettt
Step 4. FeS + 3 NOyg~ + 4t = 3 NO + SOy~ + Fe**+ + 2 H,O
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. )Example 9. AsSy + NOy~ = NO -+ SO, + H,As0, {In acid solu-
on,

If more than one gram-atom of the element {or elements) oxidized
andfor reduced is present in a mole of reactant, the minimum number of
moles of product formed per mole of reactant must be given in Step 1
Thus, when As,S, is oxidized by HNOj to yield HyAsO, and SO, 0[1(:;
mole of As,S; will yield two moles of H3;As0, and three moles ot:1 Sé -
The successive steps in the balancing process will then be: L

Increase of 4
I— Increase of 24 7
+-6—6 18 -+10
Step 1. AsySq+ NOy~ = NO + 3 SO, ~- 2 H;AsO,

—+5 +2
-/Dacrease of 3L
Total increase of 28

Step 2. 3 AsySy |- 28NOy~ = 28 NO | 9 SO, -+ 6 H,AsO,
Step 3. 3 AsySq -+ 28 NOy~ + 10 H¥ = 28 NO + 9 SO~ + 6 H,AsO,

Step 4. 3 As,S; + 28 NOy— -+ 10 H* - 4 1,0 — 928 —
Sep s 3 s 0 NO + 9 SO, +

Example 10.  Cu,S + SO, — == $O, + Cut+ {In acid solution.)

When a given product (SO, in the above equation) is derived from two
(or more) separate sources, it should appear twice (or more) in the equation.

Increase of 2
) —— Increase of 6 —
+2-2 46 +4 44 44

Step 1. Cu,S + SO~ = SO, 4 SO, + 2 Cyt+
Decrease of 2

I_J:— Total mcerease Of 8*[__,%‘
Step 2. CuyS + 4 50, = 4 50, + SO, -+ 2 Cu
Total decrease of 8
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Step 3. CuyS 4 4SO, + 12HF =5 50, + 2 Cutt
Step 4. CuyS + 4SO | 12 H¥ = 5 SO, + 2 Cut+ + 6 H,0
Example 11. 1,0, + Cr(OH)( == CrO,~ (In basic solution.)

When H,O, is an oxidant it must be remembered that, in 11,0, the
oxidation number of O is —1 wheteas in all other oxygen compounds
{except OFy) its value is —2.

Seep 1. [ Increase of 3 —

2 43 16
H,0, + Cr(OH),~ = CrO,

(—4 per 2 atoms of O)
Decrease of 2 ——

r Increase of 6 T
Stf.’_p 2. 3 Hzoa + 2 CI(OH)4— - 2 Cl’04__

{—12 for 6 atoms}
Decrease of 6 ———— |

Step 3. 3 HyOy -+ 2 Cr(OH),~ + 2 OH~ = 2 CrO;~ (In basic solution
balance charge by adding OH")

Step 4. 3 HyO, + 2 Cr(OH)y~ + 2 OH~ = 2 CrO,~ + 8 H,O.

For most equations balancing by oxidation number change is generally
less time-consuming than by half-reactions. However, in those instances in
which the changes in oxidation numbers are not obvious it may be wiser to
use the method of half-reactions.

It should be emphasized that oxidation number is a concept which has
been created by scientists for the purpose of expressing, quantitatively, the
relative combining capacities of the constituent elements in a molecule or
ion. For most binary species and for most ternary species in which oxygen
is a constituent the calculation of the oxidation number of each constituent
element poses no problem when we, by definition, assign H a value of 4-1
and O a value of —2, and when we recognize that the sum of the oxidation.
numbers must always equal the net charge on the species. Thus, in MnO, the
oxidation number of Mn is obviously 4+4, in MnO,~itis +7, and in H;MnO,
it is 6.

To determine the oxidation numbers of the two elements in As,S; we
can look upon As,S, as having been derived from H,S, in which the oxidation
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number of $is —2. Accordingly, we can assume that, in As,S;, the oxidation
number of § is —2; the oxidation number of As will then be 4-3.
For species such as CrSCN* in the unbalanced equation

CrSCNH 4 BrO—
= Br— 4+ NOy~ + COy— + 8O~ + CtO; (In basic solution.)

the determination may be less obvious. As a matter of fact it really makes no
great difference what oxidation numbers are assigned to Cr, S, C, and N,
respectively, as long as their sum is equal to +2, the charge on the ion. We can,
if we choose, arbitrarily assign the values, Cr = 43,8 = —2,and N = —3.
The value for C must then be +4. As noted below the total increase in
oxidation number per mole of CrtSCN*+is 4-19.

r—2

+1 1
CrSCN* + BrO~ = Br- + NOy~ + CO;— + SOy + CrO,~
432443 +5 14 6 +6
e ———
0

+8

+3

+19

If we assign the values, Ct = +3, N = 45,8 = —2,and C = —4 the
total increase in oxidation number per mole of CrSCN* is again 419, as
noted below.

rE
+1 -1
CrSCN#+ 4+ BrO~ = Br— + NO;~ + CO;— + SO~ 4 CrO;—
+3—2—4-1-5 +? +4 —+6 46
=

o |
48
+3
+19

If we assign the values, Cr = 6, N= —4, C= —4, and $ = |4
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the total increase in oxidation number per mole of CrSCN*T is again 19,
as noted below,

r—27
1
CISCN'* 4 BrO- — Br+ NO;~ -+ COg~ + 804 + €Oy~
Hotd4d—d 5 44 46 46
i S— ]
+8
+2
0
+19

No matter what values we assign to Cr, S, C, and N, as long as the sum
equals +2, the total change in oxidation number per mole of CrSCN** will
always be +19 when the indicated products are formed, and the balanced
cquation, calculated by the 4-step process already outlined, will always turn

out to be
9 CrSCN*+ -+ 19 BrO- + 18 OH~
— 19 Br + 2 NO,~ + 2 CO;— + 2 S0, + 2 CrO;~ + 9 Hy0

PROBLEMS

Balance each of the following equations. (Ht, OH~, and H,O are not
included in the unbalanced equation; addition of these species, where neces-
sary, is a part of the balancing process.)

Group A. In addic solution.
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219 Sb,S, + NO;~ = NO, + SO, + Sb,O;

21.10
21.11
2112

21.13
21.14
21.15

SnS5,04 + MnO,~ = Mntt + SO, 4 Spttt+
FelIPO, + Cr,0,~ = Cr++ - HPO, + Fettt

Hg Fe{CN)g + ClO;~
= CI~ 4 NO + CO, + Fett+ | Hg+t

Fe,Fe(CN)g + NO;~ = NO  CO, + Fett+
FeAsS + NOg~ = NO + SO + HzAsOQ, 4 Fett+

CrSCN+ + Cl,
= Cl= + NOy~ + CO, + SO~ + Cr,0,

2116 Sn(S,04)y + FeS;0T = SO + SnttH | Fett
Group B. In basic solution,

2017 S+ Cloy7 =Cl-+ 8

21.18
21.19
21.20
21.21
21.22
21.23
21.24

CN~ 4 104~ =1+ CNO~

HPO,;~ + OBr— = Br— + PO~
Fe(OH), + O, = Fe(OH),

Ni{OH}, + OBr~ = Br~ - NiQ,
Co(OH), + Hy;O, = Co(OH),

Bi(OH); + Sn(OH),~ = Sn{OIL);— + Bi
SOy + Co{OH); = Co(OI), + SO, —

211

21.2

21.3
21.4
21.5
21.6
21.7
21.8

Sntt 4 Cetttt = Cettt + Soitt
H,S -+ Fet+t = Fett -+ §

H,50, + HNO; = NO + 50,
Br- -+ MnO,;~ = Mn'" + Br,
St - HyOp = Sotit

- 4 Fer+ = Fett 4 1,

Mnit + HBIO,; = Bitt + MnO,~
Mntt + MnO,~ = MnO,

21.25 Sa(OH), ~ + MnO,~ = MnO, + Sn(OH),—

2126 HS,0; + AsO, = AsOy + SO

2127 PH, | CrO; ~ — Cr(OH);~ + P

21.28 H,PO, + CNO- = CN- + HPOy~

2129 OCI- = CI- + ClO;~

2130 FcHPO, + OCEH = Cl- 4 PO~ - Fe(OH),

2131 CupSnS; + 5,05 = SO~ + Sn(OH);— + Cu(OH),
2132 V =H, + HV,O;7—
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Table 1 VAPOR PRESSURE OF WATER TN MILLIMETERS OF MERCURY

Degrees C Pressures
0 4.6
1 49
2 5.3
3 5.6

4 6.1
5 6.5
6 7.0
7 7.5
8 8.0
9 8.6

10 9.2

11 9.8

12 10.5

13 11,2

14 11.9

15 12.7

16 13.5

17 14.4

18 15.4

19 16.3

20 17.4

Degrees C Pressures
21 18.5
22 19.8
23 20.9
24 22.2
25 23.6
26 25.1
27 26.5
28 28.1
29 20.8
30 31.5
31 334
32 35.4
33 874
34 39.6
35 41.9
36 44.2
37 46.7
38 494
39 52.1
40 55.0

100 760.0
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| Table 2 IONIZATION CONSTANTS OF AGIDS AND BASES S - Table 3 COMPLEX ION EQUILIBRIA
' {In units of moles[liter, M) B
. Ligand Eqguation Instability Constant
Acetic HC,H,0O, 1.8 % 10-5 l
Arsenic H,AsO, Ey =25 x 10~ Ammonia Cd(NH,),**+ == Cd++ - 4 NH, 7.5 x 10-5 M¢
Ky =56 x 10-° Cu(NH)oH o2 Cott + 4 NH, 4.7 x 1079 M¢
; Hy = 3.0 1070 Co(NH,);+ == Cot+ 4+ 6 NH. 1.3 x 103 M®
Axsenious H,AsO, K, =6 x 1010 ale’ T == 3
Boric H,BO, K, — 60 x 10-10 ; Co(NH,)+++ 5> Cot++ + 6 NH, 2.2 x 105 M°
Carbonic H;CO, Ky = 42 x 10-7 . Ni(NH,)gH == Nitt + 6 NH; 1.8 x 100 M®
K, =48 x [0 : Ag(NH,),F = Ag* -8 \ft
. g+ - 2 NH, 59 x 10-* M
Chromic H,CrO, E,— 18 x 10~ g( 7 < 3 ]
Ky — 3.9 x 10-7 Zn(NH,)tt 22 Zntt + 4 NI, 3.4 x 10710 Mt
5 = 3.
Formic HCHO, 2.1 % 10—t Cyanide Cd(CN),— = Cd++ 4 4 CN- 1.4 x 1030 Art |
Hydrocyanic HCN 4.0 x 1010 Cu(CN),~ == Cut 4+ 2 CN- 5.0 x 10-% M2
Hydrofluoric HF 6.9 x 10+ Fe(CN);—~ g=Fett + 6CN- 1.0 x 10-% e
Hydrogen sulfide H,S K, = 1.0 x 16— Hg(CN),~— == Hg*+ + 4 CN— 4.0 x 1018 Mt
Ky = 1.3 x 10-18 : gl <= 18 :
Hypochlorous HCIO 3.9 % 10-% Ni(CN),— =* Nitt 4 4 CN- 1.0 x 10-22 M
Nitrous HNO, 4.5 x 10— - Ag(CN),- == Agt + 2 CN- 1.8 x 10-1 Af2
Oralic H,C,0, K, =38 x 102 Zn(CN){‘ <> Zntt 4 4 CN- 1.3 3 10-17 Ads
K; =50 x 10-¢ . - — -
Phosphoric 1,PO, K, — 7.5 % 108 Hydroxide Al{OH),~ == A+t 4+ 4 OH 1.0 x 10-34 At
Ky = 6.2 x 10-8 Zn(OH),—~ == Znt+ + 4 OH~ 3.3 x 10718 A0
K; =10 x 1012 Chleride HgCl— > Hgtt + 4 Cl- 11 x 10-12 A
Sulfuric - HgS0, K, =12 x 162 i — —> Y+t - —12 Af4
Sulfurous HZSO; Ki Z 1% 02 Bromide HgBr,~ == Hgtt 4 4 Br 2.3 x 1072 M
K, =56 x 108 Todide Hgl,— =2 Hgtt 4+ 41- 5.3 x 102 M
Ammonium hydroxide NH,OH 1.8 x 105 . e —3 At _ 10-1¢ Ag2
Water H, (')1 K- 18 1018 Thiosulfate Ag(SQO,,)‘E == Agt + 2 5,0, 3.5 x 1014 Af
KHBO = 1.0 x 1014
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Table 4

Aluminum hydroxide
Barium carbonate
Barium chromate
Barium sulfate
Barium oxalate
Bismuth sulfide
Cadmium hydroxide
Cadmium sulfide
Calcium carbonate
Calcium oxalate
Calcium sulfate
Chromium hydroxide
Cobalt sulfide
Cupric hydroxide
Cupric sulfide
Ferric hydroxide
Ferrous hydroxide
Ferrous sulfide
Lead carbenate
Lead chromate
Lead iodide
Lead sulfate
Lead sulfide

[Al+t+] x [OH-}?
[Bat+] x [COy—]
[Bat+] x [CrO )
{Ba*t*] x [50,]
[Ba*+] x [CyO,]
[Bit++]2 x [§—]°
[Cdtt] x [OH-]?
(Gt x [5-7]
[Catt] x [GO;—]
[Ca*tt] x [CO, ]
[Cat] x [SO,]
{Crt+] x [OH-P
[Cot¥] x [~
[Cutt] x [OH]*
[Cut*] x [$-]
[Fet++] x {OH-J
[Fet+] x JOH]?
[Fet+] x [87]
[PBH+] > [GO—]
[Pbt] x [CrO~]
[Pott] x [I-]F
[Pbt+] x [SO,]
{Pbt] % [5—]

SOLUBILITY PRODUGTS AT 20°C

5 x10-%
1.6 x 10-?
8.5 x 101
1.5 x 10-®
1.5 x 10-%
1 x 1070
2 x 1014
6 x 1027
6.9 x 10—

1.3 x 10—

10-5

1041
10—22
10-}9
10—36
10~38
10-18
10—17
10—13
IOv—IB
x 10—

1.3 x 10-®

4 x 1020

~
B
X X

[=2]

N — B R s e 0
in -
X X X X X X x X

&
oo
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Table 4 SOLUBILITY PRODUCTS AT 20°C-—gont.

Magnesium carbonate
Magnesium hydroxide
Magnesium oxalate
Manganese hydroxide
Manganese sulfide
Mercurous chloride
Mercuric sulfide
Nickel hydroxide
Nickel sulfide

Silver arsenate

Silver bromide

Silver carbonate
Silver chloride

Silver chromate
Silver iodate

Silver todide

Silver phosphate
Silver sulfide

Silver thiocyanate
Stannous sulfide
Zinc hydroxide

Zing suifide

[Mgtt] x [CGO; ]
[Mg++] x [OH"]*
[MgHt] x [C0,]
[Mnt+] x [OH7)*
[Mn++]) % [577]
[Heg, ] x [CI7)2
[(Hgtt] x [$-7]
[Ni++] x [OH]?
[NiH+] x 18]
[Agt] x {AsO—]
[Ag*] x [Br]
fAg'T? % [CO,)
[Ag®] x {CI]
[Agt]® x [CrO~]
[Ag*] x {10:7]
[Ag*] x [I7]
[Agt]® x [PO;]
[Agt]®* x [$7]
[Ag*] x [CNS-]
[Sntt] % [§-]
[Znt+} x [OH-]2
[Znt+] x [87]

4 x 10-®

8.9 x 10—
8.6 x 10-%

2 x10-%
8 x 101
1.1 x 1018
1 x 105
1.6 x 10-®
1 x 10-=
1 x 10
5 x 1%
8.2 x 1012
2.8 x 10730
1.9 x 1072
3 ox 10
8.5 x 107
1.8 x 1018
I x 10-%¢
1 x 19—t
1 x 10~
5 x 107
1 x 16—*°
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Tab
le 5 SOME STANDARD OXIDATION POTENTIALS IN ACID SOLUTION® Table 5 SOME STANDARD OXIDATION POTENTIALS IN ACID SOLUTION*——gont.

Half reaction E° Half reaction E°
1 K=K e 2.925 i 23 H0,22 Oy | 2HF + 2¢ —0.682
2 Ca(s)z==Catt + 2¢ 2.87 ' 24 Fett g Fedtt 4 e —0.771
3 Al AN 4 3e 1.66 : 25 Agls) = Agt 4 e —0.799
4  Mn(s) 2Mnt 4 2 e 1.18 26 NO, 4+ H,O0 2 NO,~ 4 2HY 4 e —0.80
5 H;O + H,PO, == H,PO, + H* + e~ 0.9 ‘ 27  Hg(s) == Hgtt | 2e ~0.854
6 Zn (s} gxZntt 4 2 e 0.763 ‘ 28 NO + 2H,O0z=NO,~ + 4+ 4 3e- —0.96 ‘
7 P (s) + H,O 2> PO, 4+ H* + e 0.51 20 NO + H,0 = HNO, + H* | e —1.00 |
8  HPO, + H;O 2 H;PO, + 2H* + 2e- 0.50 30 2Br 2By 2e —1.065
9  Crtt gz Crtt e 041 31 Mntt 4 2 H,O 2= MnQ, (5) + 4 HY | 2 1,23
10 H,PO, + H,O 2 H,PO, + 2H*  2¢- 0.276 32 2Crt - THO 2> Or0,— 4 14 HY 4+ G e ~1.33
. Ni{s) 2 Nitt 2 e- 0,250 33 20l z==Cl+ 2e —1.3595
12 Sn(s) 2= Sntt  2e- 0.136 3¢ Cl4 3H,0z=ClO; + 6 H 4+ 6e —1.45
I3 HS,0 + 2H,0 = 2H,80, + H+ 4 2 ¢ 0.08 | 35  Mntt + 4H,0 2 MnO,;~ + 8 + 5e- 1,51
4 H,(g)22H*+ 2e 0.000 ‘ 36  Mntt g2 Mot e —1.51
15 PHy; =P (s) + 3H* + 3 e —0.06 37  BitYt + 3H,O = HBrOy + 5+ - 2 & — 170
16 IS 2HY + 54 2¢ —0.141 38 2H,0z2H0,+2H"+2e —1.77
17 Spt+ = Snt+t - Qe . —0.15 ' 30 2F 2 F, 4 2e —2.65
18 H,80; + HO = 80,— + 4 H* | 2 e~ —0.17 40 2HFZF,+2H+ 42 —3.06
19 Cuf(s) == Cutt 4 2e —0.337
20 S{s) + 3SHO 2= H,S0, + 4H+ 4 4= —0.45
21 2120, 2e —0.5355 i . - . o . iy
B MO MO e B ey ok A W o A
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Table 6 50ME STANDARD OXIDATION POTENTIALS IN ALKALINE SOLUTION Table 6 SOME STANDARD OXIDATION POTENTIALS IN ALKALINE SOLUTION—ConE.
Half reaction E° Half reaction E°
1 Ca(s)+ 2 0H 2= Ca(OH), (s) + 2 e- 3.03 21 S-=S4i%e 0.48
2 H,+20H- = 2H,0 + 2¢- 2.93 22 Cr(OH), + 4 OH- 2= CrO,— + 4 H,0 + 3¢~ 0.13
3 K(s) =K'+ e 2.925 23 H,O, + 20H- 2= O, + 2H,0 + 2 ¢~ 0.076
4 Al(s) + 4 OH- 2 AOH), + 3¢ 2.35 ‘ 24 Mn(OH), () + 2 OH- <= MnO, (s) + 2H,0 + 2 0.05
5 P9+ 20H" 2 HPO,™ + e 205 26 Cu(NH,)," + 2 NH, 7= Cu(NHL),"™* + 0.0
] 6 H,PO,~ + 3OH- =2 HPO,— + 2 H,O 4+ 2e- 1.57 26 Mn(OH), (s) + OH- == Mn{OH), (s) + o —0.3
g; 7 Mn (s) 4 2 OH- == Mn{OH), {s) + 2 e~ 1.55 27 Co{NH,)gt+ 2= Co(NFL)+++ + e —0.1
8 In{s) + S—— 2 ZnS (s) + 2 e~ 1.44 28 Co(OH), (s) -+ OH- 2= Co(OH), (s) + €~ —0,17
9 Zn(s) + 4 CN- = Zn{ON),—— + 2 ¢~ 1.26 29 ClO; + 2 OH- 2= ClO;~ + H,0 + 2 e~ —0.33
10 Zn(s) + 4 OH- 2> Zn(OH),;~ -+ 2 e 1.216 30 IO 4 2 OH- 2> CIO,- + HyO + 2 o6
11 HPO;— + 30H- PO, — + 2H,0 + 2 e 112 31 40H 20, + 2H,0 + 4o —0.401
12 8,0, 4+ 40H 280, + 2H,0O + 2 e- 1.12 ' 32 -4 20H 2210~ + HO + 2 e 049
13 Zn{s) + 4 NH, 22 Zn(NH) M + 2 0o 1.03. 33 Ni(OH), (s) + 20H- 2 Ni0, (s) + 2H,0 + 2~ —0.49
14 OCON + 20H 2 CNO 4 H,0 + 2e- 0.97 ) 34 MnO,~ 2> MnO, + e —0.564
15 S50,— +20H- 2580, + H,0 + 2 e 0.93 P MnO, (s} + 4 OH- 2> MnO,~ + 2H,0 + 3¢ —0.588
16 Sn(OH);— + 2 OH == Sn(OH)y— + 2 ¢ 0.90 36 MnO, (5) + 4 OH- 2= MnO,— + 2H,0 + 2 & 0,60
17 PH; 4+ 30H-2P(s) + 3H,O 4 3e 0.89 37 ClO- + 2 OH- 2 GlO;~ + H,O + 2 ¢~ —0.66
18 Sn(s) + 4 OH" ¢ Sn(OH), + 2~ 0.76 38 Br 4 2 OH- 2 BrO- + HO + 2 ¢ —0.76
19 Ni{s) + 2 OH- 2= Ni(OH), (s) 4 2 - 0.72 39 9OH-=H,0, | 2¢ —0.88
20 Fe(OH), (s) + OH- 2> Fe(OH), (s) + e~ 0.56

40 G+ 20H-2ClO~ + H,0 + 2 e —0.89
\
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Appendix

Table 7 FOUR-PLAGE LOGARITHMS

N

0 1

2 3

4 5 6 7 ] g

e
b3

7

10

11
12
13

14
15
16

17
18
19

20

21
22
23

24
25
26

27
28
29

30

31
32
33

34
35
38

37
35
39

40

41
42
43

44
45
48

47
45
49

50

51
52
53

54

0000 0043

0414 0453
0792 0828
1139 11713

1461 1492
1761 1790
2041 2068

2304 2330
2553 2577
2788 2810

301¢ 3032

3222 3243
3424 3444
3617 3636

3802 3820
3979 3997
4150 4166

4314 4330
4472 4487
4624 4639

4771 4786

4014 4928
5051 5065
5185 5198

5315 5328
5441 5453
5563 5575

5682 5694
5798 5809
5911 5922

6021 6031

6128 6138
6232 6243
6335 6345

6435 6444
6532 6542
6628 6637

0086 0128

0492 0531
0864 (1899
1206 1239

1523 1553
1818 1847
2005 2122

2355 2380
2601 2625
2833 2856

3054 3075

3263 3284
3464 3483
3655 3674

3838 3856
4014 4031
4183 4200

4346 4362
4502 4518
4654 4669

4800 4814

4942 4955
5079 5002
5211 5224

5340 5353
5465 5478
5587 5599

5705 5717
5821 5832
5933 5944

6042 6053

6149 6160
6253 6263
6355 6365

6454 6464
6551 6561
6646 6656

0i70 0212 0253 0294 0334

0560 0607 0645 0882 0719
0934 0969 1004 1038 1072
1271 303 1335 1367 1399

1584 1614 1644 1673 1703
1875 1903 1931 1959 1987
2148 2175 2201 2227 2253

2405 2430 2455 2480 2504
2648 2672 2695 2718 2742
2878 2900 2923 2945 2967

0374

0735
1108
1430

1732
2014
2279

2529
2765
2089

10

3096 3118 3138 3160

3304 3324 3345 3365
3502 3522 3541 3560
3692 3711 3729 3747

3874 3892 3909 3927
4048 4065 4082 4099

3181

3385
3579
3766

3045
4116

3201

3404
3598
3784

3962
4133

8721 6730 6739 6749
6812 6821 6830 6839
6902 6811 6920 6928

6990 6998 7007 7016

7076 7084 7T093 7101
7160 7168 7177 7185
7243 7251 7259 7287

7324 7332 T340 7348

4216

4378
4533
4683

4829

4969
5105
5237

5366
5490
5611

5729
5843
5955

6064

6170
6274
6375

6474
6571
6665

6758
6848
6937

7024

710
7183
7275

7356

4232 4249 4265

4303 4409 4425
4548 4564 4579
4698 4713 4728

4843 4857 4871

4983 4997 5011
5119 5132 5145
5250 5263 5276

5378 539F 5403
5502 5514 5527
5623 5635 5647

5740 5752 5763
5855 5868 5877
5966 5977 5988

6075 6085 6096

6180 8191 6201
6284 6294 6304
6385 6395 6405

6484 6493 6503
6580 6590 6599
6675 6684 6693

6767 6776 6785
6857 6868 6875
6946 6935 6964

7033 T042 7050

7118 7126 7135
7202 7210 7218
7284 7292 7300

7364 7372 7380

4281

4440
4594
4742

4886

5024
5159
5289

5416
5539
5658

5775
5888
5999

6107

6212
6314
6415

6513
6609
6702

4208

4456
4600
4757

4900

5038
5172
5302

5428
5551
5670

5786
5899
6010

6117

6222
6325
6425

6322
618

6712

6794 6803

6584
6972

7059

7143
7226
7308

7388

6493
6981

T067

7152
7235
7316

7396
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4

5 6 7

8

9

12 3 4

)}
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%

o

55
56

57
58
59

60

61
62
63

64
65
66

67
68
69

70

71
72
3

74
75
76

77
78
9

80

81
82
83

84
85
86

87
88
89

90
81

93

94
95
96

97
98
99

7404
T482

7559
7634
7709

7782

7653
7924
7993

8062
8129
8185

8261
8325
8388

8451
8513
8573
8633

8692
8751
8808

8865
B9Z1
8976

9031

9085
9138
919

9243
9294
9345

9395
9445
09494

9542

9590
9638
9685

9731
8777
9823

0868
9912
9956
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Table 7 FOUR-PLAGE LOGARITHMS—cont.
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4

5

8

7

8 g

12 3456789

7412
7480

7566
7642
7716

7789

7860
7931
8000

BOGY
8136
8202

8267
8331
8395

8457

8519
8579
8639

8698
8756
8814

8871
89527
8982

5036

8090
9143
5196

9248
9269
9350

9400
9450
9469

9547

9595
9643
9689

9736
9782
9827

9872
8917
9981

7419
7497

7574
7649
7723

7798

7868
7938
8007

8075
8142
8209

8274
8338
8401

8463

8525
8585
8645

8704
8762
8820

8876
8932
8987

9149
9201

9253
9304
9355

9405
9455
9504

9552

9647
9694

9741
9786
9832

9877
9921

7427
7505

7582
7657
7131

7803

7875
7945
8014

8082
8149
8215

8280
8344
8407

8470

8531
B591
8651

8710
8768
8825

8882
8938
8993

9047

5101
9154
9206

9258
9309
9360

09410
9460
9509

9557

9605
9652
9699

9745
9791
9836

8881
9926
9969

7435 7443

7513

7389
7664
7738

7810

7882
7952
8021

8089
8156
8222

8287
8351
8414

B476

8537
8597
8857

8716
B774
8831

8887
8943
B9OB

9053

9106
9159
5212

9263
9315
9365

9415
9465
9513
9562

9609
9657
9703

9750
9795
8841

9886
9930
9974

7520

7597
7672
7745

7818

7889
7959
8028

8096
8162
8228

B293
8357
8420

8482

B543
8603
8663

8722
B779
B837

8893
8949
5004

9058

9112
9165
0217

9268
9320
9370

9420
9468
9518

9566

9514
9661
9708

9754
9800
9845

9890
8934
9978

7451
7528

T604
7679
7752

7825

7896
T966
8035

8102
8169
8235

B299
8363
8426

8488

8549
8609
8669

8727
B785
BB42

88498
BO54
9009

9083

9117
8170
9222

9274
9325
9375

9425
9474
9523

9571
9619

7459
7536

7612
7686
7760

7832

7903
7973
8041

8109
8176
8241

B306
8370
8432

B494

BG5S
B615
8675

8733
8791
BB48

8904
BYGO
§015

9069

9122
9175
9227

9279
9330
9380

9430
9479
9528

95768
9624

9666

9671

9713 9717

9759 4763
9805 9809
0850 9854

9894 9899
9939 9943
9983 9487

7466 T474
7543 7551

7619 7627
7684 7701
77167 7174

7835 7846

7910 TNT
7980 7987
8048 8055

8118 8122
8182 8189
8248 8254

8312 8319
8376 8382
8430 8445

8500 8506

8561 8567
8621 8627
8681 8686

8739 8745
8797 8802
8854 8859

8810 8915
8965 8871
9020 9025

o074 9079

6128 9133
9180 9186
9232 9238

9284 9289
9335 9340
9385 9390

9435 9440
9484 9489
9533 9538

9581

9628
9875
9722

9768
9814
9859

9903
9948
9981

727

9773
9818
9863

9952
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ANSWERS TO PROBLEMS

2.1(). 22.2; (b). —28.9. 2.2(a). 53.6; (b). —58.0. 2.3. —40°, 2.4 —34°. 2.5.73°.

3.1(a). 2.1 x 10%; (b). 7.6 % 10%; (c}. 2.7 x 10°%; (d). 1.8 x 10~%; (e). 1.0 x 10-1,
3.2(2). 2.69 x 1071; (b). 1.81 x 102 3.3(a). 2.2 x 107%; (b). 6.5 x 102,

4.2, 30.42/40.08. 4.3. 30.0. 4.5.89.7g. 4.6. 3225 4.7. 45.1g. 4.8. 89.9 tons.
4.12. 2.97 x 10%. 4,13, 742, 4.14. 345. 4.15. 7.53 x 10%8. 4.16. 6.83 x 104
4.18. 1.42 x 10%8, 4,20, 12.5%; of 24.1, 87.5% of 22.5.

5.5. CuO. 5.6. KCIO,. 5.7. Na,5,05 5.8. Yes. 5.9. Mg,P,O,. 5.10(a). PbyO,;
(b). Fe;0y; (2). CgHENO,: (d). CHO; (). KAIS Oy 5.07. 20/17. 5.18. 0.429,
5,19, 120/44, 5.20, 1.69. 5.23. 1.70. 5.24. 34, 5.26.2.9. 5.28.224 x 102, 530,
857 x 1074 532, 4.70 x 1022, 5.34. 12.0. 536. 17. 5.37. 30. 5.39. 162, 5.40.
1.56. 5.42. 3.72 x 107% 5.43. 545, 5.46. 6.62 x 1072, 5.47. 0.624. 5.48. 3.34,
5.50(a). 48.0; (b). 50.0. 5.51. 35.5. 5.52(a). 1.62; (b). 360; (c). 117; (d). 51.4; (e)-
2.44; (f). 0.36; (g). 10.2; (h). 1.47 x 10%%; (i). 8.82 x 10%%; (j). 58.5; (k). 1/6; ().
0.0697; (m). 14.4, 5.54.17.2. 5.55.B. 5.56.47.3. 5.57.XY, 5.58.184.5; MCl;
MClg.  5.59. 2Na — 40%; 2Na == 60%]. 5.60. XZ,; X,7;; 3.18 times as great,

6.2, 845. 6.3.12, 6.4.600, 6.5, 280,000. 6.7.575cc. 6.B.23.2cuft. 6.9.606°C,
6,11, 45.5 liters.  6.12.97°C. 6.13. 11.8 atm. 6.¥4. 645 mm. 6.15. 0.84 liter.

7.2.8.11. 7.5.0.817. 7.6.291. 7.8.24.5. 7.9.0.683. 7.11.236. 7.12.72.6. 7.14.
34.5. 7.15. 151, .17, 7.03. 7.18. 242, 7.20. 93.0. 7.22.34.9. 7.24. 449, 1.26.
73.2. 7.28.30. 7.30.48. 7.31.N, 7.32.31.6liters. 7.33.9.27. 7.34.21.8. 7.35.
30. 7.36. inversely proportional. 7.37.12.7 mm. 7.42.356. 7.43.177. 7.44.14.6.
7.45. 12, 746. 46, 7.47, 1.56. 7.48. 1.205 x 10%, 7.49. 170. 7.50. 2nd vol =
7.79 x 1st vol. 7.51. 22. 7.52. 2.2, 7.53. 0.195. 7.54. 80; infinite. 7.55. 2.4.
7.57.1.25. 7.59. 0.298 g/liter. 7.60. Oy; 1.07. 7.61. 0.13 gfliter. 7.62.06°C. 7.63.
134.4 atm. 7.64.0.089 gfliter. 7.65.20 mm. 7.66.0.50, 7.67.0.25. 7.68.148 mm.
7.69. 178 mum. 7.70. 1400 mm. 7.7 2220 mm. 7.72. 158, 7.76. 15 mm. 7.77.
3.1to ). 7.98.70. 7.79. 800 mm. 7.80. 300 mm; 1080 mm. 7.81.0320g. 7.82

311



312 Answers to problems

Callg.  7.83(a). 44; (b). 1.36; (c). 18; (d). 5.1; (e). 79.2; (). 9.82; (g). 1.45 % 10%.
(h). 8.20 x 10%; (i). 4.5; (). 0.22; (k). 160; (I). 5.35 x 10%; (m). 67.2 liters; (n):
17.5 liters; (0). 6.25; (p). 168 g; (q). 1.96; (r}. 81.8; (s). 200 mm; (). 1.0; (u). 0.272;
(v).0.82. 7.85.109cuft. 7.86.22 mm. 7.87.564. 7.88.239. 7.89.9.4, 7.91(a),
0.664 atm; (b). 1.34 atm. 7.92.1.0. 7.93.112mm. 7.95.0.020. 7.96(a). 740 mm:
(b). 0.017; (c). 68);. 7.97. 11.2 mm. 7.99. 1.02 fifmin. 7.100. As8isto 9. 7.101.
33.8. 7.102.36. 7.103. HF; HCL. '

8.8. 4.20; 2.40; 3.60. 8.9. 1.31; 0.524. 8.10. 190, 8.11. 8.48. 8.12, 12, 8.13,

3 X 65.0{22.4. 8.14. 1.13. 8.15. 0.921. 8.16. 2.47. 8.18. 163. 8.19, 39.4. 8.20,

74.8. 8.21.3.70. 8.22.37.8. 8.23. 142. 8.25. 3000; 6000. 8.26.421; 1050, 8.3p,
102 8.31. 124. 8.32, 55. 8.33. 548, 8.34. 226. 8.35. 2.17. 8.36. 27.9. 8137,
101, 8.38.80.0. 8.39.48.3. 8.40.41.1. 8.4L 154 8.42.400% 8.43.341. 844,
23. 845. 3MnO, = MngO; + O, 8.46. PbyO, + 4H, — 3Pb + 4 H,0. 8.47.
2 NaNOy = 2 NaNO, + O,. 8.48. Znl,. 850, 84.4. 8.51. N2NO, 8.52. 128,
8.54. 85.45. 8.55. 108. 8.56. 87.6; 127. B.57. 14.0; 107.9. 8.58. L, 8.5, Z; .
4HCl = Z1Cly + 2H,. 8.6L. 114 mm, 8.62.494 mm. 8.63.56. 8.64. 3.8, 8.65.
23310 1. 8.67.CyH,S. 8.68.2H,S — 2H, + S, 8.69. C;H,. 8.70. CH,, 8.71.
42.0. 8.72. C;Hy 8.73. CHy, 8.74. CHy. 8.75. CILS. 8.76. CHO, 8.77.
CyHyO. 8.78. CH,O. 8.79, C,HN,. 8.80.2 CjHy, + 150, = 4 CO, + 8 CO +
14H;O. 8.81.0.95; 0.050. 8.83.9.60. 8.84.15. 8.85.2CrCly + 3H, =2 Cr 4

6HCL 8.86. SiH, + 4 MyO; = SiO, + 2H,0 + 8 MO, (or 4 MyO,). 8.87. 25%.
3.88.0.58. 8.89.21%

9.4.2.72. 9.7.41. 9.8.13.6. 9.9.438. 910,445, 9,15 213 9.6, 46.1. 9.17.
58.0. 9.38. 10.7. 9.19.297. 9.20. 4.1. 9.21. 2.00. 9.22. 33.9. 9.23. 21.7. 624,
75, 9.25.1.5atm. 9.26.0.55. 9.27. 1.5 moles of CH,, 0.40 mole of CyHy, 1.1 moles

of C;H, 9.28. 13.6%,. 9.29. 16.7%. 9.30. 128 mm. 9.31. 0.19. 9.32. 19mm.
9.33.3.36. 9.34.21.6. 9.35. 83 mm,

10.2, 80. FO.5. 6000. 10.6. 10.8. 10.7. 0.059 calfg X deg. 10.8. 69. 10.9. 5.23.
10.10. 7316, 10,11, 7.6. 10.12, 1'37.X 104, 10.13. 73. 10.14. 1.5 g. 10.16. 228,
10.18. 66.2 keal.  10.19. 70.2 keal/mole. 16.20, 9850 g.

11.9. 11.7. 11.16.29, 111118, 11.12.12.5. 1L13.10.

12.6. 2.7. 12.7. 6.6, 12.8.0.27. 12.9. 85. 12.10. 457, 1211, 1.21 g/ml. 12.12.
1.83. 12.13. 1275, 12,17(a). 0.48; (b). 0.24. 12,18, 2.24, 12.19. 3atm. 12.20.
7.6. 12.21(a). 0.50; (b). 0.80. 12.23. 440, 12.24. 2.00. 12.25. 1.83. 12.27. 128;
4.59. 12.28.0.32. 12.29.1500. 12.30,66.0%,. 12.31.2.00. 12.32.750. 12.33.4.0.

12.34. 0.250; 0.125. 12.35. 2000. 12.36. 81.0%]. 12.37. 1490, 12.38. 27.6. 12.39.
0.050; 0.10. 12.40. 0,69,

13.2. 129. 13.4. 141. 13.5. 0.81°C. 13.6. 119. 13.7, 46, 13.8. 5. 13.9, 227,
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13.11. 5.88. 13.12. 4.3, 13.13. 192; 56.5%,.

14.3, 30.068. 144 32.042. 14.5. 78.108. 14.6. 16.042. 14.7. 70.13. 14.8. 28.054.
14.9. 58.124,

15.2. 0.2 PCl,;; 0.2 Cla; 0.8 PCl;. 15.5. 0.041 moles/]iter. 15.6. 267. 15.7. 13.,3.
15.8. 0.521. 15.9.30. 15,10.0.96. 15.11.0.1. 15,12, 0,63, 15.13.16. 15.14. 33.4,
15.16. 1.67. 15.18. 3.3. 15,19. 0.7. 15.20. 9.3, 15.24. 1.6 x 10—2. 15.28. 0.12,
0.92, 0.78. 15.29. 0.313. 15.30(a). 17.5; (b). 121atm. 15.31(a). 6.00; (b). 3.46.
15.32. 53, 14, 0.50. 15.33. B8.1. 15.34. 0,56 liter, 15.35(a). K; = 6.9 litfn:Sz/rIl(:)lt:S2
(o). Ky = 038 molefliter; Ky— 1/VKy 1536 [N,Og] = 0.9%; [N,Og] = 162;
[Nzo] = 1.44. 15.37. 077, 15.38. 0.23, 15.39. 32C]2; 1.2 x 102 liters [moles .
15.41, Kp = 0.0534 atm; K, = 1.33 litcrsjmole. 15.42. 1atm. 15.43. K3 =89 x
10-% atm®; Ko = 1.4 x 1077 moles?/liter®. 15,44, K, = 1.33 x 1072 mole/liter; Kp ==
0.665 atm. 15.45. 0.0343. 15.46. 1.15 x 10% mm. 15.47(a), 0.814atm; 0.372 atm
(b). L7Batm (0). 784, 0.438, 0.0876 atm. 15.48(a). Kp = Ko (B). Ky < Ko (©).
Kp e Kc-

16.2(2). 1.7 % 1075 M; (b). 1.8 x 105 M; (). 4 x 10710 A4, 16.3. 1.18 x 1072M.
16.5. 0.I0F; 1.36 x 103AL 16.7. 1.3 x 108 M. 16.10. 1.3 x 1071324 16.11.
39 % I007M. 16,13, 1.8 x 1075 16,14, 6.0 x 10-%M. 16.15. 8 x 1075, - 16.17.
1.3 % 1019 AL, 16.18. 5.0 x 107%; 2.8 x 10710, 8.4 x 10722 M. 16.20. 7 x 10-8 M.,
16.21. F of NaC,Hz0, = 18 % F of HCH,0,. 16.24(a). 1.7 x 1077; (b). 5.6 X
10710 16.25(a). 5.0 % 1071; (b). 5.0 x 10712, 16.28(a). 8; (b). 2.7; (). 2.5; (d). 10;
(). 113; (£). 3.4; (g). 11.6; (b). 12; (. 6.96. 16.31(a). 3.2 x 107%; (b}. 2.5 x 107
16.32(a). 4.0 x 1071 (b). 1.6 x 10-%. 16.33. (b). 16.34. 10%. 16.36.83. 1637,
75 % 1078 M, 16.38.0.11 M; 2.2 x 105 M. 16.39.6 x 1073, 16.41. 11.8. 16.42.
[OH-] = [HPO,—] = 6.2 X 1073 M; [PO, ] = 3.8 x 10-8 M; [H*] = 1.6 X 10772
M; H,PO; ] = 1.6 x 1077 M; [H,PO,] = 3.4 x 1077 M. 1648, 5x 1072 16.44.
5% 10-% 16.46(a). 4.6; (b). 9.6; (c). 3.7. 16.48. 4 x 1075 M. 1649, [Nat] =
[CN-] = 0.20 M; [NHy] — 0.20 M; [HV] = 3.5 x 10-12M; [OH~] = 2.9 x 103 M;
[NH,*] — 1.2 X 10-3M; [HCN] =17 X 10 M. 16.50.[Na*] — [C£,0,7] = 020
M; [NH,] = 0.20 M; [NH,+] = [OH] — 1.9 x 1072 M; [HCyH;0,] = 5.9 x 10~
M, [Ht] =53 x 101274, 1651 2.8 x 1072¢ A4, 16,53, 0.500F. 16.54. 12.15.
16.55. 132 NaOH, 868 HC,H;O,. 16.56. 2 volumes of NHj and 1 volume of HCL
16.57. 1 x 106, 16.58. 1.0 x 1076, 16.59. 9.0 x 10~% 16.61.0.36. 16.62.[HY] =
1.0 x 104 M; [OH-] = 1.0 x 10790 M; [H,C,0,] = 19 x 1075 M; [HC,0,7] =
1.2 x 1072 M; [C,Oy ]=76 % 10344, 16.63. 42.5. 16.64. 0.0048. 16.65. 0.0050
FHC, 0.020 FH,S0,. 16.66. 4.43/1.00, 16.68. 1.1 m] of HCI and 2.9 ml of water.
16.69. 0.70 F. 16.70. 0.30 F. 16.71(a). 11.3; (b). 7.7 x 102, 16.72(a). 11.2; (b).
7.1, 16.73.0.33. 16.74(a). [HI'] = 5.0 X 10~ M; [OH ]= 2.0 x 1070 M; [Nat] —
0,080 M; [A~] — 0.080 M; [HA] = 0.240 M; K = 167 x 107%; (b). [H*] =59
10-6 Af; [OH-] = 1.7 % 1070 M; [Nat] = 0.080 M; [CIF] = 0.010 M; [A~] = 0.070
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M; [HA] = 0250 M. 16.75. 1.53. 16.76(a). 2.3; (b). 124 1677 K,= 43
1079 K; and K, are very large. 16.78. 2.8. 16.79. 0.0022 atm. 16.80(=a). [IT,5] =
0.010 M; [HS™] = 0.020 M; [S™7] = 5.2 x 1078 M; [HY] = 5.0 x 1078 M; [OH] =
2.0 x 1077 M; [Nat] == 0.020 M; (b). [H,S] —0.10 M; [HS] = 4.1 M; [ =
2.2 x 1071 M; [NHy] = 0.90 M; [NH,* = 4.1 M; [H¥] = 2.4 x 107° M; [OH-] —
4.2 x 10~ M. 16.81(a). 4.0; (b). 0.050 mole; (¢). 8.0; (d). 0.26 mole. 16.82. 0.134,
16.83. 12; 3.3 x 1075 M; 2.14 M; 2.25 M; 4.2 x 105 AL, 16.84. 0.537. 16.85. 1,2,
16.86. 0.015F. 16.87. 1.07 x 109 M. 16.88. 1/3. 16.89(a). 0.1; (b). 1 pH unic
higher; (c). 10 times as greas, 16.90(a). 100 times as great; (b). Same value; (c). 4
units greater. 16.92, K = FX2[1 — X.

17.12. 0.04. 17.13. 800. 17.14. [.6, 17.15. 29. ¥7.16. 0.83. 17.17. 52.8. 17.I.
83.0. 17.19.0.50. 17.20.2.24. 17.21(a). 26.7; (b). 36.5; (c). 1.12 g/ml; (d). 0.0050;
(e). 0.060; (£). 0.25; (g). 0.04; (h). 0.90. 17.23.500. 17.24. Dilute 10.0 ml to 400 ml,
17.25. 1575 ml; 0.0100. 17.26(a). 4.7; (b). 11.5; {c). 12.3. 17.27. 1.6. 17.28. g6,
17.29.0.91.  17.30(a). 0.600; (b). 0.0120; (c). 0.0120; (d). 42.5 g; (e). 0.510; (£). 50.0.
17.32. 65. 17.33(a). Basic; (b). 0.52. 17.34. 0.5. 17.35. 1.15gNa, 13.74 g Ba.
17.36. 0.40. 17.37. 1.5%; 66.7. 17.38. 157, 17.40. 400. 17.41. 7.5. 17.42. 0.50,
1743, 70ml. 1744, 333, 17.48. 12.2, 17.49. 556,000. 17.50, 73.3. 17.51. 24.
17.52. 24, 17.53. 100. 17.54. 1.60 x 10~19. 17.55. 140. 17.57.55.9. 17.58. 386,
17.59(a). 9650; (b). 2.6 liters; (c). 1.2 x 10%8; (d). 800 ml. 17.60(a). Y,(SO,);; (b).
27; (). 189 cc, 17.61. MCl,. 17.62.114. 17.63.126.9. 17.64.65.4. 17.65.3.21 h,
17.67.51.0. 17.68.51.0. 17.69. 4.

18.3. 1.8 x 10718 A48 18.4. 1.5 x 10~32 45, 18.5. 1.78 x 10-18, 18.6. 4.92 x 10-5,
18.7(b). 8.8 x 10717; (c). 3.3 x 10°38; (d). 2.0 x 10719 (). 8.38 x 10-%. 18.9
3 X 107 M, 18.10(a). 4 x 107%8; (b). 2 x 10-8; (c). 6 x 10-24; (d). 2 x 1025,
18.11. 0.008 M. 18.12. 2 x 1078, 18.13. 1.7 x 10~7. 18.14. Fe(OH), ppts, BaSO,
not. 18.15. 9.3 x 108mole. 18.16. 9.85 x [0~4mole/liter. 18.17. 4 x 10-9,
18.20. 4.0 x 1075, 18.21.6.8 x 103, 18.22.1 x 10-19, 18.23.1.25 x 107, 18.24.
4 % 1075, 18.25. 1.6 x 1075, 18.26(b). 1.7 x 10°5; (d). 1.4 x 10-2; (e). 4 x 10-9,
18.27. 13.6 times as great, 18.29. 1 x 10974, 18.31, 1.9 % 1012, 18.32. 1 x 105,
18.33. 2.8 x 1078, 18.34. 2.0 x 108 M. 18.36. Cl~; 0.0096 M. 18.37(a). Agt;
L2 x 1075 M; (b). 4.0 x 1074 M; (c). 2.5 x 1075 M. 18.38. 2.7 x 10-SML. 18.39.
1.00 x 1078, 18.40. 10. 18.41. 99 x 103; 9.9 x 107S. 18.42. 7.68 x 10~
18.43(a). 4 x 1078 M; (b). 1.5 x 1073 M; (c). 1.0 x 107 M: (d). 1.15 x 10-2; (e).
L1 x 107%; (f). (111 x 107%) - (2.5 x 10-% mole; (g). 22.2. 18.44. 2.2 x 105,
18.45. 6.5 x 10711 Pb(CIO,),. 18.46(a). 1.000 M; (b). 2.000 F; (c). 0.78 M, 0.61 M;
(d). 1.0 x 10719, BaSO,. 18.48.2.0 x 1035 Af. 18.49. 0.10 M, 0.050 M and 8.3 X
1075, 1850, 10/1. 18.5L. 4.00 x 10710, 18.52. 1.3 x 10~°. 18.53. 11,100. 18.54.
200 x 1073M. 18.55(a). 3.8 x 10~%; (b). 4.0 x 107%; (c). 2.46 X 1075, 18.56 0%,
18.58. Yes; Mg(OH),. 18.59. M(OH),; 4.0 x 10~ M. 18.60. Reverse. 18.61(b).
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1.8 % 100M; (). 018 M; (d). 8.6 X 10°2M; (¢). 3.6 x 1073 M; (£). 5.7 % 1075;
(g)- 1.5 x 1077 M, 18.63. 0,66, 18.64. 3 x 1615, 18.65. 4.0. 18.66, No. 18.67.
11 M. 18.68. 1.3 X 10722, 18.69. 0.36 M. 18.71. 59 x 10 2M. 18.72. 12g.
18.73. l4g. 18.74. Mn{OH), precipitates, Mg{OH}); not. 18.75. 1.2g. 18.76.
4.6 x 108 M;no. 18.77.2.2. 18.78.6 x 1071 M. 18.79(a). 6.0 x 10728, (b). 1.2 x
101 liters. 18.80. 4 x 10-3. 18.81. 1 x 10-%; 1 x 105 13.82. 1.0 x 108 M.
18.83. 8.4 X 10719, 18.84. 6.4 » 10~17. 18.85.3.2 x 1076 18.86. 4.3; 1,0 x 1072
18.87.5 x 107 M. 18.88,0.35 M. 18.90(a). 2.5 X 10-% M; (b). (2.5 X 104+ Y) F.
18.91(). a =020, b=025 c=030; (b). 51.0. 18.92. Ga(OH),~. 18.93,
Co(NHype+. 18.95. 0.55. 18.96. 8 x 10-%. 18.97(a). L34 x 10-5M; (b). 3.9 x
10-8; (o). 1.0 X 1079; (d). 0.35 M. 18.98. 4.1 x 102 18.99. 3 x 10~70 18.100.
[Cd++] = 3.2 x WM, [CN-] = 2.7 x 1073 M, [HCN] = 2.7 x 10-°M; 0.051 F.
18.101{(a). 1.0 X 10736, (b). 1.5 x 1019, 18.102. 1 x 10~2M4. 138.103. [Ht]=
[Ag(CN)s] = L1 % 1074 7; [OH]1=93 x 1070 M;  [Agt] = 7.0 x 1071844;
[HCN] = 0.10 M; [CN-] =37 x 107 M. 18104, [H+]=0.1M; [OH]=1x
1018 Af: [CIF] = 0.05 M; [Cu(CN), ] = 0.05 M; [HCN] =5 x 1074 M; [Cut] =
6 x 10050; [CN-1=2 x 101204, 18.105. 4.5, 18.106. 1.0 x 10716 18.107.
3.4 % 107%  18.108. 7.85to0 12.3.

-19.1(a). 0.313 v; (b). 1.997 v; {(c). 0.517 v; (d). 0.739 v. 19.2(z). Yes; (b). Yes; (c).

No: (d). Yes: (¢). Yes. 19.3. 0.793v. 19.4. —0.806v. 18.5(a). 1 x 10'; (b).
§ % 108 (). 1 x 10120; (d). 1 x 10%7. 19.6. —0.36v. 19.7. —1.47v. 19.8.0.40 v.
19.10. Yes; 3H,80, = S + 250, + 4 Ht + H,0. 19.11a), —0.52v; (b). Yes;
3CIO~=ClO; +2CI". 19.12. Yes. 19.13. 0.140v. 19.14. 1. 19.15.
—0.56 v. 19.16{a).0.06 v; (b). No; (c). Yes; {d). No; (el). +2; (e2). 14, {3). +3;
(). No. 19.17.3.62. 19.18.1.2v.

20.2. 287Th; 23Ra; LIRn,  20.4(a). 12C; (b). 2P; (). PNa. 20.5(a). §He (b). Jn;
(c). In. 20.7.20Pb. 20.8. %INp = 205Bi + 84He + 6 _Ye. 20,10, 3555 20.11.
415 X 10-%atm. 20.12. 2.25atm. 20.13. 300°K. 20.14. 900 mm. 20,15, 0,22,
2036, 25. 20.F7(a). 7.3 x 107%; (b). 6.0 x 1088, 20.18. 6.0 x 10, 20.19. L5;
7.0 x 102, 20.20.6.5 x 1023, 20.21(a). 6.3; (b). 0.96. 20.22. 15 hss.
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A

Absolute zero, 43

Activity, 149, 168

Activity coefficient, 149, 168

Alpha particle, 273

Ampere-hour, 219

Ampere-second, 219

Amu, 12

Atomic mass unit, 12

Atomic weights, 11
International table, inside back cover
list, inside front cover.

Avogadro number, 13

B

Balancing redox equations, 281-295

by change in oxidation number, 287—

295

by method of half-reactions, 282-287

Beta particle, 273

Boiling-peint constant, 133, 137
Boyle’s law, 40
Bronsted-Lowry base, 168
Buffer action, 179

C

Calorie, 114

Celsius temperature, 4

Central ion, 250

Charles” law, 44

Chemical equilibrium, 142-165

Chemical formula, 20
calculations {rom, 20-39
determination, 137

Common-ion effect, 176
Complex ions, 250-257
Concentration, 120, 124
change, 263
effective, 149, 169
Constant:
boiling~point, 133
equilibrium, 145
freczing-point, 133
gas, 56
hydrolysis, 185
instability, 251
ionization, 166
ion product for H,0, 181
ion product for H,S, 245
solubility product, 226
Coulomb, 219

D

Dalton’s law, 63 .
Definite composition, law of, 20
Density:

of gases, 61

of solutions, 120
Diffusion, 72, 137
Disproportionation, 269

E

Empirical formula, 21
Endothermic reaction, 114
Equilibrium, 142

chemical, 142-165

constants, 145, 160, 166, 265, 300

formula, 146

ionic, 166-204
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318 Index:

Equivalent weight, 205-224

electrochemical, 219
Exothermic reaction, 114
Exponents, 7

E

Fahrenheit temperature, 4
conversion to Celsius, 4

Faraday, 219

Faraday’s law, 219

Formality, 168

Formula, 20
chemical, 20
determination, 24, 28, 137
empirical, 21

Formula weight, 21, 23

Freezing-point constant, 133

G

Gases:

density, 61

molar volume, 49-73

perfect, 46
Gas laws, 40-48
Graham’s law, 72, 137
Gram atom, 12
Gram-atomic weight, 12
Gram-formula weight, 21
Gram mole, 15
Gram-molecular volume of a gas, 49
Gram-molecular weight, 22

H

Half life, 274
Half-reaction, 259

calculating potential, 267
Heat:

of combustion, 114

of formation, 114

of reaction, 114

specific, 114

Heat capacity, 114

Henry’s law, 199

Hess’ law, 118

Humidity, relative, 71

Hydrogen sulfide equilibrium, 244-247
Hydrolysis, 185

Hydrolysis constant, 185

Ideal gas law, 56
Instability constants, 251
table, 301
Ion product constant:
for HyO, 181
for H,5, 245
Ionic equilibria, 166-204
Tonization constants, 166
table, 300
[onization equilibrium:
of H,O, 180
of H,S, 244
of NH,OH, 247

K

K,, 161
Kelvin temperature, 44
Kilocalories, 114
K,, 160

relation to K, 161

L

Laws:
Bovyle’s, 40
Charles’, 44
Dalton’s, 63
definite composition, 20
Faraday’s, 219
Graham’s, 72
ideal gas, 56
Raoult’s, 133
rate, 280

Ligand, 250
Logarithms, four place, 308-309

M

Mass number, 273
Metric units, 3
Mixtures, stoichiometry of, 100-113
Molality, 133
Molar heat capacity, 114
Molarity, 124, 168
Molar volume of a gas, 49-73
Mole, 18, 22, 23, 75
of electrons, 219
relationships in reactions, 74-113
Molecular weight, 21, 23
determination, 137141
Molecule, 21
Mole fraction, 63
Mole ratios, 21

N

Nernst equation, 264

Net equation, 191, 199
Normality, 207

Normal solution, 207
Nuclear reactions, 273--280

O

Oxidation, 206

Oxidation number, 206, 288, 292
Oxidation potentials, 258-272
Oxidizing agent, 259

P

Partial pressure, 62

Percent composition, 37

Percent strength of solutions, 120-123
Perfect gas, 46, 56

Indesx 3 1 9

pH, 182
Pound atom, 15
Pound-atomic weight, 15
Pound-formula weight, 21
Pound mole, 15
Pressure, 41

partial, 62

standard, 41

vapor, 68
PV = nRT, 56

R

Radioactivity, 273
Raoult's law, 133
Rate law, 280
Reactions:
incomplete, 142
nuclear, 273280
redox, 206
reversible, 142
Redox equations, balancing, 281-295
Reducing agent, 259
Relative humidity, 71
Rounding off numbers, 25

5

Salt bridge, 261
Significant figures, 26
Solubility products, 225-257
and complex ions, 250
and equilibria of weak acids, 248
and HyS equilibrinm, 244
and NH,OH equilibrium, 247
Solutions, 120
density, 120
formality, 168
molality, 133
molarity, 124-132, 168
normality, 205
percent strength, 120-123
Specific heat, 114
Standard electrode potentials, 261
table, 504




3 20 Index

Standard pressure, 41 U
Standard temperature, 44
Stoichiometry, 74-113 Units, metric, 3
of mixtures, 100-113
STP, 44
Symbol, 14 v
Vapor density, 137
T Vapor pressure, 68
table, 299
Temperature:
absolute, 43
Celsius, 3 w
Fahrenheit, 4
Kelvin, 44 Water, ionization equilibrium, 180

standard, 44
Ton atom, 15
Ton-atomic weight, 15 z
Ton-formula weight, 22
Ton mole, 15 Zero, absolute, 43




Actinium
Aluminum
Americium
Antimony
Argon
Arsenic
Astatine
Barium
Berkelium
Beryllium
Bismuth
Boron
Bromine
Cadmium
Calcium
Californium
Carbon
Clerium
Cesium
Chlorine
Chromium
Cobalt
Copper
Clurium
Dysprosium
Einsteiniwm
Erbium
Europium
Fermium
Fluorine
Francium
Gadolinium
Gallium
Germanium
Gold
Hafnium
Helium
Holmium
Hydrogen
Indium
Todine
Iridium
Iron
Krypton
Kurchatovium
Lanthanum
Lawrencium
Lead
Lithium
Lutetium
Magnesium
Manganese

*Mass number of isotope of longest known half-life.

International Atomic Weights

Atomic
Symbol  Number
Ac 858
Al 13
Am 95
S5b 51
Ar 18
As 33
At B85
Ba 56
Bk 97
Be 4
Bi 83
B 5
Br 35
Cd 48
Ca 20
Gt 98
G 6
Ce 58
Cs 55
al 17
Cr 24
Co 27
Cu 29
Gm 96
Dy 66
s 99
Er 68
Eu 63
Fm 100
F 9
Fr 87
Gd 64
Ga 31
Ge 32
Au 79
Hf 72
He 2
Ho 67
H 1
In 49
I 53
Ir 77
TFe 26
Kr 36
Ku 104
La 57
Lr 103
Ph 82
Li 3
Lu 71
Mg 12
Mn 25

Atowmic
Weight
227%
26,9815
243% -
121.75
39.948
74.9216
210*
137.34
247*
9.0122
208.980
10.811
79.909
112.40
40.08
251%*
1201115
14012
132,905
35,453
51,996
58.9332
63.54
247 #*
162.50
254
167.26
151,96
257%
18.9984
223%*
157.25
69.72
72.59
196.967
178.49
40026
164.930
1.00797
114.82
126.9044
192.2
55,847
83.80
260*
138.91
256%
207.19
6.939
174.97
24312
54,9381

Atomic =~ Atomic |
Symbol  Number Weight
Mendelevium Md 101 256%

Mercury Hg 80 200.59
Molybdenum Mo 42 95.94
Neodymium Nd 60 14424
Neon Ne 10 20.183
Neptunium’ Np 93 237%
Nickel Ni 28 58,71
Niobium Nb 41 92.906
Nitrogen N 7 14.G067
Nobelium No 102 255%
QOsmium Os 76 190.2
Oxygen O 8 15.9994
Palladium Pd 46 105.4
Phosphorus r 15 30.9738
Platinum Pt 78 195.09
Plutonium Pu 94 242%
Polonium Po 84 210+
Potassium K 19 39,102
Praseodymium  Pr 59 140,907
Promethium Pm 61 F45%
Protactinium Pa 91 231*
Radium Ra a8 226%
Radon Rn 86 222%
Rhenium Re 75 186.2
Rhodium Rh 45 102.905
Raubidium Rb 37 85.47
Ruthenium Ru 44 101.07
Samariwm Sm 62 - 150.35
Scandium

Selenium

Silicon

Silver

Sodium

Stroatinum

Sulfur

Tantalum

Technetium

Tellurium

Terbiam

Thallium

Thorium

Thulium

Tin

Titanium

Tungsten

Uranium

Vanadium

Xenon

Ytterbium

Yttrinm

Zinc

Zirconium



