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PREFACE

The numerous advantages of using semimicro amounts of
material in qualitative analysis are now generally recognized.
Among these are: greatly increased sharpness of separations, since
adsorption of ions is much decreased when only small precipitates
are involved and filtration is replaced by centrifugation; astonish-
ingly small amounts detectable by an average student; accomplish-
ment of nearly twice as much work in a laboratory period; and
greatly reduced cost of laboratory instruction.

Hitherto the goneral adoption of small-scale analysis has been
retarded by lack of reliable procedures. If the average student
is to remain interested and enthusiastic, he must be furnished
laboratory directions which are precise and which he finds work
in practice. This book is planned to furnish such directions and,
at the sa~—e time, to teach the maximum amount of inorganic
chemistry that can be absorbed in the allotted time.

The methods preseribed in the text have been gradually evolved
during a period of six years:. They have been thoroughly tried out
on large classes and found to give exceptionally good results. Two
features are, so far as we know, entirely new. These are analysis
for anions by elimination, and analysis both of cation Group III
without removal of arsenate and phosphate and of cation Group
1V without use of the rather unsatisfactory reagent, ammonium
carbonate. It has been demonstrated that, after a student has
mastered the details, he can make an anion analysis with surprising
accuracy in a comparatively short time. It is obvious that the
time required for a cation analysis can be reduced nearly one half
by elimination of the tedious special procedures for precipitation
of arsenic from arsenic acid in Group II and removal of phosphate
before analyzing for Group III.

Experience has shown that accurate manipulation is essential
to good results. For this reason a special section is devoted to
semimicro technique and all laboratory instructions are given in
very full detail. The chemistry of each procedure is discussed
fully in notes. Use is made of only a few organic reagents, which
have been found valuable in changing possible uncertainty into
relative certainty.
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vi PREFACE

Recent views regarding the structure of matter have been
included as far as it scems absolutely necessary to acquaint the
elementary student with these views.  Probably at no period since
its beginning has chemistry undergone such rapid and far-reaching
change as within the last decade. It is our opinion that the
beginning student should acquire the modern viewpoint even if
he is not yet ready to comprehend all its details.

The formulation of many compounds will be found decidedly
different from that in most texthooks.  For this we offer no apolo-
gies; we merely state that a careful attempt has been made to
formulate chemieal compounds as modern investigations show them
to be.

Acknowledgments are due to many authors whose works have
been consulted in the preparation of this book. Among these,
special mention should be made of Feigl's Tiipfelreactionen, second
edition, and Curtman’s Qualitative Analysis, a model of organiza-
tion of material.

Dr. D. W. Pearce has contributed generously of his time in
reading the manuseript and has made many valuable suggestions.
To Dr. R. I'. Newton we owe certain important modifications of the
chapter on redox reactions. We are deeply grateful to both these
colleagues.

To Dr. W. M. Latimer, editor of this series of texts, we are also
deeply indebted both for many helpful eriticisms and suggestions
and for permission to make free use of the values of equilibrium
constants and molal potentials given in his recent book, Oxidation
Potentials.

ArtHUrR R. MIppLETON

Joun W. WILLARD
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CHAPTER 1
THE USE OF UNITS IN CHEMICAL CALCULATIONS

The numbers dealt with in scientific calculations arc nearly
always concrefe rather than abstract. This means that a wunit
becomes part of each number and must be earried algebraically
through all the operations to which the number is submitted
arithmetically. Nearly all chemical problems state clearly the unit
of the answer. The first step in the solution should be to note and
set down this unit. If an algebraic equation containing the units
of the data in the problem is set up so that it gives the unit of the
quantity to be found, the same operations performed on the num-
bers will give the correct answer.

Before one begins to use these units, their nature and origin
should be understood. This is important because some of them (for
example, mass and weight, cubic centimeter and milliliter) are
frequently interchanged although they are not identical.

THE CENTIMETER-GRAM-SECOND SYSTEM

This is the system of units used exelusively in exact scientifie
work.

The centimeter is 0.01 of the standard meter, the distance
between two marks on a bar of platinum-iridium preserved at the
International Bureau of Weights and Measures near Paris. This
distance was intended to be one ten-millionth of the distance from
the equator to a pole of the earth. More acceurate subscquent
surveys have shown that it is slightly less.

The gram is 0.001 of the mass of the standard kilogram, a picee of
platinum-iridium preserved at the International Bureau. It was
intended to equal exactly the mass of a cube of water 10 em on an
edge at its temperaturc of greatest density, 4°C. Actually it
wetghs 0.027 g more, since the maximum absolute density (at 3.98°)
of water has been found to be 0.999973 g per em?.

The second is ggigy Of the siderial day, the interval hetween
successive arrivals of a certain fixed star at a given meridian of the
earth.

3



4 UNITS IN CHEMICAL CALCULATIONS [CraPr. 1

In the chemical handbooks all the important physical and
chemical units are tabulated together with the most probable value
of each and the probable absolute exactness of the value given.

MASS, WEIGHT, DENSITY, AND SPECIFIC GRAVITY

Mass is the quantity of matter in an object and is constant.

Weight is the measure of the force (unit, dynes) by which a given
mass is attracted toward the center of gravity of the earth. This
force varies with location above or below the surface of the earth and
also, since the earth is not a perfect sphere, with location between
the equator and the poles., It varies from about 978 dynes per
gram at the equator to about 983 dynes per gram at the poles. At
the Bureau of Standards in Washington, D.C., it has the value
980.097 dynes per gram. (A dyne is that force which imparts to a
mass of 1 g an acceleration of 1 cm per second per second.)

Weight = mass X %%’ (1)

in which g has values varying about 980.

When a mass is weighed, both it and the counterpoising weights
lose weight equal to the weight of air they displace; and the weight
of air varies from day to day. Determination of the exact mass of
an object involves several corrections of its weight, although the
sum of the corrections is relatively very small. It is customary, in
all but work of the highest precision, to use the two terms “mass”’
and ‘‘weight”’ interchangeably, since gravity has a constant value
at any particular place. Equation (1) above becomes, for that
place,

Weight = mass X a constant. 2)

Density is mass per unit volume and its unit is g/em3. The
density of water at 4° is taken as 1 in the C.G.8. system, although its
absolute maximum density (3.98°) is 0.999973.

Specific gravity, or relative density, is the ratio of the weights of
equal volumes of a substance and a standard substance under like
conditions of temperature, pressure (barometer reading), and value
of gravity. Being the ratio of two weights, it has no unit. Water
at 4°C. is the usual standard of comparison for liquids and solids.
Gases are compared with hydrogen, with air, or with oxygen. Since
the density of water at 4°C. is taken as 1, specific gravities become
practically identical with densities at that temperature.
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The expression D20°/4° (vac.) = 0.3448 g/cm? for a 309, HCI
~olution, of which the specific gravity 1.1492 was measured, means
that the specific gravity which was measured at 20°C. has been
caleulated to compare with the vacuum weight of 1 cm? of water at
4°C., which is assumed to be 1 g. Specific gravity has thus been
calculated into the density (weight per em?®) of the HCI in the solu-
tion. The chemical handbooks contain tables which give the rela-
tions between specific gravity, density at 4°C., and composition, for
various solutions.

UNITS USED CHIEFLY IN CHEMISTRY

Chemical calculations are frequently based on the number of
particles in a given volume. This is particularly true of applications
of the Equilibrium Principle or Law of Mass Action. For such
calculations, commonly used weight units are the following:

Gram atom, the number of grams equal to the atomic weight of
the substance (for example, 16.00 g of oxygen, 1.0081 g of hydrogen,
107.88 g of silver, 35.46 g of chlorine). Iach weight is 1 gram atom
of the element.

Gram mol, or simply mol, the number of grams equal to the
molecular weight of the substance (for example, 32.00 g of oxygen,
2.0162 g of hydrogen, 70.92 g of chlgrine).

Gram ion, the number of grams equal to the sum of the weights
of the atoms in an ion (for example, 1.0081 g of H*, 60.00 g of CO,~,
96.06 g of SO4).

Gram equivalent, or simply equivalent, the number of grams of
an atom or an ion which will displace or react with 1.008 g of
hydrogen or with 8 g of oxygen. In general it is the gram atom or
the gramion divided by the valence of the ion (for example, 26.97/3 g
of Alt3 24.32/2 g of Mg*+, 211.888/4 g of [Fe(CN)sl~¥). How-
ever, the number of equivalents in a mol may vary according
to the reaction the molecule undergoes. Compare problem 1,
page 9.

Concentration is weight per unit volume. The standard unit of
volume is the liter, defined by the U. S. Bureau of Standards as ‘“ the
volume occupied by a quantity of pure water at 4°C. having a mass
of one kilogram”. Since the liter is derived from the unit of mass
instead of the unit of volume, its subdivisions are, strictly, milliliters
instead of cubic centimeters. Actually 1 liter equals 1000.028 cm?
and 1 ml equals 1.000028 cm?3,
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A molar solution (M) is one which contains 1 gram nmol of solute
in a liter of solution (volume concentration).

A molal solution is one which contains 1 gram mol of solute in
1000 g of solvent (weight concentration).

If the density of a solution is known, the conversion molar &
molal can be made.

Since a millimol is 0.001 of a mol and a milliliter ix 0.001 of a
liter, the unit m.mol/ml is numerically identical with the unit
mol/liter. Insemimicroanalysis the milliunits are most convenient.

A normal solution (N) is one which contains one equivalent
weight of solute in 1 liter of solution.

Solution of Problems

Consider two methods of solving the following problem. In the
first method no consideration is given to units.

Problem. Three drops from a dropper which delivers 18 drops
per ml will give how many mg of an ion if the solution contains
10 mg of the ion per milliliter?

Method 1. By the well known “dice method,” often used by
beginners in _scientifie caleulation, =even different answers will
be found.

[

18><10 3)(18

(1) 3 X 10 X 18 = 540; (2) = 60; (3) > _ 5.4;
3 >< 10 2 ) 3 L 19,, 10
) - =g G ox18 60 ©igx3 "

18 9
Mg 16= 15

Method 2. The unit of the an<wer is mg. 18 drops per ml, and
10 myg per ml are fractional unite by statement of experimentally
ascertained facts,  Therefore, 3 drops is the single quantity which
is not a fractional unit.  We set down

mg = 3 drops.
Using the fractional units to convert drops to mg,

1 ml 10 mg

mg = 3 drops X ;¢7qrons X Tl *

whence mg = 1§. This shows at once that, of the seven solutions
of method 1, only (4) is correct.
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Note that method 2, the “fractional unit’’ method, gives a correct,
answer unfailingly. Mecthod 1 gives the user one chancé in seven
for getting the correct answer,

THE “FRACTIONAL UNIT” METHOD

The essential steps are:

1. Set. down the unit of the quantity to be caleulated (the
answer) followed by = (equals).

2. After =, set down, with its unit, the single quantity in the
problem which is not a “fractional unit.”

3. Multiply this quantity by the fractional unit, or series of
fractional units;, which is neeessary to convert its unit to the unit
of the answer.

A fractional unit is a unit the numerator of which equals the
denominator either by definition or as a statement of an experi-
mentally ascertained fact.  Henee, a fractional unit is always equal
to unity and a quantity can be multiplied by any number of fractional
units without changing its value. The answer may be itself a frac-
tional unit. By definition 1000 mg/1 g and 1 g/1000 mg are
fractional units. By experiment 18 drops/1 ml and 1 ml/18 drops
are ‘“fractional units” for a dropper which has been found to deliver
18 drops per ml. Since a fractional unit is equal to unity, its
inverted form can always be used. Some of the most frequently
used fractional units are listed in Table 1.

Use of Fractional Units in Solving Problems

Problem 1. How many grams of AI(NO3);- 91,0, molecular
weight 375.13, must be weighed out to make 100 ml of solution
which will contain 10 mg/ml of Al** (atomic weight, 26.97)?

The unit of the answer is grams.  Fractional units are 375.13
g/mol, 26.97 g/g.atom and 1000 mg/g. The single quantity not a
fractional unit is 100 ml. We set down:

. _ 10 mg Al*? lg 375.13 g salt
g (of salt) =100 ml X - 1ml 1000 mg X U mol
x 1 mol salt 1 g.atom Al+3

1 g.atom Al+3 X 26.97 g Al+3
whence g = 13.91.

Observe the order in which undesired units were climinated:
(1) ml, (2) mg, (3) mol, (4) g.atom. Note that all units cancel out
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except the desired unit (grams) and that this cancellation (before
making any numerical computation) proves that the equation is

TaBLE 1

FRACTIONAL UNITS

TERM Unrt ExaMpLE
. zg _ rmg 98 mg HiSO(
iram mol (mol. wt.) 505 = Tl T mumol H,30,
; 78 _14gN
iram atom (at. wt.) Tgatom T gatom N
\ . .. TR 96 6 g SO~
Fram ion (ionic wt.) ion i gion S0~
Gram equivalent T T mg 48 mg 804~
(eq. wt.) 1 eq. = T milii eq. 1 m.eq.
Molar solution (M) ; lrlrtl,gxl' z T;KOI 2 M HCl = »2;!11:1‘-&:&}:—@
. zTeq. _ zm.eq. 2 m.eq.
Normal solution (N) ftor = il 2N HCl = 'ml sobn
Density ’51—% D H;0(4°) = 1] nﬁl}ll-lz:())
Specific gravity ditto ditto
Concentration zg _xrmg 10 mg Al*?
(weight) liter ml 1 ml soln.
Per cent (weight) z %&x;e"s:;%glcf (1) 28, HCl soln, = 12(%-?]—%—:%%
10 mg Cu

Per cent (volume)

Conversion units®

z ml
100 ml
1000 ml
1 liter
1000 mg
g
22. 4_1 (8.T.P.)
1 mol

(2) 107 Cu alloy = 100 mg alloy
10 ml aleohol

50 % alcohol = 20 ml mixture

& Many pages of conversion units applicable to various fields of scientific work are to be
found in the chemical handbooks.

properly set up and hence that the computation indicated by the
equation must give the correct answer, barring numerical errors.
Problem 2. Concentrated H;SO, has a sp. gr. 1.84 and contains

969, by weight of HsSO..

Calculate its normality.
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The unit of the answer is a fractional unit, m.eq./ml(¥). The
fractional units in the problem are (1.84 g acid)/(ml acid) and
(96 g H280,)/(100 g acid). Then, since the unit of the answer is a
fractional unit and all fractional units equal unity, we set down

__1meq. . 184gacid  96gH,S0, 1000 mg,
49 mg H.SO,; ™ 1 ml acid 100 g acid g '

m.eq.
ml

=1X

whence m.eq./ml(N) = 36.03.

Again observe the order in which undesired units were eliminated.

Problem 3. How many drops of 6 N NH; and how many drops
of water should be taken to make one ml of 0.6 N solution if the
dropper delivers 18 drops per ml?

The two quantitics to be calculated are related as x drops and
18 — z drops. Therefore only z(= drops of 6 N NH;) need be
considered. The unit of the answer is drops.  The given fractional
units are 6 m.eq./ml, 0.6 m.eq./ml, and 18 drops per ml. The
quantity not a fractional unit is 1 ml.

‘ m.eq. 1 ml 18 drops,
Drops (6N) = 1 ml X 0.6 - ml X - 6 meq. lml ?
whence drops = 1.8,  Therefore, 2 drops of 6 N NH; and 16 drops
of water should be taken.

Since 1 ml of 0.6 N NH; is desired, tho latter is the first fractional
unit to be placed in the equation.

Problems

1. A solution containing 100 mg of chrome alum, KCr(8S0,),
12H,0 (499.1) in 12 ml has what normality with respect to (a) K+,
(d) Crt3, (¢) 8047 Ans. (a) 0.0167 N; (b) 0.05007N; (c) 0.06677TN.

2. How many mg of K+ (39.1) in 1 ml of 0.1N¥ KCI solution?
Ans. 3.9 mg.

3. How many mg of (a) K+ and (b) SO~ in 1 ml of 0.1N K,80,
solution? Ans. (a) 3.9; (b) 4.8.

4. What is the normality of a solution containing 10 mg/ml of

~ (96)? Ans. 0.2083N.

6. How many grams of MnCl,-4H,O (197.9) should be taken
to make 100 ml of a solution containing 10 mg/ml of Mn*++?
Ans. 3.6 g.
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Dilution Problems

The principle underlying dilution problems is that the total
amount of solute remains unchanged by dilution. That is,

N1V1 = NV, or M1V1 = MV,

where N, or M, are the normality or molarity of the solution after
dilution from V to V. liters or ml. These equations reduce to
m.eq. = m.eq. and m.mols = ni.mols.

Example. How many ml of cone. HC, sp. gr. 1.19, containing
37.29, by weight of HCI, should be diluted to make 100 ml of
4N acid?

Solution. 1 ml of concentrated acid weighs 1.19 g and contains
(1.19 X 0.372) = 0.44268 g of HCl. A 4N solution contains, in
100 ml, 36.457 X 4 eq/l X 0.1 1 = 14.583 g. This will require
14.583 g/0.44268 ¢ per ml which is 32.94 ml.

Proof. 100 ml of 4 N = 32.94 ml of 12.12N.

6. How many ml of glacial acetic acid, sp. gr. 1.048, 99.59%,
AcOH by weight, should be taken to make 30 ml of 6 N acid?
Ans. 10.4 ml.

7. How many ml of HNOj, sp. gr. 1.415, 68.6% HNO; by
weight, should be taken to make 30 m) of 3N acid? Ans. 5.8 ml.

8. How many ml of HCI, sp. gr. 1.19, 37.239, HCl by weight,
should be taken to make 30 ml of 3N acid? Ans. 7.0 ml.

9. How many ml of H,S0, sp. gr. 1.84, 95.69% H.S0, by
weight, should be taken to make 30 ml of 3N acid? Amns. 2.5 ml.

10. How many ml of N Hj solution, sp. gr. 0.898, 29.01 9, NH; by
weight, should be taken to make 30 ml of 6 N solution? Ans.
11.8 ml.

11. How much NaOH, 10% water, should be weighed out to
make 30 ml of 6 N solution? Ans. 8 g,

12. Using a dropper which delivers 20 drops per ml, how many
drops of 3N HCI and how many drops of water should® be taken
to make 1-ml of 0.3 N acid? Ans. 2 drops HC], 18 drops water.

18. A wash liquid is to be 0.05N in HsSO4. To one drop of
3N H,S0, how many drops of water should be added? Ans.
59 drops.
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14. Using an 18 drops per ml dropper, how many drops of
6 N NaOH should be diluted to make 1 ml of 1.0 N solution? Ans.
3 drops + 15 drops of water.

15. It becomes necessary to dilute 1 ml of 3N HCI so that it
shall become 1.4N. How many drops of water should be added
from a dropper which delivers 21 drops per ml?  Ans. 24 drops.



CHAPTER 2
LOGARITHMS

In many calculations, particularly those based upon chemical
equilibrium, exceedingly small numbers are involved, such as
0.0000031. In calculations involving the number of gas molecules
in a given volume, exceedingly largé numbers have to be dealt with,
for instance 6.06 X 10%2%. Calculations involving cither very small
or very large quantities are greatly facilitated by use of logarithms.

A logarithm is the power to which an arbitrarily chosen number
called the base must be raised in order to equal a given number.

Base'”® = number

The words ‘“arbitrarily chosen” imply that any number what-
soever, whether integral or fractional, may be taken as the base of a
system of logarithms. Such, indeed, is the case. For example,

10 = 100
0.92 = 0.81
2.5 = 6.25.

Two is the logarithm of 100 in a system in which 10 is the base.
Two is also the log of 0.81 in a system in which 0.9 is the base, and
it is the log of 6.25 in a system in which 2.5 is the base.

Two systems of logarithms are in common use, one having as its
base the number 10, the other having as its base the quantity e, the
limit of the sum of the terms of the infinite converging series

1 1
iﬂ).(vz..*_ ...... ]—2.71828----

[H""' 1%x2x3

The logarithmic function e* is extremely useful in dealing with
physical phenomena which obey the ‘‘compound interest law.”
Logarithms based on the cquation, 10** = number, are called
common, or Briggs, logs. Those based on the equation, ¢°* = num-
ber, are called natural, hyperbolic, or Napierian logs. Napier
discovered logarithmic functionsin 1614. The first “log table”” was

computed by Briggs a few years later.
12
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Since
logio e = logio 2.718 = 0.4343,
e = 10%4343 and
10 = 23026
Therefore,

log. a = logio a X 2.3026, and
logw a = log. a X 0.4343.

CHARACTERISTIC AND MANTISSA OF LOGS

The integral part of a logarithm is called its characteristic, the
decimal part is called its mantissa. 1t is important to remember
that the mantissa is always positive.  In

logio of 126.4 = 2.1018,

2 is the characteristic and 0.1018 the mantissa of the log.
The characteristics of logs are readily obtained from the defini-
tion of a common, or Briggs, log,

number = 10"

and two principles of algebra: (1) any quantity with 0 for an expo-
nent is equal to 1 (10" = 1), and (2) any quantity with a negative
exponent equals the reciproeal of that quantity with an equal posi-
tive exponent (10! = 1/10'). From these it follows that

102 = 100 and log 100 = 2
100 = 10 10 = 1
10 = 1 “ou | = 0
107t = 0.1 oo 0.1 = —1
1072 = 0.01 oo 001 = -2
103 = 0.001 ‘“ ¢ 0.001 = —3

10-4 = 0.0001 *“ 0.0001

It
|
-

Notice that

log 10 =1 and log 0.1
“100 =2 ¢ Y001

i

-1,
—2, ete.

]

Note that the characteristic of the log of any number between 1 and
10 is 0; that of any number between 0.1 and 1 is —1. In other
words, the characteristic cannot become as large as 1 until the
number is as large as 10; as large as 2 until the number is as large as
100, and so on. Similarly the characteristic of the log of any
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number of tenths is —1, of any number of hundredthsis —2, of any
number of thousandths is —3, and so on.

Log tables give only the mantissas, or decimal parts, of logs.
The characteristics are readily obtained by inspection of the
number.

A 10-inch slide rule is essentially a 3-place log table; that is, it
gives 3 digits with an accuracy of about one unit in the third digit.

Problems

Write down the logs of the following numbers: (1) 6871; (2)
68.71; (3) 6.871; (4) 0.6871; (5) 0.06871; (6) 0.006871; (7) 0.0006871;
(8) 424,700,000,000; (9) 2.0; (10) 0.025.

Write down the numbers of which the following are the logs:
(1) 3.7128; (2) 3.7128; (3) 0.6990; (4) 2.6990; (5) 0.0086; (6) 0.9999;
(7) 6.6294; (8) 0.0008; (9) 0.0033; (10) 1.0607.

ARITHMETICAL OPERATIONS WITH LOGS

Four operations can be performed using logs: multiplication,
division, raising to powers, and extraction of roots.

1. Multiplication. The log of a product is the sum of the logs
of the factors.

logio (@ X b X ¢) = logio a + logio b + logs, c.
Ezxample.

Log (79 X 642)
5079 X 642

1.8976 + 2.8075 = 4.7051
50,710

]

I

2. Division. The log of a quotient is equal to the log of the
dividend minus the log of the divisor.

log%=loga—logb

Ezample.
642
Log g = 2.8075 — 1.8976 = 0.9099
. 642
S i 8.126

8. Raising to powers. The log of the nth power of a number is
n times the log of the number.
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4. Extraction of roots. The log of the real positive nth root of a
number is the log of the number divided by »n, since the nth root is
the 1/nth power.

_ (log a)

log @ = r log a; log a'* N

Ezxample.

3
1°5c‘(%3 =loga+3logh—logec— 0.5logd

Problems
Using logs, find the values of the following expressions:
245\ _ 5 X (1.9 ‘
1. (311) Ans. 0.8877. 2. 6% (”),_,- Ans. 1011,

]
3. (%’91%) Ans. 101.65. 4. 1,826,000 X (0.003)%. .
Ans. 16.43.
6. The gram molecular volume, 22420 cm?, of any gas at 0° and
760 mm contains 6.06 X 102* molecules,  If the molecules in 1 mm?
could be divided equally among the inhabitants of the earth, esti-
mated to be 2.2 billion, how many molecules would each individual
receive?  Ans. More than 12 million.®

6. How long would it take an individual to count the molecules
he hatl reccived if he counted 3 each second for 8 hours a day, 26
days a month? Ans. Nearly 5.5 months.

7. How many molecules would be in 1 mm? of gas at 0° if the
pressure were reduced to one millionth of a mm?  Ans. More than
35 million.

Very Large and Very Small Quantities

Many physical and chemical quantities are of dimensions
beyond actual human comprehension. Moreover, such quantities
are not susceptible to accurate measurement and their values ean
be given only very approximately. Astronomers do not venture to
state the exact distance of stars from the Karth. Instead, they
state such distances in the enormous unit light-years, which states
roughly the number of yecars that light from the star, traveling
at the rate of 186,000 miles per second would take to reach the
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Earth. Avogadro’s number (problem 5 above) is probably accurate
within one unit in the second decimal place, that is, the number
may be in error by as much as 102! molecules which certainly is far
from exact. If a census of all the inhabitants of the Earth could be
made, the result would be in error by a million or more before the
figures could be compiled. To give Avogadro’s number as 6.063246
X 10%, or the population of the Earth as 2,199,472,000, would
obviously be meaningless, since we have no means of knowing that
the figure in even the first decimal place is accurate within several
units.

In the same way, when we say that the solubility product con-
stant of AgsS is 4 X 10~% (m.mol/ml)?, we must be dealing with an
extremely rough approximation of the numbers of Ag* and 8= in the
saturated solution of Ag.S.

In dealing with these rough approximations, we do not write the
significant figures followed by a long line of ciphers, in the case of
large qliantities, or with a line of ciphers between the decimal point
and the first significant figure, in the case of very small quantities.
Instead we write the numbers as a product of the significant figures
and a power of 10, for example, 6.06 X 10% or 4 X 10-52,

It is important to see that numbers written as products give at
once the characteristics of their logarithms, provided that the decimal
point of the coefficient of 10" be written after-the first figure. The
reason is that the log of a product is the sum of the logs of the
factors, and the characteristic of the log of any number between
10 and 1 (for example, 9.9999) is 0, that is, the characteristic cannot
become 1 until the number becomes as large as 10. Hence,

log 6.06 X 10% = log of 6.06 (= 0.7825) + log 10% (= 23);
.*. the log of the number is 23.7825.

In the same way the log of 4 X 10-52 = 0.6021 + (—52). Since
the mantissa of a log must be positive, the log is 52.6021, that is,
(—52 + 0.6021).

In operating with logs of numbers having negative exponents
errors are avoided by making the log, both characteristic and
mantissa, positive. This can be done by subtracting multiples of
10 from the 18g. Study the following cases to see how this is done.

Instead of writing 52.6021 as the log of 4 X 10~%2, one writes
8.6021 — 60since 8 — 60is —52. Suppose it is required to find the
log of (4 X 10-%)3. Thisis 3 X log 4 X 10-¢2,
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g @
52.6021 8.6021 — 60
3 3

155.8063 25.8063 — 180 or 5.8063 — 160, since 20 — 20 = 0.

In method (1) it has to be constantly remembered that the mantissa
is always positive and that digits carried past the decimal point in
multiplying are positive and must be subtracted from the character-
istic. In method (2) the entire log, characteristic as well as man-
tissa, is positive, the negative value of the exponent being merely
indicated each time. One then does not have to remember to make
a subtraction. Study the following examples not only as illustra-
tions of this point but also as models for setting down computations
with logs.
0.033 X (1.92 X 10-5)2

1 X 10 '

5.2833 — 10 log 1.92 X 105
2

10.5666 — 20 “ (1.92 X 10-5)

8.5185 — 10 “ 0.033

19.0851 — 30

6. — 10 ““ 10+

13.0851 — 20 “ ans.

1.217 X 107 Ans.

Example 1. Evaluate

Ezample 2. Find the fifth root of 4 X 10-%2, that is, (4 X 10~%)t,

8.6021 — 60 log4 X 10—%2
40 — 40

5)48.6021 — 100
9.7204 — 20 log ans.
5.252 X 10! Ans.

Problems

1. Write down the logs of the following numbers:

(a) 3.7 trillion; (b) 3.7 trillionths; (¢) 378 trillion; (d) 378
trillionths.

2. Write down the numbers of which the following are the logs:

(a) 7.6846 — 30; (b) 18.1615; (c) 8.4771 — 50; (d) 9.6990 — 10;
(e) 7.6990 — 10.
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3. How many miles is a light-year? (The speed of light is
186,000 miles per second.) Ans. 5.87 X 10'2 miles.

4. Find the value of zin [.03 (.01)¢]/z = 1.5 X 10-12. Ans. 200.

6. Log (1/Cx+) is called the pH of a solution [p from potenz
(German) meaning power or logarithm]. Calculate, to 1 decimal
place only (experimentally t“e second decimal digit would be un-
certain by at least 2 units), the pH of solutions in which Cy+ has the
following values: (a) 2 X 1077; (b) 5 X 10-1%; (¢) 0.1365; (d) 0.0007;
(e) 2.54 X 10-12; (f) 8.5 X 10-%; (¢9) 1 X 1077; (h) 0.75; (z) 0.3.

Answers. (a) 6.7; (b) 9.3; (c) 0.86; (d) 3.2; (e) 11.6; () 1.1;
(g) 7.0; (h) 0.1; (¢) 0.5. ’

LOGARITHMS USED AS NUMBERS

In the equations used to find the equilibrium constant of redox
reactions, logs are used as if they were numbers and are multiplied
and divided. For this purpose the entire log must be positive or
negative. In the latter case the mantissa as well as the character-
istic must be negative. To make the mantissa of a log negative:
(1) simply subtract it from the negative characteristic, or (2) sub-
tract the log from 0, that is, from 10 — 10, 20 — 20, and so on, and
place a minus sign on the difference.

Examples. Method (1):

16.9241 — 20 = 4.9241 = —3.0759.

Method (2):
(a) ®
20 - 20 10 - - 10
16.9241 — 20 ~3.0782 — 10
—-3.0759 —6.9218

This operation is necessary whenever negative logs are to be
treated as numbers,

Problems

1. Evaluate the following expressions: (a) 0.06 log 0.2; (b)
0.03 log 0.0145; (c) 0.15 log 0.0024; (d) 4.0 log 3. Answers: (a)
—4.194 X 1072; (b) —0.055; (¢) —0.0393; (d) —1.704.

2. Evaluate 0.03 log 0.75 — 0.02 log 0.80. Ans. —1.81 X 1073,
8. Evaluate 2 log 0.062 + 3 log 0.45. Ans. —3.4556.



CHAPTER 3
THE GASEOUS STATE

In chemical analysis gaseous reagents, such as H,S, are fre-
quently used. Mixtures of gases, for instance H,S and H,, CO; and
CO, or admixtures of one or more gases with air, are encountered.

The molar concentration of a gas depends on three variables:
pressure, temperature, and volume; and the interrclations of these
variables must be understood. The behavior of gases at ordinary
temperatures and pressures is described with close approximation
by six principles, or ‘‘laws,”” of which two relate to mixtures.
These six ‘““laws’ are known by the names of their discoverers:
Boyle (1662), Charles (1787), Dalton (1802), Henry (1803), Avo-
gadro (1811) and Graham (1833).

THE COMBINED GAS EQUATION

Boyle’s law states that at a fixed temperature the volume of a
confined mass of gas varies inversely as the pressure upon it.

V « %} (T constant), or (1)
V1P1 = V2P2 (2)

Charles’ law states that at constant pressure the volume of a
confined mass of gas increases by 1/273.1 of its volume when
heated 1°C. and decreases by the same fraction when cooled 1°C.
If cooled 273.1° below 0°C, its volume should become that of the
molecules themselves if the gas did not pass into the liquid or solid
state before that temperature were recached and thus cease to
be a gas. The absolute zero of temperature is therefore fixed at
—273.1°C. This is the zero of the Absolute Scale of Temperature.
In this scale T is the symbol for temperature while ¢ indicates
Centigrade temperature.

Charles’ law may be expressed:

Vi _V
Ti = 7,—:’ or 3)
V « T (P constant), 4)

19
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Since V « 1/P (1) and V « T (4),

T
V‘xﬁ

or, introducing a proportionality constant K,
PV = KT. 5)

Avogadro’s law makes possible evaluation of K in (5) for 1 g.mol
of gas. Thelaw may be stated in the following form. The molecu-
lar weight in grams of every pure gas occupies 22.412 liters at
0°C. (273.1°A) and at a pressure of 76 cm of mercury (1 atm.).

Substituting the Avogadro values, (5) becomes

1 atm. X 22.412 1/mol = K X 273.1°, and ®)
22.4121 atm.
K = 3731° mol 0.082 1 atm. per degree per mol,

or 82 ml atm. per mol per degree. K is known as the molar gas
constant and is usually symbolized by R.

PV = RT for 1 mol of gas, and
PV = nRT for n mols. )]

The gas constant R is of the dimensions of work and is expressed
in work units. It expresses the work done by a mol of gas in
expanding against the weight of the atmosphere from 0 volume to
22.412 liters.

Since the density of mercury is 13.59 g/em3, 1 atm. equals
76 cm X 13.59 g/em® = 1033 g/cm2.  Then R becomes

82 cm? X 1033 g/cm? = 86400 g.cm per mole per degree.

. When a gas is compressed, the work done upon the gas appears
as heat. When a compressed gas expands against the weight of the
atmosphere, the work done takes heat from the gas which accord-
ingly cools. Since the mechanical equivalent of heat is

.1 calorie = 42720 g.cm,

_ 84700 g.cm/mol degree _
R 49720 g.om /cal. 1.98 cal. per mol per degree.

When a current of electricity lows through a wire, the work done
in overcoming the resistance of the wire appears as heat. Joule
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(1841) found this to be 0.2387 cal./ohm X amperes? X sec. From
Ohm’s law, amp. = volt/ohm and since coulomb = amp. X sec.,

_ 1.98 cal./mol degree
~ 0.2387 cal./(volt X coulomb)
= 8.316 volt X coulomb per mol per degree.

R

This electrical unit of R will appear later in a discussion of
equilibrium in redox reactions.

We may now summarize the preceding paragraphs in the
following statements.

Summary

Combination of the gas laws of Boyle, Charles, and Avogadro
gives the general equation:

PV = nRT

where n is the number of mols of gas considered. The molar gas
constant R is expressible in any of the various units of work.

R = 84700 g X cm per mol per degree

= 82 ml X atm. AR “ T
= 0.082 1 X atm. ¢ ¢« ¢« «
= 1.98 cal. T R

8.316 volt X coulomb per mol per degree

It is to be kept in mind that the gas laws arc only approxima-
tions. Hydrogen and helium hehave most nearly in accordance with
them. In general the higher its liquifying temperature the less
exactly docs a gas obey the laws. Kvidently all gases should obey
the laws more nearly at high temperatures. For pressures not over
2 atm. and room temperatures, the general gas equation applies
with an exactness sufficient for most purposes.

MIXTURES OF GASES

Dalton’s law. In a mixture of gases which do not react with one
another each gas exerts the pressure that it would exert if alone in
the volume occupied by the mixture. Air is a mixture of Nz and O
in the approximate proportions of 4 to 1. If the total pressure is
1 atm., the partial pressures are N, 0.8 atm.; and O, 0.2 atm: If a
gas mixture 409, H,, 309, CH,, 209, CO, 29, CO,, and 8%, N is
under a total pressure of 1 atm., the partial pressures are: H.,,
0.4 atm.; CH,, 0.3 atm.; CO, 0.2 atm.; CO,, 0.02 atm.; and N,
0.08 atm.
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Henry’s law. The solubility of a gas in water (or other liquids)
is proportional to its partial pressure. If a liter of water dissolves
z ml of pure N, and y ml of pure Qq, it will dissolve (approximately)
0.8z ml of N; and 0.2y ml of O; when saturated with air at the same
temp.

Graham’s law. The velocity with which a gas -diffuses is
inversely proportional to the square root of its density, that is,
V « 1/d%% or, if two gases are compared, V,d,%% = Vads%5.

DEnsITY 1 V
Gas (AR = 1) DEenNsITY?8 (AIR = 1)
H, 0.069 3.78 3.83
CH, 0.559 1.34 1.34
N. 0.971 1.015 1.014
0O, 1.1056 0.951 0.950
CO, 1.529 0.809 0.812

Since the molecular weight of a gas is proportional to its density,
VM-S = V M5, If V is the velocity of diffusion of a gas of
known molecular weight M (say Q. = 32), and V is the measured
velocity of diffusion of another gas of unknown molecular weight, the
latter M, can be calculated. This principle has been used to cffect
detectable separation of isotopes (for example, 1;CI3% and ;CI37 or
the isotopes of Hg, 5Hg!'*® to sHg2%). The lighter molecules of
Cl; (M, = 70) would diffuse more rapidly and the residual gas
would be more densc than the original mixture of isotopes.

APPLICATIONS OF THE GAS LAWS

The General Gas Equation is convenient for calculations of
change of volume with change of pressurc or temperature, of
molecular weights from density, of volume of gas required to react.
Since N (mol) = g/(g per mol), the equation may contain five
variables. If any four of these are given, or experimentally
measurable, the fifth variable can be calculated.

Example 1. What is the molecular weight of a gas 140 ml
of which collected over water at 21.4°C, weighs 2.2 g; barometer,
742 mm? Aqueous tension (vapor pressure) of water at 21.4° =
19.1 mm. (Consider Dalton’s law.)
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(742 — 19.1) mm 22¢ ml atm.

- o
760 mm/atm. X 140 ml = g/mol X 8251 degree X 2944
M =22 X 8208y 994 40
mol degree
mm 1 1
X 760atm. X 722.9 mm X 140 ml
M = 40 g/mol.

Example 2. How many ml of H,S containing 109 H, and 5%,
air, bubbled through water at 25°C, will be required to precipitate
5 mg of Cutt (63.57) as Cu(HS),? (Barometer, 734 mm, aqueous
tension at 25.0° = 23.7 mm.)

Cutt + 2H,8 = Cu(HS), + 2H*

0.005 g
4+ _GUUOE
Mol Cu 63.57 g/mol

Since 1 mol Cu** reacts with 2 mols of HsS and since the partial
pressure of the HoS is [0.85 (734-23.7) mm]/(760 mm/atm.), we may
write ' ‘

0.85 (734 — 23.7) mm
760 mm/atm.

_ 2X0.005g 82mlatm.
"~ 63.57 g/mol " mol degree
* X 208°.

X y ml

Then
_0.01 X 82 X 208 X 760
Y = 357 X 0.85 (734 — 23.7)
= 4,84 ml.

Problems

(Pay careful attention to units)

1. What volume should 10 mg of dry NH; occupy at 740 mm
and 25°C?  Ans. 14.76 ml.

2. What should be the molecular weight of a dry gas of which
1.2 g occupics 1067 ml at 738 mm and 22°C? Ans. 28.4 g/mol.

3. At room temperature and atmospheric pressure the solubility
of H,S in water may be taken as 0.1 mol/1. About how many ml
of the dry gas should be required to saturate 10 ml of water at
23°C if the barometer is at 742 mm? Ans. 25 ml.
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4. What would be the dry volume at 8.T.P. (0°C and 760 mm)
of H,S which, collected over water, measured 102 ml at 25°C and
736 mm? (At 25° the aqueous tension = 23.7 mm.) Ans. 87.6 ml.

6. How many m.mols of H;S would be the 102 ml measured?
Ans. 3.91 m.mol.

6. With how many mg of Ag* would the H:S react to form
AgHS? Ans. 422 mg.

7. How many ml of pure H,S stored over H,O at 740 mm and
23°C should be required to react with 5 mg of Bi*3 (209) to form
Bi(HS)s? (Aqueous tension at 23° = 21.1 mm.) Ans. 1.9 ml
(Hint. Calculate mol fraction of Bit? in 5 mg and fraction of a mol
[S.T.P.] of H;S required to react with it. Then calculate volume
occupied under given conditions by this H,S.)

8. When 1 ml of 1.5 M HCO;~ is exactly neutralized with acid,
what mol fraction of CO, should be formed? At 25° and 760 mm
1 volume of water dissolves 0.759 volume of dry CO,. If, when
1 ml of 1.5 M HCO4~ was exactly neutralized its volume became
1.4 ml and its temperature 25°C, how many ml of CO, should remain
dissolved in it? (Barometer, 736 mm; aqueous tension at 25° =
23.7 mm.) Ans. 1 ml

9. If, in problem 8, the escaping CO; were caught, at 25°C,
over water which had been previously saturated with COg, how
many ml would be obtained? Ans. 38.1 ml.
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THE PERIODIC TABLE

The periodic arrangement of the elements shown in Table 2 differs in some
important respects from the tables in most elementary texts. It seems desir-
able to call attention to these departures from tradition and to state the reasons
for them. Of the two most frequently used periodic arrangements, that of
Bohr has the advantage of correct scientific basis and the disadvantage that
analogics of chemical properties are less quickly apparent to the beginner than
they are in a Mendelcef table. In Table 2 the gencral arrangement is that of
Mendeleef but modified to accord with modern discoveries, particularly con-
cerning location of the inert gases in the periodic arrangement.

1. The inert gases. These elements end periods and immediately follow
the halogens of Group VII. Placing of them in a Group 0 at the left of the
Mendecleef table was done before atomic structure became determinable.
The sole reason for thus locating them was their chemical inertness (zero
valence) which, at that time, was unexplainable. At the present time this
property is understood to be the consequence of the completion of an extremely
symmetrical and stable outermost encrgy level of 8 electrons, which brings
them into Group VIII immediately following the halogens of Group VII. This
location follows logically Paneth’s rule for formation of volatile hydrides.
Thus in Period 4 we have GeH,, AsH; SeH,, BrH; and KrH,. Location of
these elements in Group VIII with the three triads of ultrametallic elements
does not imply a relation of properties. The triads of the ““A” family are in
the middle of periods which later will be completed at the inert gas.

2. Hydrogen. Contrary to common practice, H is placed only in Group VII.
The hydrogen nucleus, H* (the proton), can have, outside of vacuum tubes,
little more chance for independent existence than the clectron, e=. On the
contrary, elcctrolysis of salt-like hydrides, such as LiH and CaH,, leaves no
doubt of the independent existence of helium-like H=, The analogy to forma-
tion of neon-like I~ and argon-like Cl~ is obvious.

8. Atomic weights. These have no place in a periodic table. Periodicity
of properties is based upon order number and not at all upon atomic weight as
Mendeleef and Lothar Meyer assumed. Most of the elements #re composed
of pleiads of isotopes, presumably all of which have the same number of pro-
tons but a varying number of neutrons and differ in their atomic weights.

4. Order numbers. In accordance with present usage in writing equations
for atomic transformations, these have been written as presubscripts.

5. Elements claimed but practically unknown. The symbols proposed for
elements 43, 61, 85, and 87 appear in parentheses. It is to be noted that none
of these clements has been obtained in amount sufficient for determination of
chemical properties. Claims for elements 43 and 61 depend upon identification
of X-ray spectra; those for 85 and 87 upon a ‘““magneto-optic”” method the
validity of which has not been universally accepted. These two elements
should be short-lived radioactive disintegration products of g,Ac.

6. The triads of Group VIII-A and the rare earth pleiad of Group III-A.
In Period 4 at .,Ca the probable distribution among the energy levels is:

LeveL ELECTRONS
N 2
2 i e e et e e e i 8
- PPt e 8
PPt 2

Pauli’s principle permits a maximum of 18 electrons in level 3. At »,Sc the
added electron has less, but only very slightly less, energy in level 3 than it
would have in level 4. The same holds for the next added 8 electrons ending
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with 20Cu.  Since the encrgies in level 3 differ very slightly from those in level 4,
chemical forces readily produce shifts of these clectrons from one level to the
other and as a result variable valence characterizes these ¢ transition elements’”
22Ti to 2Cu. At zZn the 18 clectrons of level 3 have become sufficiently
stabilized so that they are not thereafter disrupted by chemical forees.

The next added electrons build up level 4 from 2 at Zn to 8 at sKr.
Considering the great ease with which electrons are shifted between levels 3 and
4, while the former is filling from 8 to 18 eleetrons, it is not surprising that when
it is nearly filled several successive elements should possess so nearly the same
atomic and ionic radii, and hence so nearly identical chemical properties, that
the group as a whole fills but one place in the table. For this reason the triad
Fe to Ni is assigned as a whole to Group VIII-A, and the triads Ru to Pd in
Period 5 and Os to Pt in Period 6 are assigned single VIII-A positions.

At ;sBa the arrangement in the energy levels is apparently as follows:

LevEL ELECTRONS
N 2
2SR 8
B e e 18
N 18
Bt et e e e e e e e 8
Bt e e e 2

Levels 1, 2, and 3 contain their maximum possible electfons. But Pauli’s
principle permits 32 electrons in level 4. Apparently the added electron for
wiLa has less energy in level 6 than it would have in level 4 and La has three
valence electrons. The next added 14 electrons, however, have less energy in
level 4, and this level is then filled from 18 to its maximum of 32. Here the
level being completed is far below the valence clectrons and scarcely affected
by chemical forces. As a result these 14 rarg carths show a valence of 3 and
properties so nearly identical as to make them separable from each other and
from La only with great difficulty. Together with La they constitute a pleiad
of 15 elements occupying a single III-A space in the Mendeleef table. This
oceurrence of pleiads occupying single spaces in the table in Groups VIII-A and
I11-A is comparable to the pleiads of isotopes, having the same electron con-
figuration but different nuclei, which characterize most of the single clements.

7. The “lanthanide contraction.” In formation of the rare earths, a proton
enters the nucleus for each added electron. Because the added electrons enter
a level far below the valence electrons, the increased nuclear charge exerts an
increased coulomb attraction upon these clectrons in level 4. This results in a
continuous shrinkage of the atomic radius. According to Goldschmidt, the
atomic radii in Angstrom units (1A = 10~® em) decrease from La 1.22 and Ce
1.18 to Lu 0.99. As a result ;Y 1.06 and ¢;Ho 1.07 have nearly identical
chemical properties and yttrium behaves chemically as if it were a rare earth.

This contraction, of course, affects all elements after ;;Lu. As a result,
72Hf 1.66 A and 4021' 1.62, 73Ta 1.44 and qu 1.43, and 10Au 1.441 and 41Ag 1.442
display remarkable similarity of properties. .

8. Periodicity in the lanthanides.c Interesting evidences of a periodicity
among the 14 rare earths are furnished by colors of corresponding salts, mag-
netism, and anomalous valences. If g;La be included, and +Gd be placed with
it in a subgroup (1) as well as in subgroup (8), the eight subgroups shown below
Table 2 are distinguishable. The pairs of elements in each subgroup show
resemblances to each other and progressive differences from the preceding and
succeeding subgroups.

« Pearce and Selwood, J. Chem. Ed., 18, 224-230 (1936).



CHAPTER 4
STRUCTURE OF MATTER

Modern methods of investigation have made practically certain
that all forms of matter consist of charges of electricity. The
elementary units of matter appear to be protons, neutrons, electrons,
and positrons.

DEFINITIONS

Electron (¢™) is the unit of negative charge, 4.77 X 10~1° electro-
static units (e.s.u.). Apparent mass is about tgry that of the
proton. .

Proton (p* or H*) is a particle having a mass of 1.66 X 10~2¢ g
and a positive charge equal to the negative charge of the electron.
It is identical with the nucleus of the hydrogen atom, H*, and proba-
bly formed by union of a neutron and a positron.

Atom is a necutral particle consisting of a positive nucleus sur-
rounded by electrons.

Nucleus is an assembly of protons and neutrons condensed into
an exceedingly minute volume and having practically all the mass
of the atom.

Neutron (n°) is a particle having nearly the mass of the p‘roton
but carrying no charge. It was discovered by Chadwick in 1933.

Positron (e*) is the unit charge of positive electricity, the positive
electron. It was discovered by Anderson in 1932, Protons are
related to neutrons by the equations:

n° 4 et = p+ 4+ energy
n° = p* + e~ + energy.

Atomic number is the order number of the elements from ;H to ,,U.
Each element has 1 more proton in its nucleus and one more electron
‘than the element immediately preceding it. The atomic number is
_often written as a subscript to the left of the chemical symbol of the
‘ atom. - Chemical properties are determined by order number and

not by atomic weight.
28
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Atomic weight is chiefly the sum of the masses of the protons and
neutrons in the nucleus of the atom. It is written as a superscript
to the chemical symbol of the element. ;Na?? is read: “Sodium,
atomic number 11, atomic weight 23.” Since atoms are clectrically
neutral, they must have as many protons in the nucleus as electrons
outside the nucleus.

nNa?t = 1lp+ + 12r° + 11~

Isotopes are atoms of the same element having the same number
of protons in the nucleus but different numbers of neutrons. For
example: -

s018 = 8p+ + 8n°; {017 = 8pt + 9n°; s01% = 8p* 4 10n°.

The majority of the 92 elements are mixtures of isotopes. Tin has
at least 11 isotopes, cadmium and mercury at least 9 each, Pb at
least 8. Since all the isotopes of an element have the same number
and same arrangement of electrons, they all have identical chemical
properties and are inseparable by chemical reactions.

ENERGY LEVELS OF ELECTRONS

Electrons in the atom must be considered as in motion with a
speed approximating that of light. By virtuc of this motiqn they
possess energy. Modern atomic physies has shown that as many
as five components may make up the total encrgy of an clectron.
Chief of these is the charge of the nucleus and the distance of the
electron from it. Electrons formerly were pictured as moving in
various paths about the nucleus. One component of their encrgies
would depend on the circular or elliptical shape of the orbits.  These
“orbits’ are now generally referred to as eigenfunctions, since the
position of the electron is not determined by ordinary laws of
mechanics as are the motions of the planets. The “orbit” is
the most probable position of the electron in a rather wide path. A
moving charge acts as a magnet. Electrons have to be considered
as spinning on their axes. When all these components are taken
into account, it appears that in an atom no fwo electrons can have
all five of their energy components identical. They may have four
identical but the fifth component must be different. This deduc-
tion, known as Pauli’s principle, fixes the maximum number of
electrons that can be in various principal energy levels. Roughly
this may be thought of as the maximum number of clectrons that
can be at the same average distance from the nucleus.
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Principal energy levels are designated by numbers 1, 2, 3—but
more commonly by letters, K, L, M—first employed by X-ray
speetrographers.  The maximum number of electrons permitted by
Pauli’s principle in each principal level is as follows:

Level (Spectroscopic designation) 1 2 3 4 5 6
“ (X-ray “ ) K L M N O P
Maximum number of clectrons 2 8 18 32 50 72

Relation of chemical properties to energy levels. The numbers
of electrons in the various energy levels of the inert gases are:

K L M N O P
QHC 2
u)NQ 2 8
18A 2 8 8
“Kr 2 8 18 8
54Xe 2 8 18 18 8
seRn 2 8 18 32 18 8

When an energy level has once acquired its maximum number of
electrons, the total energy of these electrons is at its minimum and
hence the stability of the group is at its maximum. Such maximal
stability cannot be disrupted by chemical forces. When level K
has acquired at He its maximum of 2 clectrons, this level persists
unchanged and forms part of each succeeding atom. The same is
true for the levels L, M, N. Levels O and P arc far from being
completely filled at the last clement, 4,U.

The highly symmetrical group of 8 electrons which in the inert
gases appears in the incomplete level M at A, N at Kr, O at Xe, and
P at Rn is also too stable to be disrupted by chemical forces, and as
a result these elements form no chemical compounds.

The incomplete group of 18 electrons in level N first becomes
stable at 43Cd but later begins at ;3Ce to fill up to 32. )

FORMATION OF IONS

Electrons tend to locate themselves where their energy is least.
Since their energy is greater in incompleted levels, they will wherever
possible tend to form completely filled, and therefore stable, outer
levels. This can be accomplished in two ways. (1) An atom which
has only a few electrons outside of a complete level may give up
these electrons to another atom which has a nearly completed level.
(2) An atom, by acquiring a share in electrons of another atom, can
complete or more nearly complete its incomplete level and thus
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become more stable. Method (1) leads to formation of fons con-
sisting of a single atom, such as Nat+, Mg*+, Cl-, 8=, Method (2)
leads to formation of fons containing more than one element, such as
S04~ or Cu(NH;),+, and to molecules.

Monatomic ions. If an atom which has a single electron in its
outermost level, for example 1;Na, approaches closely enough to
an atom, such as 7CI*, which needs only one electron to complete
its stable group of 8 (octet), the stronger positive charge of the Cl-
nucleus, 17 units as compared with 11 units, might pull away the

2e~

electron from Na and absorb it. In the completed M level bf Cl-
this clectron would have less energy than it did in the incomplete M
lével of Na. The coulomb force of attraction of unlike charges and
repulsion of like charges is equal to the product of the magnitudes
of the charges divided by the square of the distance between them.

Evidently the force with which the Na nucleus with its 11
protons attracts this eleventh electron will depend mostly upon the
distance between them, although it will be weakened by the elec-
trons in levels K and I, which exert a repulsive force on the outer
eleventh electron. To remove the eleventh electron of Na will
require work (expenditure of energy). The entrance of this electron
into the Cl atom will liberate energy. If the liberated cnergy
(together with the energy liberated by another reaction, such as
attraction of the ions into a molecule or hydration of the ions in
solution) exceeds that required to remove the electron, the transfer
can be accomplished. In fact, the reaction
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Na® + CI° = NaCl

(gas) (gas) (gas)

does take place. Apparently an atom will lose an outer electron
more easily the larger and heavier it is, and will gain an electron
more readily the smaller it is. Cs > Rb > K > Na > Li and
I > Br > Cl > F. Inspiteof the greater charge of the Cs nucleus,
its single outermost electron is much more distant and the attraction
of the nucleusis ‘“‘screened off’ by more interposed electrons. Like-
wise, the electron entering F will approach much closer to the
nucleus than if it entered Cl or Br and hence will lose much more
energy. The energy relations permit any of the four halogens
(periodic Group VII) to take electrons from any of the five alkali
metals (Group I).

The work required to remove fwo outer electrons is much
greater than twice that required to remove one. For example, in Mg

NvucLeus ENERGYA LeveLs
12p* K L M
12n° 2¢~ 8¢~ 2e”

if the first electron of level M has been removed, Mgt results; and
the removal of the second requires additional work against the
attractive force of the positive charge on the Mg*. If the receiving
element requires two electrons to complete its octet, as in O or 8
(Group VI),

Nﬁcmus NucLEUS
8pt K L 16p* K L M
8n° 2 6 16n° 2 8 6,

the second electron entering O~ or 165~ is repelled by the charge
already acquired by taking up the first electron of Mg, and its
entrance liberates much less enercy than did the first. X rays
show that crystals of MgO and MgS actually consist of Mgt and
O=orS=. These can be formed only in the absence of water because
the reactions

H,0 + 0= = 20H~ and
H.0 4 5= = 2SH~

liberate moré energy and hence give more stable compounds than
does the formation of O~ and S-.

Elements of Group III. These elements appear to form com-
pounds usually by sharing. The independent existence of tervalent
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ions, such as B+ Al*3 and the like, is at present a disputed matter.
Elements of Groups IV to VII. These elements combine by
sharing electrons with oxygen or water to form acids or anions,
such as
x0H
10xC

in which each H has a share in two electrons and carbon and oxygen
atoms have completed their octets. Similarly are formed

0 0
1 )
H——O—~1I’—-O——H H—0—S—0—H
(l)
H
0 0
Ve 1
H—0—N H—O—Cl—0,
AN !
0 0

.

in which the H—O oxygen atoms complete their octets by sharing
one hydrogen clectron and one electron of the central atom.! In
HNO;, one oxygen is bound to nitrogen by a single electron pair, the
other by a double pair. In aqueous solution, water molccules,

H

|
:0—H,

which, because of the two unshared pairs of electrons in the oxygen
atom, act like a magnetized rod and have a positive and a negative
end, can pull away the proton from H % O - to form H;0*, hydronium
ion. There remains in the solution NO;™, HzPO4 ,HS(L , ClO,~.

! In the above structural formulas, a single line denotes a normal covalent
bond, that is, a shared pair of electrons (%) each of which is contributed by a
different one of the bonded atoms; a double line denotes two kuch shared pairs
(%2); an arrow directed toward the acceptor atom denotes a dative covalent
bond, both electrons of which are donated by the atom away from which the
arrow points. This convention will be used hereafter in such formulas,
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THE STRUCTURE OF SOLID COMPOUNDS:
ELECTROVALENCY AND COVALENCY

It has been shown that loss of electrons can produce monatomic
cations and that gain of electrons can produce monatomic anions.
Sharing of electrons (formation of oppositely spinning pairs) can
lead to formation of polyatomic ions and of molecules.

Modern investigation of solid substances by X rays reveals that,
in general, two kinds of arrangement of the building units are dis-
tinguishable. The orderly arrangement of the components of a
crystal is called a lattice; some substances have fonic lattices, others
molecular lattices. The physical properties of the two lattices are
very different, as will be shown presently. We have scen that in
ions the atoms generally have completed outer levels of electrons.
As a result these ions possess more or less the stability and inertness
of the inert gases and can have independent existence. They
differ from the inert atoms, however, in having one or more units of
electrical charge diffused uniformly over the surface of the ion. If
oppositely charged ions, for example Nat and Cl—, are in solution
in water, they are relatively too far apart for the diffused charges to
attract cach other effectively. As a result the ions exist independ-
ently and show little tendency to combine. If the water is evapo-
rated off, the oppositely charged particles approach so nearly that
the charges can draw the ions into approximate contact. Since the
charge is uniformly diffused about the ions and not concentrated
at a point, as many anions as space permits will gather about each
cation.

In general, anions are considerably larger than cations. For
instance, in a crystal of Na+Cl~ each sodium ion is surrounded by
six equidistant chloride ions, and each chloride ion is surrounded
by six equidistant sodium ions. In the lattice of Cs*Cl~ there is
room for cight chloride ions around the considerably larger Cs* ion.
X rays show that polyatomic cations and anions enter these ionic
lattices as units. For instance, in a crystal of Ca*+CQ3= or one of
NatNO;~, CO;~ and NO;™ are arranged as groups about the central
ion just as if they werc single atoms. These ionic lattices are char-
acteristic of the true salfs.

Covalency. Sidgwick? distinguished between normal covalency
in which each atom contributed one electron to the bond and
coordinate, now frequently called dative, covalency in which one

"3 The Electronic Theory of Valency, Oxford University Press, 1927. The
Covalent Link in Chemistry, Cornell University Press, 1933.
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of the bonded atoms furnished both electrons for the bond as in

H, ++
l ) i
l
H———-ITT—>H and H;N—Cu«NH; |-
l
H N
3 .

He pointed out that complex-forming molecules and ions, such as
NH; H:0, CN-, and CO, invariably had paivs of free electrons
which might be shared with other atoms. He called such atoms or
ions donors. Atoms or ions which could share electron pairs donated
by other ions were called acceptors.  Sidgwick saw a cause for this
sharing of electron pairs in a probable tendency of atoms with
unfilled energy levels to complete these levels and o acquire the
stable conformation of the next following inert gas. The stability
of complex ions and molecules in many cases does lend plausibility
to this view. For example, in [Fe(CN)g~* and [Co(CN).]" * the ions
2Fett and 24Co™®, by gaining a share in 12 clectrons donated by
6 CN-, complete their energy levels to the stable conformation of
36Kr. [Fe(CN)gl~% and [Co(CN)g]* with 3Fet? and 2Cott are far
less stable complexes, 961°¢(CO);s and 25Ni(CO)4 are stable, but
carbonyls of 2;Co contain two or more,Co atoms.

L. Pauling,® by application of wave mechanies, derived for these
and other complex ions structures having the octahedral and
tetrahedral or planar spatial arrangements of the 6 or 4 coordinated
groups about the central ion or atom which Werner had deduced
from their chemical and optical behavior. No hypotheses as to the
exact nature of the bonding forces are involved.

Sidgwick’s theory has been useful in that it permits visualization
of the structure of complex ions and molecules. The weight of
recent evidence seems to be against its validity at least as far as the
mechanics of valence bond formation is concerned. It is by no
means certain that atoms are actually held together by clectron
pairs. It may be that only coulombic fields of force arc involved.
The details of atomic bonding are far from finally settled, and
frequent shifts of viewpoint are togbe expected for many years.
Whatever the actual mechanism of bond formation may be, it is
often convenient in writing formulas to use Sidgwick’s symbol for
dative covalency.

T3] Am. Chem. Soc., 53, 1367, 3225 (1031).
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Since in the covalent bond the bonding force is concentrated
nearly to a point, atoms are drawn much nearer together so that
their electron levels actually interpenetrate. Covalent compounds
are shown by X rays to have molecular lattices in which the struc-
tural units are molecules, held together in three dimensions by
shared pairs of electrons. Compounds having molecular lattices
are likely to be insoluble in water. It is now certain that a large
proportion of the compounds formerly considered to be salts are
actually pure covalent compounds, for example, As,Se.

The following tabulation shows some of the characteristic
differences of properties between electrovalent and covalent
compounds. :

ELECTROVALENT NorMAL COVALENT

True salts. Molecular compounds.

High melting and boiling point. TLow melting and boiling point;
frequently liquids or gases at
25°.

Good conductors of electricity Nonconductors.

when fused or dissolved.
Usually hard. Usually soft in solid state.
Ionic lattices. Molecular lattices.

An interesting example of the above differences is shown by alumi-
num chloride, which sublimes at 183° and does not conduct an elec-
tric current when fused. In contrast, Mg+t+Cl,™, a true salt, melts
at 712°, boils at 1412°, and in fused condition conducts a current.
Both the molecular weight of the vapor and X rays show that
anhydrous AlCl; has a doubled formula. Sidgwick suggested that
a structure such as

Cl Cl
\/\/

C/\/‘\

would be in accord with these properties. In this formulation each
Al atom forms covalent (shaged pair) bonds with three Cl atoms and
acquires a share in a pair of electrons dorated by a fourth Cl atom.
All eight of the atoms have acquired, by sharing, complete octets
(inert gas configuration). When dissolved in water, Al:Cls conducts
readily, but this is because the Al*$ ion acquires a share in six elec-
tron pairs donated by water molecules so that the cation is now
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[AI(H20)q]*% The six Cl atoms retain the electrons that, in the
solid, were shared with the two Al atoms and become ions. When
crystallized from water, the salt [AI(H20)¢*3Cls is formed. Like
AlLCl,, the fused anhydrous chlorides of 43 chromium and iron,
FesCls and CriClg, are nonconducting and must be covalent. In
water they form conducting solutions, resulting from formation of
[Cr(H,0)4*? and [Fe(H:0)4t%.
In the following table

@) (2)
Li|Be B C N[O F
Na MglAl 8i P |S Cl
K Ca Sc¢c|{Ge As | Se Br
Rb Sr iSn Sb | Te 1
Cs Ba . [ Pb Bi

elements to the left of line (1) form monatomic eations; elements to
the right of line (2) can form monatomic anions. Elements
between the two lines tend strongly to form covalent compounds.

Hydrated ions. Ixcept halides of alkali metal ions, most true
salts have water of crystallization (for example, Ca(NOQ3),4H50,
MgBry:6H,0, MnSiFg6H,0, FeCly-4H.0. X-ray examination of
the crystals shows that water is coordinated to the cation with which
it forms a complex ion, which enters the crystal lattice as a unit.

Vitriols and alums. Two particularly interesting classes of
hydrated ions arc known as vitriols and alums.  Vitriols are hepta-
hydrated monoclinic sulfates which are formed by the bivalent iong
of Cr, Mn, Fe, Co, and Ni and also by Mg and Zn. 'The general
formula is M'SO,7H,0. Although commonly called ‘blue
vitriol,” CuSO0;5H,0 is not a true vitriol. Cadmium sulfate
crystallizes ordinarily as 3CdSO.8H.0. If a crystal of a less
soluble vitriol is placed in a saturated solution of either Cu80, or
CdSO,, CuSO47TH,0 or CdSO.7TH,0O will grow on the crystal as
true vitriols. X rays show that the structure of the vitriols corre-
sponds to M’ (H:0)¢H,0-80y, linked as follows:

H
H, J)
HO0 O —H He—O 0
Ny v N S N /
M+ o s\ )
71 N / '\ /
H.0 3 0—H H 0

H: |

«—
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The H « O bonds of the seventh H,0O are rather weak. In conse-
quence, when the vitriol crystal is dissolved in water, they arc
further weakened by the approach of the positive dipole end (H)
of solvent water molecules, and the bonds are easily ruptured. The
solution will contain Fe(H.0)¢+ and SO,=, the latter associated
more or less with water molecules.

The term alum is applied to double sulfates of a univalent and
a tervalent cation with 12 molecules of water of crystallization.
The general formula is M'M'"(8S04)212H,0. These salts crystal-
lize very readily in octahedrons. M’ can be Li+, Na+, K+, Rb+,
Cs*, NH,*, Cut, Ag*, and TI*. M’ can be Al*+3, Tit+3, V+3, Cr+3,
Mnt3 Fet3, Co*3, Gat3, In*t3, TI1+3, Rh*3, or Irt%, The class name
comes from the best known member of the series, potassium
aluminum alum, KAI(SO,).-12H.0.

The structure of the alums has only recently been determined
with any great probability. Results for KAI(SO,),-12H;0 make
certain a central ion, A1(H,0)¢*3, in which the water molecules are
located at the corners of a regular octahedron having Al at its center.
The remaining six waters are outside this core, possibly very loosely
bonded to K*, their distance from which, 2.46 ,&, is rather large.4
Four of them may be loosely bonded to the two SO,~ as in vitriol
above.

COMPLEX IONS

In general, any ion which is composed of more than one clement
is complex. This term, however, is usually applied to ions which
consist of a metal ion to which are bound covalently neutral mole-
cules such as H,O, NH;, CO, NO or-anions such as NO,~, halides,
CN-, NCS-, CO3~, Cy0,~ and some others. Hundreds of com-
pounds containing such complex cations and anions have been long
known. They were completely unexplainable by the old ideas of
valence. The nature of such compounds was first made clear by
Alfred Werner (1866-1919). Werner observed that ecations most
frequently add either four or six molecules of water and, if they add
NH;, either four or six molecules of this substance. After many
years of experimental work he was able to prove convineingly that
in such complex ions, four added molecules must be thought of as
situated usually at the corners of a regular tetrahedron® and six

X s the symbol for the Angstrom unit, 108 em. Atomic distances are
expressed as multiples of this unit.

5 X rays show a planar structure for [Cu(NH;) ]+, [Ni(CN).]=, C1;Pt(NHy)s,
and a few other complexes.
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added molecules as located at the corners of a regular octahedron.
He was the first to introduce the term coordination number as a
property of atoms. By this term was meant the number of mole-
cules or ions that could be linked by covalent bonds to a central
atom or ion. At the present time the coordination number of an
atom is considered one of its most important properties.

The presently accepted mazimum coordination numbers of atoms
and ions are as follows:

Two. Hydrogen only. Ixamples: [F—H«F]~;

H H

AN
O—He«0

H

which shows how bicovalent hydrogen binds water molecules in ice.
Four. Elements of the first period of eight, ;L1 to \Ne. Exam-
ples: Be(H:0)*+; : g

I T H *
Y |
l‘——l = H—~—I|\T——>H H
F H

and [OBes(AcO)sl. The latter is an casily sublimed, completely
covalent molecule in which the four Be atoms are at the corners of a
tetrahedron having the oxygen atom at its center.  The six acetate
ions are along the edges of the tetrahedron, each Be being attached
to three acctate ions.

Siz. Elements of the second short period, ;;Na to A, and of
the first long period, ;oK to 36Kr. Examples: Mg(H:0) 4, [AlF )3,
[Fe(CN)g] ™4, [Co(NH3)el**, [Co(NH;)s)™3, and many others.

Eight. The remaining elements, 3;Rb to U. Examples:
OsF3, [Mo(CN)g]™4, [W(CN)g]™.

It is important to bear in mind that the above numbers are
mazima and that coordination numbers less than the maximum
possible are shown by many atoms. The coordination number of
Nit+, Pd++, and Pt++ as well as Cu** and Zn*+ appears to be
usually 4, as in Ni(CO),, (NH;).PdCle, [Ni(NH3),]**, [Ni(CN),]".
The sizes of the central atom or ion as well as the size of the coordi-
nated molecules or atoms will limit the number of the latter.
Fluoride ion, because of its small size, appears always to bring out
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the maximum coordination possible to an atom. For example,
AsF; and SF4 are known but not AsCl; or SCl,.

Valency of complex ions. At the present time complex com-
pounds are so numerous and form such a great part of modern
inorganic chemistry that students should carly become thoroughly
familiar with correct methods of writing and naming them. For
this purpose a considerable selection of such ions or compounds is
given below. The valency of complex ions is sometimes puzzling,
but it is quite systematic and can be readily learned, as the following
rules will show.

1. Neutral molecules such as NH; and H;0 when coordinated
to a central cation do not change the electrovalence of the latter.
The resulting complex ion has the same charge that the central ion
had before coordination.

2. Substitution of anions for neutral molecules as donors in
complex cations decreases the clectrovalence of the complex by one
for each univalent ion, two for each bivalent ion, etc.

3. Substitution of anions for neutral molecules in complex
antons increases the negative valence of the anion by one for each
univalent ion, two for each bivalent ion, and so on.

[Co(NH;) ]+ hexammonocobaltic ion
[NO:Co(NH;) s+ nitropentammonocobaltic ion
[(NO2)2Co(NH;)+ dinitrotetrammonocobaltic ion
[(NO3)sCo(NH3;)s] (nonelectrolyte) trinitrotriammono cobalt
[(NH;):Co(NO3)]~ diammonotetranitrocobaltiate
ion
[Co(NOj)el— hexanitrocobaltiate ion

Nomenclature of Complex Compounds

The names of complex compounds should indicate clearly their
composition, and their formulas should suggest accurately descrip-
tive names. To achieve this, Werner recommended the following
rules, which are now becoming standard, although their general
adoption has been tardy.

1. Mention the parts of a complex ion in the following order:

(a) anions: hydroxo-, OH—; fluoro-, F—; chloro-, Cl—; bromo-,
Br—; iodo-, I~; nitro-, NO.™; nitrato-, NO;~; cyano-, CN—; thio-
cyanato-, NCS-; sulfato-, SO4~; carbonato-, CO;s~; oxalato-, Cs0,~;
and so on.
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(b) neutral molecules: aquo-, HsO; ammono-, NH,; and so on.
(c) the central ion.
.2. Indicate the number, if more than one, of each kind of
coordinated particle by prefixes di-, tri-, tetra-, penta-, hexa-.

3. Cations take the name of the central ion and indicate its
valence.

4. Anions end in -ate (for example, argentate, cadmate, zincate)
if the central atom forms only one ion; otherwise in -oate for the
lower-valent ion, in <ate for the higher-valent ion (for example,
ferroate; ferriatc).

5. Nonelectrolytes take the name of the central ion as ele-
ment (for example, pentacarbonylo iron, Fe(CO)s; dichlorodiam-
mono platinum, [Cl:Pt(NHs)s]; trichlorotriammono chromium,
[Cl;CT(NHs)aD.

To illustrate the application of Werner’s rules, the names and
formulas of a few typical complex salts and ions are listed below.

FormMuLra NAME
[Cr(H:0)6|Cl; (violet)  Hexaquochromic chloride
[CICr(H0):]Cl2-H20 Chloropentaquochromice chloride
(blue green)
[CLCr(H,0)4C1-.2H:0  Dichlorotetraquochromic chloride
(emerald green) .
[Co(NHj3)[Cr(NCS)s] Hexammonocobaltic
hexathiocyanatochromiate
(NH,);[Fe(C204)s] Ammonium trioxalatoferriate
[C20,Co(NHs),]Cl Oxalatotetrammonocobaltic chloride
[NO,Co(NH;)sJ(NOs)2:  Nitropentammonocobaltic nitrate®
[(NO,2):Co(NH,),Br Dinitrotetrammonocobaltic bromide®

K Fe(CN), Potassium hexacyanoferroate
K;;Fe(CN), Potassium hexacyanoferriate
K,Fe(CN);NO Potassium pentacyanonitrosyloferroate”
¢ The nitrito- group (nitrite ion), °O")I§(5‘< O:, changes rapidly, even in solids,
b3 O
into the nitro- group, x N "0 . Red nitrito complexes soon change to the
o3

yellow of nitro- complexes.

X
7 The nitrosyl- group, according to Sidgwick, is ¥ N %:0:. Thelone electron
of N probably reduces Fet3 in K;Fe(CN)s to Fet+, thereby making NO an ion,
NO+, which neutralizes the charge of one CN~, As a result the complex ion
becomes bivalent,
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[CO3Cr(NHj3)41:804 Carbonatotetrammonochromic sulfate
[OH H,OCr(NH;)4]80, Hydroxoaquotetrammonochromic sulfate
[Cu(NHj3).)*" Diammonocuprous ion

[Cu(CN);)~ Tricyanocuproate ion

[Cu(NH,) ]t Tetrammonocupric ion

[Cu(CN)J]~ Tetracyanocupriate ion
[(SCN)sCr(NH;),) Trithiocyanatotriammono chromium

[(OH);Cr(NH;)H0] Trihydroxodiammonoaquo chromium

Stability of complex compounds. Complex compounds show
extreme variations of stability, ranging from those which are scarcely
affected by chemical reagents to those which are completely decom-
posed in dilute aqueous solution. At one end of the range stand
ions like [Co(CN)g)~® and [Fe(CN)¢]~* which are scarcely affected
by concentrated aqueous acids, in spite of the slight ionization of
HCN. When [Co(NHj)elI; is heated with concentrated HNO;,
[Co(NH;)e(NO;); is formed, but no NH; is removed from the
cation. At the other end of the range is the large class formerly
called ““double salts,” such as the alums, (NH,):Cu(S0,),-6H,0 and
K:MnCl, (aq.), solutions of which differ in no respect from equiva-
lent mixtures of the separate components. The ion [Co(NHj)e*+
has little stability and loses all its NH; on gentle warming. In the
presence of water, Mn*t+, Fet* and Fet* do not form complexes
with NHj, the aquo- complexes apparently being the more stable,



CHAPTER 5
WRITING AND READING CHEMICAL EQUATIONS

Qualitative inorganic analysis can and should be a discipline of
the greatest permanent value to the student of chemistry. This
permanent value resides not in expertness in analyzing materials
but in the systematized first-hand knowledge which laboratory
practice gives the student regarding the characteristic reactions of
the commercially important chemical clements.  This stock of
knowledge constitutes the working equipment, in inorganic chemis-
try, of the chemist and the chemical engineer. 1t should include:

1. Both the formulas and the names of common compounds.

2. The relative solubilities in water of such compounds.

3. The relative degrees of ionization of the so-called ‘“weak™
electrolytes, a class which includes many acids, NHj, and a few
covalent compounds.

4. The distinetion between electrovalent and covalent eom-
pounds. .

5. A thorough understanding of which elements form only
cations, which form only anions, and which form both.

6. The various valencies of the transition clements and the
nature of their compounds in cach valence.

7. Familiarity with and ability to use the periodic table (Table 2,
page 25) as the great systematizer of inorganie chemistry.,  Families
of elements form similar compounds having more or less similar
properties, Knowing the family to which an unfamiliar clement
belongs enables one to write the formulas of its common compounds
and to predict their properties with considerable accuracy.

This essential knowledge is acquired most readily by constant
practice of writing equations accurately and reading them with full
comprehension of their significance.

Chemical equations constitute the chemist’s system of short-
hand. To preserve for later reference and study the essential
results of a simple test tube experiment, such as those made in a
study of the characteristic reactions of elements and their com-
pounds, might require writing a hundred words. The saving of

43
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time is obvious, if this information can be conveyed by one or two
equations. But one must learn not only to write shorthand but also
to read it. No part of elementary training in chemistry is more
important than writing equations and learning to transpose into
words all the information that an equation can convey. Experience
has shown that students, when reading equations in textbooks,
frequently miss as much as half the important information contained
in them.
A properly written equation should show:

1. The correet formulas of the reactants and products. The
electrical charge of an ion is an essential part of its formula.

2. Whether any of these are solids or gases. This is shown most
clearly by underscoring solids and overscoring gases.

3. Whether molecules or ions react or are formed.

4. Whether electrolytes are completely or only partially ionized.
It is customary to write very weak clectrolytes, such as HAsO,,
HCN, as molccules.

5. The proportions in which the reactants react or in which the
products are formed. This is essential if the law of equilibrium is
to be applied to a reversible reaction. This means that the equation
must be balanced not only chemically but electrically. The same
number of atoms of each element must appear on each side and, in
ionic equations, the total net charges must be the same on both sides.

THE SIGNIFICANCE AND LIMITATIONS
OF “EQUATIONS”

While the writing of chemical ““equations” is both a time-saving
method of recording experiments and the best means of acquiring a
necessary stock of knowledge, it should be kept in mind that
frequently such expressions do not convey ‘“the truth, the whole
truth, and nothing but the truth.” The word equation implies
mathematical equality. A chemical cquation as an equality implies
that no other product than those contained in the equation has been
formed. Furthermore, it implies that the reactants have been
transformed completely into the products. Modern investigations
show that few reactions are absolutely complete, not even those
reactions which are used for purposes of quantitative determination -
and calculation.

For example, let us consider the precipitation of Ag+ by a small
excess of Cl-. This reaction is used in quantitative analysis and
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may be taken as a typical ““complete’’ reaction. If, at the end of
the reaction, Cq- is 0.01 M in the solution, since in a saturated
solution of AgCl

Crer X Cai- = 1.7 X 10710,

Ca+ = 1.7 X 1078 M. Since there are 6.06 X 1028 silver ions in a
gram-ionic weight (107.88), there would remain in a liter of solu-
tion 1.7 X 1078 X 6.06 X 1023, or 10'¢ ions and, in 1 ml of solution,
10%jons. Actually the weight of 103 ions would be about 2 X 108
mg, far less than an analytical balance can detect.

In the second place, X-ray examination demonstrates that many
of the formulas assigned to chemical compounds are incorrect. For
example, the compounds long written as As,S; Sh,S;, and P304
actually have the molecular composition As,Ss, Sb,Ss and P,Os,.
The gels for which definite formulas used to be written, such as
Al(OH);, Cr(OH);, Fe(OH);, H 8104, and the like, are now known
to be huge aggregates of covalently bonded metal atoms, water, and
OH~ of variable and constantly changing composition. It is
obvious that no chemical formula can truthfully represent the
variable composition of such aggregates.

In the third place, it is now known that frequently, perhaps as a
rule, one or several side reactions accompany a principal reaction.
For example, in reactions where HNOj is.used as an oxidant it has
been shown that compounds of nitrogen in all valencies can be
detected. Such compounds would be NO,, HNO;, NO, NgO, N,
(OHNH,;)*, (N.H;)*, and NH,*. Unless a chemical reaction is
known to have been investigated thoroughly for completeness and
absence of side reactions, no strictly quantitative equation can be
written to describe it. Under carefully controlled conditions many
reactions can be brought nearly enough to completeness to be usable
for quantitative purposes.

Equations are convenient and useful shorthand descriptions of
the general tendencies of reactants toward compound formation. A
certain degree of skepticism about their strictly quantitative truth
is always advisable until this is known to have been thoroughly
investigated. Many, perhaps most, of the ““equations” written in
qualitative analysis should be regarded as convenient but incom-
plete or partial statements, serving to call attention to the principal
one, of possibly several reactions which take place simultaneously.

In the writing of chemical equations, compounds should be
formulated in accordance with established facts. The student
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should bear in mind that modern tools of investigation, particularly
X rays, give far more exact information about chemical compounds
than ever hefore was available; and that, as a result, chemistry is
undergoing more rapid revision than at any period of its history.
The present-day student must be prepared to adjust himself to
frequent revisions of chemical formulas.

INTELLIGENT READING OF EQUATIONS

When shorthand is read, it has to be turned into words. Chem-
ical shorthand—that is, equations—should always be read in words.
Practice in cxact reading of equations is no less important than
ability to write them. Solids, gases, and substances in solution
should be distinguished from cach other clearly in writing and in
reading. Molecules should be distinguished from ions. If it is
made a rule to underscore solids, overscore gases, and indicate the
number of positive or negative charges belonging to each ion, these
important properties are emphasized. The formula BaSO, should
be read solid barium sulfate; CO, should be read carbon dioxide gas.

Inability to write formulas when the names of compounds are
given is due largely to failure to read equations in words and to
acquire the habit of doing this.

Examples of Correct Reading
The equation

CaCOjs(heated) = CO, 4+ CaO

should be read:

“When solid calcium carbonate is decomposed by heat, each
gram-molecular weight (mol) decomposed forms one gram-molecular
weight (or 22.4 liters S.T.P.) of carbon dioxide gas and one gram-
molecular weight of solid caleium oxide, but these products recom-
bine to form calcium carbonate unless the gas is removed as fast
as it is formed.”

The equation

28rCrO,4 + 2AcOH = Cr:07= + 28Srt+ 4 2A¢0~ 4+ H.0

(yellow) (orange)

should be read:
“If two mols of yellow solid strontium chromate reacted with
exactly two mols of little ionized acetic acid, one mol of orange-
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colored bivalent dichromate anion would be formed, together with
two mols of bivalent strontium cation, fwo mols of univalent acctate
anion, and one mol of water. However, since the sign of reversi-
bility is used, the products can react to reform the reactants unless
an excess (more than two mols) of acid is used.”

The equation

HoAsOp 421 4 3HY = HAsO, + I+ 2H,0

should be read:

“In acid solution one gram ion of univalent primary arsenate
anion, two gram ions of univalent iodide anion, and three gram ions
of hydronium ion! (acid) form ‘quantitatively’ one mol of little
ionized arsenious acid, one mol of solid iodine, and two mols of
water.”

The quantitative information contained in a balanced equation.
When we write 3H, 4+ Ny a2 2NH,, the equation states that 3
gram-moleccular weights of hydrogen react with one gram-molecular
weight of nitrogen to form reversibly two gram-molecular weights of
ammonia. Since the gram-molecular weights of all gases (S.1.P.)
occupy 22.4 liters, the equation also tells us that 3 volumes of H,
react with 1 volume of nitrogen 1o form 2 volumes of NH;. In
other words, whether gram-molecular weights (mols) or volumes are
considered, the proportions of reactants and product are always
3:1:2.

It follows then that the equation

3H. + N, « 2NH;

can be read in terms of various units.
1. 3 g.mols 4 1 g.mol form 2 g.mols.

2. 3 mols + 1 mol 2 mols.

3.6048g 4+ 28 ¢ “34.048 g.

4. 3 vol. 4+ 1 vol. “ 2 vols. (all at the same temperature
and pressure)

5.67.21+4+ 2241 “ 4481 (all at S.7T.P.)

The student should practice reading equations in terms of
various units until he becomes familiar with the quantitative infor-
mation that can be derived from a balanced cquation.

1 The proton H* in aqueous solution exists largely as hydronium ion H,O*.

To save time in writing laboratory notes, it is permissible to write H¥, but it
should invariably be thought of and read as “hydronium ion.”
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WRITING AND BALANCING CHEMICAL EQUATIONS

Chemical reactions may be divided into two classes:

1. Those in which no element changes valency.
2. Thosein which changes of valency take place (redox reactions).

Before any attempt is made to balance a chemical reaction, it
should be determined which type of reaction is taking place. This
is best done by writing the reactants and the products and checking
the ““apparent valency” (page 53) of each element in reactants and
products to determine whether there is a change of valency. For
example, in the reaction

2CrO + 2H* 2 Cr0;~ + H,0

one might think that change of valency was involved. But the
“apparent valency’ of Cr is 46, both in CrO,~ and in Cr,0;~,
Therefore, change of valency is not involved.

If no change of valency occurs, the following rules apply. If
there arc valency changes, follow the rules on page 56.

Since most inorganic salts and the strong acids and bases are to
be considered completely ionized in aqueous solution, their reactions
in this solvent should be written as Zonic equations. In the old
system of writing equations, metathetical reactions were considered
to involve a ‘“trading of partners” between molecules. For
example:

BaCl; + Na,SO, = BaS0, + 2NaCl

In the modern system of writing equations for reactions in
aqueous solution, only those ions are consideted which change their
concentrations as a result of the reaction. For example:

Ba*+ + SO~ = BaSO,,

since the reaction would be identical between BaCl; and Na,SO, and
between Ba(NO;): and K:S0,, all four substances being completely
ionized even in crystal form.

Rules for Balancing Equations Not Involving Valency Changes

1. Set down the correct formulas of the reactants and those of the
products (skeleton equation), remembering that correct electrical
charge on an ion is as essential a part of its formula as are the atoms
themselves.
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2. Starting at the extreme left, make the number of atoms of
each element except H and O the same on the product side as it is
on the reactant side. (The peroxo group —O % O— is to be con-
sidered a bivalent unit.)

3. Balance the equation electrically using H* or OH-, depending
upon whether the solution is acid or basic, so that the sum of the
charges on the reactant side equals the sum of the charges on the
product side.

4. Balance the equation chemically using H,O as reactant or
product to balance the H and O atoms that were not balanced in
step 2.

6. Consider the completeness of the reaction and determine
which of the signs (—, &, =) conveys the intended meaning.

Examples
A. To write an equation for the reaction of hydrogen peroxide
on dichromate ion in a very dilute, slightly acid solution to form blue
diperoxochromic oxide. No change of valency.

Rule 1. Cry0:= + H:0: — OCr(0y):

Rule 2. By observation of skeleton equation

(@) it is evident that there are 2 Cr atoms on the reactant side
and one on the product side. Therefore, to make them equal we
write '

(b) Cr:0~ + H,0, — 20C1‘(02)2.

We now note that there are four (0;)= groups on the product side
and only one on the reactant side. Therefore, we write:

Cr, 0, 4+ 4H:0, — 20(4‘1‘(02)2.

Rule 2 is now completed, as we do not balance H or O in this step.

Rule 3. The sum of the charges on the reactant side equals —2,
that of those on the product side equals 0; therefore (because the
solution was acid) we must add 2H* to the reactant side to balance
the equation electrically. The equation then becomes

Cr0~ 4+ 4H0; 4+ 2H* — 2OCP(02)2.

Rule 4. As there are now 10 hydrogen atoms on the reactant
side and none on the product side, we balance the equation chemi-
cally by adding 5H,0 to the right. ‘

Cr0:= + 4H,0, + 2H+ — 200!’(01)1 + 5H’O
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Rule 5. Choice of sign is difficult in this case. The reaction is
not known to be quantitative. It is not reversible, for in water the
blue ecompound is rapidly reduced to Cr(H.0)¢*3. “Tends to
form”’ appears as near the truth as any statement based on present
knowledge. The final balanced equation is, therefore,

CI‘207= + 4H,0, + 2H+ — 2001‘(02)2 + 5H,0.

B. To write a balanced ionic equation for dissolution of arsenious
sulfide in a mixture of sodium hydroxide and sodium hydrosulfide to
form thioarsenite ion.

Rule 1. AsiSs + HS™ + OH™ — [AsS,]? (as stated)

“ 2a. AsiSy + HS™ + OH™ — 4[AsS,]™*
“2b. AsiSy + 6HS™ + OH™ — 4[AsS,]~?
“ 8. AsiSy + 6HS™ + 60H™ — 4[AsS,]?
(balanced electrically)
“ 4. AsSe + 6HS™ + 60H~ — 4[AsSs]™* + 6H.0

(balanced chemically)
“ 5. AsSy 4 6HS™ 4+ 60H- = 4[AsSs]* + 6H,0

Rules for Reactions Involving the Dissolution of Bases in NH,*

Ammonium ion, NH.* is a weak acid with the following
ionization: ’

NH,* & H* 4+ NH;, K. = 5.56 X 1019,
The dissolution in NH,* is therefore an acid-base reaction.
1. ﬂg(()ﬁl—l_)_z + 2H* 2 Mg+t 4+ 2H,0

2. We then write the equation for the ionization of NH* as an
acid so that the same number of H* are furnished by ionization as
were used in the dissolution reaction.

2NH,* = 2NH; + 2H*

3. Upon adding the two ecquations algebraically, canceling
wvherever possible, the final equation

Mg(OH); + 2NH,* & Mg++ + 2H.0 + 2NH;

is obtained.

If the cation formed can react with the NH; present to form a
complex ion, this reaction can be written as a complement of the
second equation.
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Exaﬁple

Cd(OH). dissolves.in NH; and NH,* to form Cd(NH;) .
Rule 1. Applying our rules for dissolution of bases in NH,*, we
would first consider the Cd(OH); to be dissolved in Ht ion.

Cd(OH); + 2H* < Cd**+ + 2H.0

Rule 2a. Then, writing the equation for the ionization of NH*
as an acid,

2NH,* = 2NH; + 2H+.
Rule 2b. The equation for formation of the complex ion is
Cd*++ 4 4NH; & Cd(NH;),*.

Rule 3. Adding equations (1), (2a), and (2b) algebraically, we
ebtain

REACTIONS INVOLVING VALENCY CHANGE
(REDOX REACTIONS)

Redox reactions differ from nonredox only in that, in* the
former, electrons are both reactants and products although they do
not appeat in the final equation.

In the balancing of valency changes of ions or within ions, the
following should be kept in mind: '

1. All redox reactions take the sign of veversibility (&2).

2. Oxidation is loss of electrons. Electrons are products of the
reaction. Example: Fett &= Feté 4 ¢,

3. Reduction is gain of electrons. Electrons arc reactants.
Example: Fet3 4 ¢~ & Fet™.

4. In a balanced equation the number of electrons given off by
the oxidant must equal the number of electrons taken up by the
reductant. Since the solution always remains clectrically neutral,
this is the fundamental consideration in balancing valency change
equations. In order to find the number of electrons gained and
lost, it is necessary to write partial equations showing the number of
electrons lost by the reductant (oxidation of reductant) and the
number gained by the ozidant (reduction of oxidant). 'These
numbers are readily determined, even in complicated cases, by
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considering the ‘‘apparent’’ valency, in its ions, of the clement
undergoing valency change.

The “apparent valency” (valence number) of the central atom
in complex ions. By complex ion we here mean any ion which
contains more than one atom. We have already seen that Be, B,
Al, and elements of periodic Groups IV, V, and VI (except as
S=, Se=, Te~) cxist only in complex ions. In such complexes we
have seen that both normal and dative covalencics may be present.
How shall we find the “apparent” valency of the central atom—for
example, sulfur—in the following valency change?

HSOs— -+ HzO = SO4“ + 3H+ + 2¢~

-

In SO, the two negative charges on the ion show that two
clectrons have been acquired from an external source, such as H.
Since each atom in the ion possesses or shares an octet of electrons,
and both S and O atoms had six clectrons in their incomplete levels,
the four oxygen atoms, in order to complete their octets, must have
acquired a share in eight more electrons. Since two came from
outside, six must have come from S. We may then think of the
valence of S in 8O,~ as 46, although we know that no ion S+8 can
have tndependent existence.

In HSO;~ we may think that three oxygen atoms have acquired
six electrons, one from outside, one from H, and, consequently, only
four from the S atom which must in this ion have two unshared

OH~
S

clectrons | O S S has shared four electrons and we may

0
think of its valence as +4. In formation of SO~ the two unshared
electrons of S in HSO,~ are shared with a fourth oxygen. This
must come from a molecule of the solvent with release of two protons
which immediately attach themselves to other molecules of solvent
to form hydronium ions. The important point in this reasoning is
that, in thinking of S+® and S*4 we by no means postulate the
independent existence of such ions.

Valency changes of H,0,., H—O—O—H can act as either
oxidant or reductant. It is, like water, a very weak acid. Alkaline
solutions contain HO,~. In alkaline solutions, reduction of HO,~
proceeds according to

HO,~ 4+ H:0 4 2¢~ «230H- (1)
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In acid solution H,0, acts as either oxidant or reductant. As
oxidant it is reduced according to

H,0, + 2H* + 2¢~ 2 2H,0 )

By very powerful oxidants, such as MnO,~ and 0OCr(0y),, it is
oxidized to O,.

PS Hz()g = ()2 + 2H+ + 2¢.

Note that two electrons are involved in both oxidation and reduction
Of Hz()z.

Sodium peroxide, if added slowly to water containing much ice to
absorb heat of reaction, forms HO,~. The reaction is one of
hydrolysis.

I.\Iﬁg(.)j + H,O0 &2 HO;~ 4+ OH- + 2Na+.
HO,™ reacts as oxidant as in (1) above.

Rules for Balancing Redox Equations

1. Set down the formulas of the substances that change valencies.
for example:

Ml’l(){' + st « Mntt + HS()4_

2. Set down the skeletons of the two partial equations.
a Oxidant + e~ = reduction product.

MnO,~ 4+ e~ &2 Mnt+
b Reductant & oxidation product + e
H.S &2 HSO,~ + ¢~

3. Determine the difference between the “apparent’ valency
of the central atom in the oxidant and its reduction product and
that between the ‘“apparent” valency of the central atom in the
reductant and its oxidation product. Consult, if necessary,
Table 3, page 53. For example, Mn in MnO,~ is +7; in Mn*+ it
is +2; difference, 5. Sin HySis —2;in HSO,~is +6; difference, 8.
Make the number of electrons in the partial equations equal to
these differences.
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MnO,~ + 5e~ 2 Mntt (Mn*7 to Mn*?)
H.S 2 HSO4~ + 8¢~ (82 to 8*¢)

4. Consider whether the reaction takes place in acid or in basic
solution.? Balance the partial equations electrically by adding H*

if the solution is acid or OH~ if the solution is basic.

MnO,~ + 5¢- + 8H* 2 Mntt
H.S = HSO,~ + 8¢~ + 9H*

6. Balance the partial equations chemically, using H,O as
product or as reactant.

MnO,~ + 5¢~ + 8H* 2 Mntt 4+ 4H,0
(reduction of oxidant)
HQS -+ 4H20 = HSO4_ + 8¢~ + 9H+
(oxidation of reductant)

6. Multiply one or both partial equations by such factors as will
make the number of electrons gained by the oxidant cqual to the
number of eclectrons lost by the reductant.

8MnOQ,~ + 40e~ + 64H+ < 8Mnt+ 4+ 32H,0
5H,S + 20H,0 =2 5HSO,~ + 40¢~ + 45H"

7. Add these multiplied partial cquations, ecanceling cqual
numbers of the same ion or molecule on opposite sides.

8MnO,~ + 5H,S + 19H+ 2 8Mn*+ 4 5HSO.~ + 12H,0

2 Experimental directions for lahoratory work usually indicate this. In
practice exercises, if it is not specifically stated, the acidity or basicity of the
solution can usually be inferred by observing the formulas of certain compounds.
Anions of weak acids exist only in basic solutions, the acids in unionized form
only in acid solution. Moderately stable ammono and cyano complex ions
exist only in basic solutions. MnO,~ in acid solution ig reduced usually to
Mn*+; in basic or nearly neutral solution to hydrated MnO,.

“

Acip SoLUTION Basic SoLuTtioN Acip SoLuTION Basic SoLurioN
HAsO, AsO.~ H.S HS-, 8-
H,AsQ,~ HAsO,~ decomposed MnO,~

BiO* : BiOOH NH.* NH,

CI‘QO1- CI‘OQ" HNOz N’Oz~
[Cr(H20)4]** [Cr(OH)¢™3 HSO,~ SO,~

HCIO ClO- HSO,~ SO+«

HCN CN- [SnCle]— [HSn(OH),]~
H,0. HO,™ [ZH(HQO)J**' [Zn(NH.).]**

or
[HZn(OH).J~
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Note that this final equation is balanced both electrically and

chemically.

Examples

A. Aluminum metal reduces nitrate ion to ammonia in sodfum
hydroxide solution.

Rule 1.

113 2.

(13 3.

“ 5.

“o7.

&« 5'

1 6.

= 4 AI° & NI, + [AI(OH) -
NO;~ + ¢~ = NH;

Al = [Al(OH)a]“’*‘ + o

N()a + 8¢~ 2 N1I; (N*® to N—3)
1° 2 [AI(OH) "3 4 3¢~ (AI° to Al+3)
NO;, + 8¢~ =2 NH; 4+ 9OH-
Al° 4+ 60H~ 2 [AI(OH)¢]™* + 3¢~
NO;~ + 8¢~ + 6H,0 <2 NH; + 90H~
(reduction of oxidant)
AI° 4 60H- = [AI(OH) | 4 3¢
i (oxidation of reductant)
3NO;~ + 24¢~ + 18H,0 «23NH; + 270H-
8Al° + 480H~ =2 §[AI(OH)4]™* + 24¢~
3NO;s~ + 8AI° + 210H- + 18H.O < 3NH;
+ 8[AI(OH)4]~?

ir oxidizes ferrous hydroxide to “ferric hydroxide”’ gel.

Pe(OH); + O, = Fe(ORD;
Oy + e = OH-
Fe(OH), 2 Fe(OH)3 + e
O, + 4e~ = 0H- (0° to 0~?)
Fe(OH), = Fe(OH); + ¢-
‘ (Fet* to Fet?)
O + 46~ =40H-
Fe(OH), + OH- = Fe(OH); + ¢
()2 + 4e— + 2H20 = 40H-
(reduction of oxidant)
Fe(OH); + OH- 2 Fe(OH); + e~
(oxidation of reductant)
02 + 4e- + 2H30 . =2 40H~-
4Fe(OH), + 40H~ = 4Fe(OH); + 4e~

4Fe(OH)3 + O3 + 2H,0 = 4Fe(OH)s
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C. When fused in excess of Na,CO; with an oxidant such as
NaNO;, manganese compounds of valency lower than +6 form
green manganate. Assume that NO;~ is reduced to NO;™.

Rule 1. M_r_l_O_g + NO;~ < MnO,~ 4+ NO.~
“ 2. NOy +e 2 NO,~
MnO, . 2 MnO,~ + e~
“ 8 NO;sg + 2 2 NO,;~ (N+8 to Nt3)
MnO, 2 MnOy~ + 2¢~

(Mn**'to Mn+9)
“ 4. Here NayCO; replaces HyO as solvent; that is, COs~
= CO, replaces H,O 2 H+ + OH~.
NOa’ + 2¢~ f=4 NOg— + CO4~
MnO, + 2COs~ & MnOy~ + 2e-
“ 5. NOs+ 2~ +CO; =NO;~ + COs~
(reduction of oxidant)
MnO; + 2CO;~ 2 MnO,~ + 2¢~ + 2C0,
(oxidation of reductant)
“ 6. Unnecessary, since electrons balance.

“ 7. MnO; + NO; 4+ COg==2MnOs~ + NO.,~ + —66_2

D. In acid solution excess of H,0, rapidly reduces the' blue
diperoxochromic oxide to [Cr(H,0)q]** with liberation of O,.

Rule 1. OCr(0Oy): + H:0, 22 [Cr(H,0)4** + 03
“ 2. 0Cr(0z); + e~ 2 [Cr(H,0)q]*?

H,0, 2 0; + e~
“ 83 OCI’(Oz)z + 7 [Cl‘(HzO)a]'H’
H,0,2 0, + 2¢- [(02)= to 05°]

“ 4. OCr(0y): + 7¢ 4+ 10H* 2 [Cr(H,0)*?
2024—02 + 2e~ + 2H+
“ 5. OCr(0Og)s + 7e~ + 10H* + H,0 2 [Cr(H,0)e}+®
(reduction of oxidant)
H,0, < 0, + 2¢~ + 2H* (oxidation of reductant)
“ 6. 20Cr(0,): + 14¢~ + 20H* + 2H,0-= 2[Cr(H,0)q]**
7H202 «— 702 + 14¢ + 14H*
“ 7. 2001‘(02); + 7H203 + 6H+ + 2H20 « 2[CP(H20)01+3
+ 70,

3 According to Schwarz [Ber., 68, 871 (1932)], Cr** 4 3¢~ --» Cr*?* and
2(04)= + 4~ + 8H* — 4H,0.
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The method for balancing redox equations outlined in the pre-
ceding pages differs from the so-called ‘“‘ion-electron’” method in
that the partial equations are balanced first clectrically and then
chemically. The use of “apparent’ valencies of the central atom
of complex ions makes this method readily applicable. It has three
important advantages.

1. The emphasis on the importance of electron transfers prepares
the student to comprehend clectrode potentials (Chapter 11) as the
driving force of redox reactions and readily to calculate the equilib-
rium constants of these reactions.

2. Tt gives a rapid and sure method for balancing equations for
many redox reactions which are extremely difficult, if not impos-
sible, to balance first chemically and then electrically.

3. It forces the student to learn the various valencies of the
elements which show variable valency in their compounds.

Until the method is thoroughly understood, the beginner is
advised to follow in exact order the seven rules. After that, and
when the common redox reactions and the valency changes occurring
in them have become familiar, the student will write only the bal-
anced electron partials (rule 5), multiply them by neccessary factors
(rule 6), and add them.

QUESTIONS

1. Write balanced ionic equations for:

(a) Reaction of sodium peroxide (Na,0Oz) and water.

() Reaction of hot 3 N nitric acid on silver sulfide to form sulfur,
nitric oxide, and so on.

(c) Reaction of iodine to oxidize thiosulfate (S,05~) to tetra-
thionate (S406™).

(d) Reduction of hydroperoxide ion (HO5~) (electron partial).

(e) Oxidation of hydrogen peroxide (H,0,) (electron partial).

(f) Oxidation of manganous ion in alkaline solution by oxygen
of air.

(g) Ferric sulfide dissolving in hydrochloric acid.

(h) Zinc metal dissolving in NaOH to form HZn(OH),~ + H,.

2. Read aloud the following equations in words.

(a) FePO, + 2H+ + 6H,0 = Fe(H,0)¢ + H,PO,~

(d) Cot+ 4+ 2H* 4 4NCS~ 2 H;Co(NCS), (blue)

(C) 2Mn++ + 40H- + 02 = 2Mn0,-H20
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(d) Na,CO; + 2H+ = 2Na+ + H,CO; = H,0 + CO,

3. State the proportions of reactants and products in the equa-
tions of question 2 in terms of (a) mols; (b) grams.

4. Complete and balance the following equations, writing under
each equation the quantitative information that can be derived
from the balanced equation.

(a) CN- + NH,+ = NH; + HCN

(b) NH; 2 N, + H,

(C) Mg++ + 2NH3 + 2H20 « M@E + 2NH4+

(d) NO 4+ O, =2 NO,

(6) NOg = N204

5. Assuming that x mols ionize, how many gram ions of each
product should be formed in each of the following cases?

AcOH 2 H* 4+ AcO~
Cll(NH3)4++ = Cutt + 4NH3
AﬁASQi 2 3Agt + AsQ,3



CHAPTER 6

CONTROL OF REACTIONS:
THE LAW OF EQUILIBRIUM

In the carrying out of chemical reactions on a commercial scale,
the completeness of the reaction (that is, the yield of the product
desired) and the time required (that is, the speed of the reaction) are
matters of primary importance. In this chapter we shall consider
the factors which control the speeds and completeness of reactions.

FACTORS CONTROLLING REACTIONS

Four factors arec of major importance in controlling reactions.
These are temperature, pressure, concentration, and catalyst.

Temperature. If a mixture of H, and Br; is enclosed in a sealed
tube, we may expect HBr to be formed.

H, + Brz — 2HBr 1)

According to the kinetic theory of gases the molecules of H, and
Br, are in violent motion and constantly colliding with the walls
of the container and with each other. Each collision adds to the
energy of the molecules,‘thut iy, it makes each a little more unstable.
If the gases are at about atmospheric pressure, millions of such
collisions occur each second. We may suppose that after a suffi-
cient number of collisions a H; molecule and a Br,; molecule, both
having acquired practically the full amount of energy needed to
cause reaction, collide with ecach other and that as a result of that
final collision, two molecules of a new substance HBr result. The
effect of increasing the temperature of the gas mixture is to increase
_ the velocity of the molecules and more collisions must take place
each second. As a result HBr should form faster at the higher
temperature. It is a rough and ready rule based on observation
that a rise of 10° approximately doubles the rate of a large number
of reactions.

Pressure. The effect of pressure is to bring gas molecules closer

together, that is, to increase the conceniration of the gas. At pres-
62



Cuar. 6] CONTROL OF REACTIONS: EQUILIBRIUM 63

sures of 1 to 2 atmospheres or less, the concentration of a gas is
proportional to its pressure. In gas mixtures the partial pressure
(in atmospheres) of each gas may be taken instead of its concentra-
tion (in mols per liter).

Concentration. The more molecules there are in unit volume of
a gas the more frequently they must collide with the container walls
and with each other and so the rate of reaction must increase. For
example in equation (1) above, if the gases were under a pressure of
two atmospheres, the concentration of H, molecules would be
doubled and a Br; molecule would collide twice as often with a H,
molecule. But the concentration of the Br, molecules would also
be doubled and a H, molecule would collide twice as often with a
Br; molecule. The net result should then be that formation of
HBr should proceed four times as rapidly as when the gases were
under a pressure of one atmosphere.

The Law of Mass Action. 'The effect of concentration on reaction
rate was first studied experimentally by Guldberg and Waage
(1864-1867). They stated their results as the Law of Mass Action.
The velocity (speed) of a reaction at any moment is proportional
to the molecular concentrations of the reacting substances present
at that moment, each concentration being raised to the power
corresponding to the number of particles of that substance that
enters into the balanced equation for the reaction. If two molecules
of a substance, designated as A4, react with one molecule of a sub-
stance, designated as B,

24 + B — A;B,

the speed at any moment of the reaction is proportional to the
second power of the molar concentration of A and to the first power
of the molar concentration of B present at that moment. Expressed
mathematically,

v « C2 X Cy, 2)

since a quantity that is proportional to each of several quantities
is proportional to their product.

The molar concentration of A is squared because the speed of the
reaction at any moment is proportional to Cx X C. X Cs. If we
imagine that collision of B with one molecule of A first forms a
particle 4 B which then collides with another molecule of A to form
A;B, we see that the speed of formation of AB is proportional to
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C4 X Cp and that of formation of A,B is proportional to C4s X Ca.
Thus, the rate of formation of 4,B is proportional to Cs X C. X Ca
or C3, X Cs. ’

Possibly a more readily comprehended illustration of this point
is the ionic reaction

2H~+ + C(,)a- e Hz()()z,

the speed of which at any instant is proportional to C?+ X Cco,-.
Formation of HCO;~ by collision of CO;~ with a H* is proportional
to Cn* X Ceoy~. To form H,CO;, the HCO;~ must collide with
another H*. This reaction is also proportional to Cy*. The speed
of formation of H,COj3; must then be proportional to

Cut X Cut X Ceos=

We can change the proportionality, (2) above, to an equation by
introducing a proportionality constant. Proportionality (2) then
becomes ‘

v=C% X Cpg Xk N (3)

The value of k, the proportionality constant or speed constant,
must be-determined by experiment for each reaction.  Note that the
Law of Mass Action says nothing about the products of the reaction.
The velocity of the reaction depends in no way on them but on the
concentrations (or partial pressures) of the reactants and upon
the temperature.

Catalyst. A catalyst is a substance which changes the speed of
a reaction but remains unchanged at the end of the reaction. A
catalyst cannot initiate a reaction which docs not take place spon-
taneously, even if at an imperceptible rate. It frequently permits
working at temperatures at which the rate of formation of the prod-
uct exceeds that of its decomposition.

THE LLAW OF EQUILIBRIUM

Reversible reactions. By a reversible reaction is meant a
reaction in which the products can react with each other to reform
the reactants. The following are reversible:

2NO; 2 N,O,
3H; + N, @2 2NH;
H; + I, 2 2HI
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Reversible reactions can be forced to completion only if one or more
of the products is removed as fast as formed. Otherwise a stage is
reached at which the products are reforming the reactants at the
same rate as the reactants are forming the products. The reacting
system reaches a state of equilibrium. If we consider the reaction

24 + B C + 2D

(read “two molecules of substance A react with one molecule of
substance B to form one molecule of substance C and two molecules
of substance D, and two molecules of substance D react with one
molecule of substance C to form one molecule of substance B and
two molecules of substance A’’) the speced at any instant of the
forward reaction, 24 + B, at a fixed temperature is given by

vy = ky X C24 X Cs. ()
The speed of the reverse reaction, 2D + C, is given by

, Uy = kg X Czn X Ce. (5)
Speeds and speed constants must be distinguished by subscript
figures because it is not to be expected that the same number of
collisions of molecules C and D are required to cause them to interaet,
as are required to cause molecules A and B to interact. Hence, the
speed constants k; and k. will probably have different numerical
values at a fixed temperature. The speeds of the two reactions are
both constantly changing. If the molecules A and B are enclosed
in a sealed tube and hecated to a temperature ¢° at which they react
at a mcasurable speed, equation (4) shows that the speed vy will he
greatest at the beginning of the reaction and then will decrease
because A and B are being used up and C4 and Cy become less at,
each successive instant. Similarly at the first instant v, must have
the value zero since no C and D have yet been formed. After that
instant C and D will be present and will react with an increasing
speed as their concentrations continue to increase. Since v, steadily
decreases and v. steadily increases, a time must be reached when
they become equal.
At equilibrium,

vy = 0,
Then

ki X Cty X Cs ky X Cc X C3y. (6)
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Rearranging,

Coe X C% ki _
Ot X Cy ~ Fy ~ o @

Equation (7) is & mathematical statement of the Law of Equilib-
rtum. In words, “If the products of a reaction can react with each
other to reform the reactants, the reaction must reach a state of
equilibrium at which point the product of the molar concentrations
of the products has (at any fixed temperature) a definite fized ratio
to the product of the molar concentrations of the reactants, each
concentration being raised to the power corresponding to the num-
ber of particles (molecule, ion) in the balanced equation for the
reaction.” In its most generalized form, if

aA + bB + dD 2 mM + nN + pP,
then at equilibrium

Cmu X Cry X C?p
Cs, X C*%. X C4)

= Koau!l.

That the equilibrium constant, Keuw. (equation 7), is actually
equal to the ratio of the opposing speed constants (ki, ks) has been
proved repeatedly by experiment.

The difference between the speed of a reaction and its equilib-
rium condition is well illustrated by the case of

2H2 + Oz pa=d 2H20, or
H, + %0, = H,0.

The value of the equilibrium constant at 25°C. indicates that the
forward reaction should be very nearly complete, but at 25° the
forward reaction proceeds so slowly that a mixture of H; and O, can
be maintained for years without a detectable amount of H,0 being
formed. At 500° the reaction proceeds at a measurable speed. If,
however, a spark is passed through the mixture at 25°, combination
cakes place instantly and with explosive violence. This is because
the spark raises the temperature of a small portion of the gas to a
point at which reaction takes place. The heat evolved is so great
that the temperature of the whole mass is raised to a point at which
the speed of the forward reaction becomes enormously rapid.
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Effect of changing concentrations. The Law of Equilibrium is
concerned only with the ratio of the products of the molar concen-
trations of reactants and of products when a state of equilibrium is
reached. From equation (7) it is evident that if, after this state has
been reached, more of any one of the reactants or products is added
to the system, the concentrations of all the other substances present
will change spontaneously so that equilibrium may again be
reached.

This is well illustrated by the reversible reaction

H, + I, = 2H],

which takes place at temperatures high enough to maintain iodine
in the gaseous state.

If a sealed tube containing 1 mol per liter each of H, and I, is
kept at 400° until equilibrium is reached,

Cm _
“C‘“’ x Cl—z - Kequﬂ.-
By experiment the value of Keu. at 400° has been found to be 50.
If z = Cm at equilibrium, 1 — 0.52 must then be the Cy, and also
the Cj, that remains unchanged.

'
x?

(I =05z)? 50

Whence r = 1.5591 M. The molar concentrations at equilibrium
then are

H. I, HI
0.2205 M 0.2205 M 1.5591 M

If enough H, were now brought into the tube to double the con-
centration pf this molecule, more HI would have to form. When
equilibrium was again reached,

(1.5591 + 2z)?

04410 — )(0.2205 = z) ~ 2°

Whence z = 0.0672M. At the new equilibrium the molar concen-
trations would be

H2 Ig HI
0.3738 M 0.1633 M 1.6937 M
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Doubling Cu, has caused more HI to form, until nearly one-third
of the I, present at the first equilibrium has been used up.

Effect of temperature. The effect of temperature on equilibria
depends on whether the reaction read from left to right evolves or
absorbs heat energy. Evolution of heat increases the stability of
the system. Absorption of heat makes the system more unstable.
Explosives are substances which absorb large quantities of heat
energy during formation. The effect of temperature upon a
reversible action can be inferred by applying the Rule of Le Chatelier.
““ Any change in the factors which affect an equilibrium will cause a
system already in equilibrium to shift in such a way as to neutralize
the cffect of the change.” For example in the reaction 3H, + N,
2 2NH; + heat, rise of temperature will cause NH; to decompose
since heat opposes the left-to-right reaction and favors the right-
to-left reaction. The effect of changing temperature is to change
the value of the Keun.. If a reaction evolves heat, rise of tempera-
ture decreases the value of Keur. (compare data below for synthetic
ammonia). .

Effect of pressure. If the products of a gas reaction occupy less
space than did the reactants, increase of pressure will promote the
reaction. If the products occupy more space than did the reactants,
increase of pressure will oppose the reaction.

Effect of a catalyst. A catalyst increases the speed of both the
forward and the reverse reactions. It causes equilibrium to be
reached more rapidly but it has no ¢ffect on the value of the equilib-
rium constant.

The effect of pressure, temperature, and catalyst are well
illustrated by the Haber process for making NH;. The reaction

pressure
Nz + Hz NH; + 10.95 Cal.
heat
has been made commercially profitable only through careful applica-
tion of the principle of equilibrium. At 25°C. the speed of the
forward reaction is practically zero. By raising the temperature,
the rate of the forward reaction is increased but the rate of the reac-
tion from right to left is still more increased. Since the product
occupies less volume than does the reactants, high pressure will
favor the forward reaction. The equilibrium condition is given by

Pnr,

LTI "
Py, X ply, sautt
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The following table shows (1) the dependence of Keui. on tem-
perature and (2) the volume per cent of NH; in the equilibrium
mixture at various temperatures and pressures.

VoLuMe PER CENT oF NH; AT EQUILIBRIUM

t Kequil. . 1atm. ; 30 atm. 100 atm. 200 atm.
200°C 0.660 15.3 ! 67.6 80.6 85.8
400° 0.0138 0.44 ! 10.7 25.1 36.3
500° 0.0040 0.129 0.362 10.4 17.6
1000° 0.000136 | 0.0044 | 0.13 0.44 0.87

The table shows that the maximum volume per cent of NHg
in the equilibrium mixture is at the lowest temperature and highest
pressure but at 200° the union of N; and H, takes place with such
extreme slowness that the equilibrium concentration of NH; would
be obtained only after years. If the temperature were raised to a
point at which the gases combine at an appreciable rate, NH; would
decompose as fast as formed. The only possible solution lay in
finding a catalyst which would cause the reactions to proceed at a
profitable rate at a much lower temperature. The commercial
feasibility of the process depends solely on a suitable catalyst. It
should be carefully noted that the catalyst in no way changes the
equilibrium relations or alters the value of Keu.. The sole effect
is to greatly increase the speeds of the reactions. By passing the
equilibrium mixture through a cooling coil, the NH; is liquefied
before much has decomposed. In the Claude modification of the
Haber process the pressure is 1000 atm. and the temperature
400-500°. At 400° the yield of NH; should be about 809.

Heterogeneous and homogeneous equilibria. A Aeterogeneous
equilibrium is an equilibrium between two or mdre phases of the same
substance, as, for example, ice & water &2 vapor. A phase must
have a definite bounding surface. In the example just given, water,
vapor, and ice constitute three phases of Hy() because each is
separated by a definite boundary surface. A mixture of water and
alcohol or a mixture of O, N, CO, are each single phases because
there is no definite boundary between the components of the mix-
ture. On the other hand a solution of Br, in water and a solution
of Br; in CS; after being shaken together form a heterogeneous
equilibrium Br,(CS8,) 2 Br:(H;0) because the two solvents, being
nearly insoluble in each other, separate into two layers with a defi-
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nite boundary surface between them. A solid in contact with its
saturated solution constitutes a heterogeneous equilibrium. Mix-
tures of salts in solution and mixtures of molecules and their
component ions constitute homogeneous equilibria.

In analytical chemistry two especially important cases of
heterogeneous equilibrium are the precipitation and dissolution of
solid compounds and the partition of & solute between two immis-
cible solvents. Especially important cases of homogeneous equi-
libria are those between slightly ionized molecules and their ions
and between complex ions and their component parts. All these
will be discussed in later chapters.

SUMMARY

The velocity (rate, speed) of a reaction is the number of mols
changed per unit time. The speed of a reaction is increased by
increasing the concentrations of the reactants. The speed constant
changes with temperature and is (normally) increased by presence
of a catalyst. Pressure or concentration appears to have little
effect on the time required to reach equilibrium.

In reversible reactions the value of Keu. decreases with rising
temperature when heat is evolved by the reaction and increases
when heat is absorbed. Catalysts do not change the value of
Kouw.. They merely accelerate the forward and reverse reaction
and decrease the time required to reach equilibrium.

Increased pressure on the entire system causes a shift of the
equilibrium in the direction attended by decrease of volume. If the
products vccupy less volume than the reactants, increased pressure
will increase the yield. If no change of volume takes place, pressure
will have no effect on the equilibrium.

PROBLIEMS

1. Assuming that the speed of a certain reaction doubles for
avery 10° rise of temperature, how many times as fast will it proceed
at 60° as at 10°7

2. In the following reactions, assume that the speed of the for-
ward reaction is one when the partial pressure of each reactant is
me atm. What should be the speed of each reaction when the
sartial pressures of each of its reactants are (a) 2 atm.; (b) 0.5 atm.?

(a) Ha + Ig « 2HI

(b) CO; + H; 2 CO + H,0 (steam)
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(d) 3H; + N, =2NH,
3. For the equation

atX b
¢ X d?

calculate the value of Kifa =2,b=3,¢c = 0.5,d = 4.
From the value of K and the given values of a, b, ¢, or d calculate

the value of r required to make the ratio a%/cd? equal to the
calculated value of K.

=K

a b c d
(a) 1 3 x 2.
) 4 z 2 2
(c) 4 3 10 =z
d) 2.5 6 1 z
(e) 5 3 7

4. For the reaction H, + I, = 2HI at 450° when equilibrium
was reached, the following molar concentrations of the components
were found in various experimental tubes.

Tube Cu: Clg Cnl Koqull
1 0.0268 0.0002 0.0177
2 0.0099 0.002 0.0328
3 0.00321 0.0078 0:0337
4 0.0017 0.0114 0.0315
5 0.0003 0.0242 0.0202

Calculate the value at 450° of Kequi. for each tube and its average
value for the five experiments.

B. Using the average value of Keu. found in problem 4, what
should be the Cyy at equilibrium if 0.01 mol per liter each of H, and
I, is heated at 450°7

6. In the reaction

250, + 0, 2 280; 4 44.4 Cal.

(a) What will be the effect upon fime of reaching equilibrium of :
(1) raising the temperature, (2) increasing the pressure, (3) intro-
ducing finely divided platinum?

(b) How will the value of the equilibrium constant be aff(-cted by
each of the changes in (a)?

(¢) How will the per cent of SO, present at equilibrium (yield) be
affected by each of the changes in (a)?
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7. Write the equilibrium expressions (ratio of molar concentra-
tions of products to product of molar concentrations of reactants)
for the reversible gas reactions in problem 2 and also for the follow-
ing ionic reactions in aqueous solution.

10Br— 4 2MnO,4~ + 16H* =2 5Br, + 2Mn*++ + 8H,0!
HgS? + OH—- + SH- < HgS,~ + H,;0
AsyS;? + 28,7 + 8™ =2 2AsS, 3.

! Water is not written in equilibrium equations in aqueous solution because

. 0g/1 1.
its molar concentration, lls(l%'/fl—{)—l = 55.55 1112, is not changed as a result of

the reaction, since the amount of solvent water is enormous compared to that
of the solute. Since Cuyo does not change, it need not appear in the equilibrium
equation.

3 Solids are not written in equilibrium equations. Their molar concentra-
tions (densities) are constant and hence need not bhe considered.



CHAPTER 7

HOMOGENEOUS EQUILIBRIUM
IN AQUEOUS SOLUTION

INTRODUCTION

Modern tools of investigation have revealed many unsuspected
properties of water. As a result present-day views regarding the
mechanism by which water acts as a solvent, and particularly as an
ionizing solvent, differ greatly from those formerly held.

Only in recent ycars have the properties of the proton, the
hydrogen nucleus, come to be appreciated. As a positively charged
particle having less than 2000 times the mass of the electron, its
behavior should resemble that of the electron more nearly than
formerly was realized.

This resemblance appears particularly in the hydrogen bond
which differs markedly from the ordinary covalent bond. Thus, in
crystals of NaHF, the distance of the fluorine atoms from each
other in [F X H«F]- appears to be 2.36 ‘&, actually less than twice
the radius of the fluorine atom. The p‘roton belongs no more to
one F atom than to the other and the ion acts as if it were in a state
of resonance between the two forms HF and F—, that is, the distri-
bution of electron density appears to be the average of that for HF
and for F~. The extraordinary mobility of H+ and the far less but
still great mobility of OH~ must depend on resonance of protons
between oxygen atoms of neighboring water molecules.

H H

|
O —H— 0 - H=0H" + H,0*

Historical Review

That views regarding the mechanism of ionization have under-
gone radical changes is shown by the following brief review.

The Arrhenius-van’t Hoff theory. Faraday in the 1850’s
studied electric current transmission through salt solutions and
reached the conclusion that the current broke down the salt mole-

cules into oppositely charged particles which he called Zons.
73
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In the 1880’s Arrhenius, restudying this field, was forced by his
experimental data to the conclusion that the water itself, and not
the current, effected this breaking down of salt molecules into ions.
During the same decade van’t Hoff devised methods for determining
molecular weights of solutes from observation of the lowering of the
freezing point or the elevation of the boiling point of the solvent
caused by a known weight of solute. These data supported the
ideas of Arrhenius even quantitatively. The investigations of
these two scientists led to what came to be known as ‘“The Electro-
lytic Dissociation Theory of Arrhenius and van’t Hoff.”” Although
at first violently opposed by the majority of chemists, who regarded
‘““physical” chemists as irresponsible ‘“‘reds,”’ the theory had won
general acceptance by 1915. Briefly summarized, its main features
were as follows:

1. Solutes in solution were believed to exert an osmotic pressure!
(tendency to become more dilute) which obeyed the gaslaws. The
osmotic pressure depended only on the number of solute particles
and not at all on their size or weight. The solute behaved as if it
were a gas confined in the volume occupied by the solvent. Van't
Hoff’s methods of measuring molecular weights in solution depended
on this principle.

2. Chemical substances in general were classified as either eléc-
trolytes or nonelectrolytes.

Nonelectrolytes dissolved in water did not increase the electrical
conductivity of the water. They caused a ‘“normal” lowering
of the freezing point of the water or rise of its boiling point, corre-
sponding to the fraction of a mol of solute which had been dissolved
in a given volume of solvent. Examples of such substances are cane
sugar, benzene, and many other compounds now known to be
covalent.

Electrolytes dissolved in water more or less increased the conduc-
tivity of water even when themselves nonconducting in pure
anhydrous state. Electrolytes were found to exert abnormally
great osmotic pressure in solution, that is, the number of solute
particles indicated as present was always greater than the number
of molecules dissolved.

1 Modern treatment of solutions replaces osmotic pressure by free energy or
dilution. The solute lowers the fugacity (escaping tendency) of the solvent in
proportion to its concentration. At infinite dilution the fugacity becomes that

of the pure solvent. In other words the osmotic preasure of the solute becomes
zero.
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3. This abnormally large number of particles in solutions of
electrolytes was assumed to be due to water having broken down
more or less the solute molecules into oppositely charged tons which
then conducted the current through the solution. The extent of
this ionization of the solute molecules was found to vary greatly in
different electrolytes, but all electrolytes were assumed to be ionized
completely in a solution infinitely dilute.

4. According to the extent of their ionization at finite dilutions
electrolytes were classed as strong or weak, although one class
merged gradually into the other. The clectrolytes classified a
strong included most inorganic salts, the common acids HCl, HNOs,
and H,SOy the bases NaOH, KOH, and Ba(OH),. Weak elec-
trolytes included a very few salts (notably HgCl,, Hg(CN),, and
(AcO).Pb), NH; solution, and very many acids.

5. The conductivity of an electrolyte depends on the speeds at
which its cation and anion move through the solution when an
clectric current is applied. The speed of the cation is not in general
the same as that of the anion. Kohlrausch had devised methods
for measuring or computing the speeds of ions in infinitely dilute
solutions and, from these, the individual “conductance’ of cach
species of ion. Arrhenius assumed the conductivity at infinite
dilution, Ao, to be the sum of the conductances of cation and anion.
The measured conductivity, Av, of a sollition containing » equiva-
lents per liter, when divided by A, was assumed to give the fraction
of the electrolyte ionized at that concentration.

_ Av
“T N

Ionization was clearly a reversible process, for when the solvent
was removed the ions reunited into molecules. Taking acetic acid
as an example,

AcOH 2 H* 4+ AcO-,
the law of equilibrium should apply; and, at any concentration of
the acid,
_CH* X CAc(l_'
CAoOH

= equil.

should hold true. _
It quickly became apparent that the ratio of the product of the
ion concentrations to the concentration of the unionized solute was
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not exactly constant even for weak electrolytes except in moderately
dilute solutions. In the case of strong electrolytes the ratio was
quite different at different concentrations. Furthermore, it became
apparent that the ionization of the strong electrolytes was not an
independent process, since it was considerably decreased by presence
of other electrolytes in the solution, even though these had no ion in
common with the solute under consideration.

The final status of the Arrhenius-van’t Hoff theory was that it
could be considered a law of limited application as are the gas laws.
A weak electrolyte came to signify one for which the law of equilib-
rium held nearly exactly over a considerable range of concentration.
A strong electrolyte was onc for which the law of equilibrium did not
hold at all.

Modern Views

By 1918 X rays had revealed that the crystals of salts consist of
ions held together by their opposite charges. When the salt was
dissolved in water, the solvent, as a dielectric (compare page 79),
weakened the attraction of the opposite charges, and so the oppo-
sitely charged ions separated and diffused out through the solution.
Water did not cause them to ionize.  As a consequence, it had to be
assumed that crystals of truc salts (ionic lattices) already consisted
of ions, and that as such they must be completely ionized in solution.
Conductivity measurements had indicated that in 0.1 M solution
salts of the type of NaCl (uni-univalent) were about 859, ionized.
Those like NaySO4 or BaCly (uni-bivalent or bi-univalent) were
indicated to be about 709, and those like MgSO, (bi-bivalent)
about 409% ionized. Only in extremely dilule solutions did all
these salts appear to be completely ionized.

The Debye-Hiickel theory. In 1923 a theory was proposed by
Debye and Hiickel to aceount for the partial ionization of strong elec-
trolytes indicated by conductivity measurements. They assumed
that the indicated steady dccrease in the ionization of strong
electrolytes as their concentration increased was due not to actual
decrease in the number of ions in the solution but to decreases of
their speeds. At higher concentrations the ions, being closer
together, would attract each a shell of oppositely charged ions about
itself and thus as a larger body meet more resistance to its motion
and so move more slowly through the solution in conducting cur-
rent. This would result in apparent decrease of the fraction of the
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electrolyte indicated by conductivity measurements to be ionized
at that concentration. In a mixture of electrolytes any cation
would attract any anion regardless of its nature and dependent only
on the size of its electrical charge, that is upon its valence; and
similarly any anion would attract indifferently all species of cations
in the solution. Thus, the apparent ionization would depend on the
total ionic strength of the solution and also considerably upon the
valencies of the various ions in the solution.?

In order to apply the law of equilibrium to solutions of strong
electrolytes, Debye and Hiickel introduced a new term called the
activity coefficient. 'This is usually indicated by v and is the ratio
of the “activity,” the effective concentration of the ion, to the total
concentration of the solution.
— a —_
y=_ora= 1
The activity coefficient may be thought of as showing what fraction
of the total concentration is effective in producing equilibrium. It
15 usually far from being identical with «, the fraction indicated by
conductivity measurements as being ionized.

Substitution of activities for concentrations has permitted the
application of the law of equilibrium to strong electrolytes in con-
centrations up to 0.1 M and in some cases up to 1.0 M. In the solu-
tions used in qualitative analysis, which are frequently much more
concentrated than 1M, the introduction of activity coefficients,
which themselves vary with the total concentration of all elec-
trolytes present in the solution, does not render equilibrium caleula-
tions very much more accurate. In consequence of this we shall
assume for purposes of equilibrium computations that the strong
clectrolytes are completely ionized in all solutions. It should be
kept in mind, however, that computations based on this assumption,
while of value qualitatively as indicating general tendencies, would
not be in very close agreement with experimentally determined data.

The Hantzsch theory. Hantzsch and Wolf (1925) suggested
that the strength of acids is to be measured not by their ability to
furnish protons but by their tendency to form salts. They were able
to isolate from nearly anhydrous mixtures of nitric and perchloric

2To what extent the behavior of salt solutions depends on the nature of the
solvent has been shown by Kraus and Fuoss, J. Am. Chem. Soc., 65, 21 (1933).
In a mixed nonaqueous solvent the dissociation of a salt could be gradually

increased from zero t0'100% by varying the proportions of the two components
of the solvent mixture,
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acids nitronium perchlorates (OH);N(ClO4); and (OH),NOCIOQ,,
substances of salt-like appearance which could be recrystallized, the
former in perchloric acid, the latter in nitric acid. They concluded

that nearly anhydrous nitric acid is an equilibrium mixture of
0

/
purely covalent HO—N | a minute amount of HsOt*NO;~, and

N
0

salt-like nitronium nitrate (HO)3;N(NOj).. Upon progressive dilu-
tion of the acid, reactions such as

Al Bg ) Bz A 1
(HO)sN** + H,0 = (HO),NO*+ + H,0+
(HO0),NO* + H,0 =2 HONO, + H,0+

HONO, + H,0= NO;7 + H;O*

take place until at sufficient dilution only ions of the salt, hydronium
nitrate, are in the “acid.”
Extension of the Hantzsch theory to other acids. Like

(0)

A
H—O0—N |
N
0

anhydrous liquid HCI is a covalent compound, H ¥ Cl, unable to
conduet a current when dissolved in anhydrous benzene. When
Cissolved in water, ions of the salt, hydronium chloride, H;O+ + Cl-,
are in the water because, compared with water, Cl~ has practically
no tendency to add protons.
H—O (0]
A4

When purely covalent S is progressively diluted with
N
H—O (0]
water, ions of the salt hydronium bisulfate H;O+HSO,~ are formed
and at large dilution 8O.~ is formed in amount increasing with
dilution, since water can take protons even from HSO,~ to a certain
extent.

Even in water itself salt formation, hydronium hydroxide,
H,0+OH-, takes place to a minute extent since -the small con-
ductivity of even the purest water shows the presence of ions in it.
Likewise in anhydrous liquid NHj the slight conductivity shows the
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presence of ions of a salt, ammonium amide, NH,*NH,~, in very
minute concentrations.

Effect on ionization of dipolarity of the solvent. If one con-
siders the dipolarity of H.0, it would seem not unlikely that the
negative ends of the dipoles might on sufficiently close approach
to the positive ends of other molecules occasionally detach protons
temporarily from them, thus forming ions H;Ot and OH~. Con-
sidering the violent motion of molecules even in liquids, it would not
be probable that an instant later the protons would remain part of
these H;O* ions. More probably they would have departed to
attach themselves to OH~ or even to other molecules of HsO. We
have to imagine a continuous motion of protons from particle to
particle in the liquid. The net result would be that at any instant a
certain number of protons would be attached to molecules, leaving
an equal number of OH~ anions present. Thus, when a current
was passed through the water, the presence of 4 few ions in the
liquid would be revealed by a very slight conductivity.

. An exactly similar process in anhydrous liquid NH; would cause
‘the prescnce at any instant of a few ions NH,4+ and NH,~ as protons
darted about from molecule to molecule.

Water and anhydrous liquid NH; thus would appear to owe their
ability to cause ionization to the dipolarity of their molecules which
enables the negative end of one molecule to detach a proton from
another molecule. Closely related to the dipolarity of molecules is
their dielectric constant, their effectiveness as insulators.  Molecules
appear to be better ionizing solvents the stronger their dipole
moment and, in consequence, the larger their dielectric constants.

Below are given the experimentally found values of some ionizing
solvents. In accordance with its small dielectric constant, benzene
has practically no ionizing power.

DieLecTRIC

SUBSTANCE CONBTANT
Liquid HCN 96.0
Water 80.0
Formic acid 62.0
Ethyl alcohol 25.0
Acetic acid 21.3
Liquid NH; 16.0
Benzene 2.3
Low vacuum 1.0
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The statement that water hds a dielectric constant of 80 implies
that the work required to separate by unit distance two oppositely
charged bodies is ¢ as great when the bodies are immersed in water
as when they are in a vacuum. In other words, a solvent tends to
insulate the charges. It is this high insulating power of water that
separates the oppositely charged ions of salts when they dissolve.
Having existed only as ions in the solid, they naturally are ““strong’’
clectrolytes in the water where the attractive force of their opposite
charges is screened off by the insulating film of water about each ion.

Energy changes and ionization. The ‘“strong’ acids, although
purely covalent molecules in their anhydrous state, ‘“ionize’’ com-
pletely in aqueous solution to form hydronium salts. Their protons
lose e¢nergy in passing from the covalent bond, H % O, H X Cl, to the
more stable H;O*. Since the anions of these “strong’’ acids have
almost no ability to take protons from H;Ot, practically all the
protons will be attached to H;O and not to the anion of the “acid.”

If the proton possesses little more energy when covalent, H X O,
than in H3O*, water will detach fewer protons from the covalent
acid molecule and so the “acid’’ will form little hydronium salt, that
is, in the terminology of Arrhenius it will be a “weak’’ acid.

Summary

Oup ViEwW
1. In reactions in aqueous
solution, water acted as an inert
medium.

2. Salts in crystals consisied
of molecules.

3. Water tonized salts.

4. Salts wereionized by water
to varying extents dependent on
the valency of their ions.

MoperN VIEW

1. Water, as both a weak acid
and a weak base or as a strongly
dipolar molecule, takes some
part in all reactions in aqueous
solution.

2. Salts in crystals are built
up of ions held together by their
opposite charges.

3. Water insulates the ions
of salts so that in dilute solution
their opposite charges exert little
attraction upon each other.

4. All salts are ionized com-
pletely in water. In concen-
trated solutions close approach
makes the charges effective and
the ‘“activities” of the ions
decrease.
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5. Acids were compounds of
H+* more or less firmly bound.

6. H+* had independent exist-
ence like Nat and other ions.

7. Bases were substances
which in solution formed OH-.

8. Measurement of the equiv-
alent conductivity of solutions
of salts, acids, and bases per-
mitted calculation of the frac-
tion of the solute ionized at that
econcentration.
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5. All substances which are
neutralized by bases are acids.
An acid need not contain hydro-
gen just as an oxidant need not
contain oxygen. Acids® corre-
spond to Sidgwick’s acceptors of
electron pairs. S0, SO, CO,,
BCl;, Al*3, Bett, Agt as well as
H+ would be acids.

6. The proton (hydrogen nu-
cleus) like the electron attaches
itself to other particles. H~ has
independent existence as in LiH
and CaH, which are true salts.

7. Bases® are ions or mole-
cules which have electron pairs
to share with other ions or mole-
cules. They correspond to Sidg-
wick’s donor molecules and ions.
H,0, NH;, acetone, and ether
are bases, as are CN—, SO,~,
and Cl—. R

8. Conductivity measurc-
ments give reliable information
about the fraction ionized only
for “weak” electrolytes and for
many of these only over a moder-
ate range of concentration.

IONIZATION OF SALTS, ACIDS, AND BASES

To understand all the implications of the modern theory of acids
and bases requires a knowledge of organic and physical chemistry.
For the elementary student we shall limit the discussion to hydrogen
compounds tn waler solution. It must be kept in mind that these
constitute a very restricted portion of acids, bases, and salts. If
acceptors of electron pairs are considered to be acids and dwom

3G. N. Lewis, J. Frank. Inst., 226, 293 (1938). Lewis boints out that,
excepting combination of odd molecules with each other, neutralization appears

to be the only type of chemical reaction that does not require added heat of
activation.
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of electron pairs to be bases, as Lewis proposes, all complex forma-
tion becomes neutralization.

Our consideration of ionization in water will be based on the
following restrictions.

Acid is any substance which can give up protons.

Base is any substance which can take up protons.

Salt is any substance which in water is completely ionized and in
solid form has an ionic lattice. Notice that (1) according to this
definition NatOH~ is a salt and HgCl,, Hg(CN),, Ass8; are not salts
but chiefly covalent compounds; (2) in so far as they are ionized,
acids exist in solution as hydronium salts.

The terms ““acid’’ and “base’’ are related to protons just as the
terms ‘“‘oxidant’ and “reductant’’ are related to electrons.

H atom < proton + electron.
Reductant =2 oxidant + electron.
Acid 2 base + proton.

Just as reductants vary widely in their tendency to lose electrons
and oxidants vary widely in their tendency to take up electrons
(electrode potentials), so acids vary widely in their tendency to lose
protons and bases vary widely in their tendency to gain protons.
One may think of acids and bases as possessing proton potentials
(ionization constants). ILike electrons, protons tend to attach
themselves instantly to molecules or ions. In water the proton
forms H;O%; in liquid NHj it forms NH,*,

In the following applications of the equilibrium principle to
ionization we shall distinguish between “strong’’ and “weak’’ acids.

As a strong acid we shall understand one which exists in solution
practically entirely as the ions of its hydronium salt. In other
words, its anion has little or no affinity for protons. Examples of
such acids are HCl, HNO;, HCIO,, HCIO;, and H,SO4 in its primary
ionization,

H,S04 + Hzo = H,O* 4 HSOA—,
but not in its secondary ionization,
HSO(‘ + Hgo p=d H30+ + Sol_,

si&e HSO,~ has a considerable tendency to retain protons.

As a weak acid we shall understand one the anion of which has
an affinity for protons (covalently bound) eomparable in general to
that of water. For example, in a solution of HCN in water,



Cuar. 77 HOMOGENEOUS EQUILIBRIUM IN SOLUTION 83

Acip; Basg; Basg;, Acip,
HCN + H,O0 & CN- + H,;0t,

not many ions of the salt, hydronium cyanide, are formed because
CN- is nearly as strong a base as water is. Hence, the water will
remove protons from HxC:¥N¥ to only a slight extent. These
are the acids for which the law of equilibrium applies with fair
approximation over a considerable range of concentration, provided
other electrolytes are absent.

In Table 4 are assembled the values of the ionization constants
of some 40 weak acids. In order that the student quickly may
acquire an idea of the relative tendencies of the various acids to
give up protons, they have been arranged in tncreasing order of this
tendency.

That ionizing solvents must be amphoteric has been implied in
discussing the slight ionizations of H;O and of anhydrous liquid
NHs.

A, B, B, A,
HQO + H-,;O < OH- + H30+
NH; + NHs p= NHg" + NH4+

To these may be added anhydrous liquid 8O, now being studied
by Gerhard Jander* and his co-workers. .In this solvent, according
to Jander, proton exchange is replaced by ozide exchange.

Al Bz B1 Az
SO, 4+ S0, = (OSOz)- + SO++
H,0 + H,O <2 OH~- + (H-H,0)*

Consider the complete analogy of the following * neutralization”
reactions, all of which are “quantitative.” According to obsolete
ideas these would be:

Base 4+ Acip = SaLT + SOLVENT
(in water) AgOH + H,0Cl = AgCl 4+ 2H,0
(in liquid NH;) NaNH, + NH,Cl = NaCl + 2NH;
(in liquid 8O;) Cs:80s + SOCl; = 2CsCl + 280,

(thionyl chloride)

According to modern ideas they would be only:
" 47 anorg. Chem., 380 (1937), ef seq.



TaBLE 4

WEAK ACIDS IN ORDER OF INCREASING STRENGTH
TOGETHER WITH SOME WEAK BASES

Ion1zaTion CoNn-

Acip REeacTIiON STANT (25°)
A, B, A, B,
1. (H,0)(8n(OH): + HzO = rIaO+ + [(H20)s Sn(OH),]~ 6 X 10718
2. (H,0); Cr(OH), + e + [(I’(I)zg)a Cr(OH)J~ 9 X 107v
3. H,O + “ =2 Y+ - 1.8 X 10—
4. (Hzo)z Zn(OH)z + ‘Y =2 “ 4+ [(HQO)ZH(OH).]_ 2 X 101
5. (H,0). Pb(OH)g + Y 2 “ 4 [(H0); Pb(OH),~ 2.1 X 1071
6. HS- + Y4 =2 “ 4 8- 1 X 10~
7. HAsO.,~ + “ = “ + ASOc—a 1 X 10~
8. (H:0); AI(OH); + “ =2 ¢ 4+ [(H:0): Al(OH),}~ 4 X 10—12
9. HPO, + “= Y 4+ PO 1 X 1012
10. HSiO, + “ e ‘: + Si0,~ ca. 10~12
11. H.0: + 4 a2 ¢ + HO;~ 2.4 X 10712
12. (H;0);8b(OH); + “ = “ + [(HzO)g Sh(OH).J~ ca. 10—
13. HIO + % 2 ¢« + ca. 10—u
14. HCOx_ + ¢4 = ¢ + CO: 4.7 X 101
15. H,SiO, + “ =2 “ 4+ HSiOs ca. 10~
16. HCN + “ =2 “ 4 ON- 4 X 101
17. NH,* + ¢“ =2 “ 4 NH, 5.56 X 107
18. H,BO, + “ =2 “ 4+ H,BOs« 5.8 X 10710
19. H,AsO, + “ =2 “ 4+ H,AsO04 6 X 101
20. HBrO + “ 2 “ 4+ BrO- 2 X 10—
21. HCIO + “ =2 “ 4+ ClO- 5.6 X 1078
22. H,PO, + “ =2 “ 4+ HPO«~ 6.2 X 1078
23. H,As0, + “ & “ 4+ HAsO~ 10
24. HSO,~ + “ =2 “ 4+ 80, 1 X 1077
25. H,S + ¢4 =2 “ 4 HS- 1.15 X 1077
26. HCrO,~ + “ =2 “ 4 CrO« 3.2 X 1077
27. CO; + “ &= “ 4+ HCO, 4.3 X 1077
28. H,PO;~ + “ 2 “ 4+ HPOs~ 7 X 1077
29. HgaH;OQ + “ a2 “ 4+ 8.51.0,‘ 1.85 X 10—*
30. HC.O + “ a2 Y 4+ 10 ¢ 6.4 X 10°%
31. Al(H,0).*? + ¥ =2 Y + [Al(H’O)‘ OH)++ 1.4 X 10—*
32. HCNS + “ =2 “ + NS- ca. 107
33. HCNO + “ a2 o+ CNO" 1.2 X 1074
34. HCOOH 4+ “ = “ 4 HCO," 1.8 X 1074
35. HNO, + “ =2 “ 4 NOs 4.5 X 107
36. HF + ¥ 2 “ 4+ F- 7.2 X107¢
37. H,;As0, + “ =2 “ 4 HAs0~ 4.8 X 10—
38. H,PO, + “ &= “ 4 H,PO 7.5 X 10°%
39. HSO + “ & “ 4+ 80 1.2 xX10*
40. SO, + “ & “ 4 HSO,« 1.2 X 10™*
41. H,PO, + “ 2 “ 4 H,POs 1.6 X 10—
42. Cr,O:~ + “ & “ 4 2HCO« 2.3 X 102
43. H,C,0, 4+ ¢ =7 ¢ 4 HC,0 5.9 X 10!
WEeAK Basgs
Bl A! Al Bt

1. H,;0 “ + H,O < H,O0+ + OH- 1.8 X 101
2. AsOOH + = AsO* + OH- 5 X 10~

3. NH, + “ &NH++ OH- 1.8 X 10—%
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BasE; Acip;  Acip; Basg,
OH- + H,O+t < H.0 4+ H,0
NH{_ + NH4+ = NH; + NH;
80~ + SOt =2 S0, + 80,

That in each case a salt is precipitated depends only on its small
solubility in the particular solvent: AgCl in water, NaCl in liquid
NH;,, CsCl in liquid SO,.

CALCULATION OF EQUILIBRIUM RELATIONS IN WEAK
ELECTROLYTES

The ion product of water. It has been pointed out that water
molecules take protons from other water molecules to a slight
extent.

Al Bz Az Bl
H,0 + H,0 2 H,0+ + OH-

Applying the law of equilibrium to this reaction, we obtain

Cyot X Con~

Czu,o = Koanll.

1000 g/liter '

18 g/mol = 55.55 mol/]
approximately. (At 25° a liter of water does not weigh exactly
1000 g and at this temperature the water contains molecules of
greater weight such as (H;0); and (H:0);.) Since chemical reac-
tions do not change the molar concentration of the solvent water, it
is customary to write

The molar concentration of water is.

CH;O+ X C()H_ =

By at least seven different experimental methods the concentra-
tration of H,O* in pure water has been found to be very nearly
1 X 10-"M at 25° and since pure water is electrically neutral, Cou-
must have the same value. We may then write

Cusot X Con~ =1 X 10714,
Bince the ion product always equals 1 X 10-!¢, in any solution

1 X 10-14

Cupo* = _Fo;—'———
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and, conversely, in any solution

1 X 1071

Con' = CH;O+

This constancy of the ion product in aqueous solution is one of the
most important relations of chemistry.
The ionization of water increases considerably with rise of tem-
perature so that at 100° the ion product is considerably larger.
Constancy of the ionization constant. If acetic acid, AcOH, is
dissolved in water, some of the acid should give up protons,

Al Bz Az Bl
AcOH + H.0 & H3;0+ 4 AcO-,

because H,0 is a somewhat stronger base than is AcO~. Applying
the law of equilibrium to this reversible reaction,

CH;O+ X CAcO_

CAeOH

= Keaun.

For this particular kind of equilibrium the equilibrium constant is
usually called the ionization constant and is written Ki, Con-
centrations of ions and molecules must be expressed in mols per
liter, or its equivalent, millimols per milliliter. That the ratio of the
ion product to the molar concentration of the unionized acid remains
substantially constant over a considerable range of concentrations
is shown by the following data which concern the pure acid in
absence of strong clectrolytes.

Mourariry Per Cent IONIZED Cugo™* Cacon Kio

0.1 1.34 0.00134 0.09866 1.82 X 107
.08 1.50 .0012 .0788 1.83 X 1078
.03 2.45 .000735 .02927 1.85 X 10~
.01 4.15 .000415 .009585 1.796 X 1078

‘The approximatc constancy of Ki. over a considerable range of
concentrations has been found experimentally to hold equally true
for other weak electrolytes in absence of large concentrations of
strong electrolytes. The K. of weak electrolytes varies, however,
with the total ionic strength of the solution.

Solution of Problems Involving Chemical Equilibrium

The following types of calculations, all based on the constancy
of the ratio ion product to unionized solute, frequently have to be
made:
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1. Given the molarity or normality of the solution of a weak acid
and the per cent ionized at this concentration, to find the concentra-
tion of hydronium ion, of the anion of the acid, and of the unionized
acid.

2. Given, or having caleulated as in 1, the concentrations of the
ions and of the unionized acid, to calculate the K., of the weak acid.

3. Given the molarity or normality of a weak acid and its K,
to calculate the concentrations of the ions and of the unionized acid.

Example 1. In 1M solution, acetic acid is 0.439, ionized.
Calculate Cizo*, Caco~, and Cacon in the solution.

A] Bz Bl A2
AcOH + Hg() =2 AcO~ + Ha()+

The equation shows that each mol of AcOH ionized gives 1 mol of
H;O0t* and 1 mol of AcO~. Since 0.0043 mol of acid is ionized,
(1 — 0.0043) mol remains unionized.

Cugot = Caco~ = 1 M X 0.0043 = 0.0043 M.
Cacon = 1 — 0.0043 = 0.9957 M.

Example 2. From the concentrations calculated in example 1,
calculate the K., of acetic acid.

.

CH;O+ X CAOO_ . 9_:0_943 X 0.79‘9&‘34 _ —5
Coon Ko and ==Grg=—— = 1.86 X 107

Example 3. Taking the K. of acetic acid to be 1.85 X 108,
calculate the Cygpo* in 0.75M, in 0.5M, and in 0.25 M solutions
of the acid. Calculate the per cent of the acid ionized at each
concentration.

Let z mol/liter = Cuyot = Caco~. Then the concentration of
the unionized acid is (0.75 — x) mol/liter. Substituting in

Cujot X CA:gf

Cro - Fim
x2
m = 1.85 X 10-5,

The small value of K. indicates that the ratio 22/(0.75 — z) is very
small and that z will be small. Since 22 is very much smaller than
z, its quotient when divided by 0.75 — z will not differ appreciably



88 HOMOGENEOUS EQUILIBRIUM IN SOLUTION ([CHapr.*7

from that by 0.75. Hence, we may write as a close approximation

22
075

whence z = 3.726 X 103 M. :

By solving the quadratic 2%/(0.75 — z) = 1.85 X 10~5, 2 = 3.716
X 10-3. It is clear that the exact value of z dlﬁ'ers by a negligible
amount from that found by approximation.

In 0.75M solution, the acid is 0.003726 M/0.75M X 100 =
0.496 9%, ionized.

Similarly, for the 0.5 M and 0.25M solutions, 22/0.5 = 1.85
X 1075, whence z = 3.042 X 10~*M; and 22/0.25 = 1.85 X 10-5,
whenece z = 2.151 X 10~ M. In the 0.5M solution the acid is
about 0.61% ionized; in the 0.25M solution it is about 0.869
ionized.

Ionization of ammonia solution. When NH; gas is dissolved in
water, the solution is distinetly basic.

= 1.85 X 10—

It was long assumed that the solution contained a weak base
NH,OH, since the Con- in 0.1 M NH; solution is far smaller than
that in 0.1 M NaOH or KOH. But ammonium salts of strong acids
are little more hydrolyzed in solution than are the corresponding
K+ or Na* salts. This shows that NH,OH, if it exists, must be a
rather strong base. The relatively low Con- in NH; solutions is
evidently due to very little of the NH; combining with H,0, as is
evidenced by the strong odor of even very dilute solutions. NH,OH,
like NH,Cl, should be odorless.

As a base comparable to OH~ although much weaker, NH; will
take some protons from H:;0, leaving some OH- in the solution.
Thus, it is unnecessary to assume NH,OH as the source of OH-.
In NH; solutions the equilibrium constant for reaction (1) above is

g_N&(" X Cou~

o = K, = 1.8 X 10-5, (2)
For the reaction
NH,+* + H,O =2 NH; + H,;0*, 3)
the equilibrium constant is, ‘
G X Cmo® _ g, 5,56 x 10-10 @)

CNB¢+
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In an NH; solution NH,+ and OH— will form until Cox- increases
enough so that equation (4) and

Cizor X Con~ =1 X 10714

become simultaneously satisfied by a much decreased Cuso*.
Ezample. Calculate Cxi,* and Cxu, in 1 M NHj solution.

NH; + H,O0 2 NH,* 4+ OH~

By approximation, if z = Cxu+ = Con—, then 2in 1 — z = Cym, is
negligible and

D

”T = Ky = 1.8 X 10-%,

Whence z = Cnu,t = Con- = 4.24 X 1072 M, and Cnn, = (1
— 0.00424) = 0.996 M.

. . . 10
Since Cuot in the solution equals 190 10- = 2.36 X 1012
substituting values in

Crwm X Crot _

we have

0.996 X 2.36 X 102 _ p 10
in close agreement with the given value of K,. This shows that in
an NH; solution both K, of NHg and K, of NH,* are simultaneously
satisfied.

Ionization of Polybasic Acids

A polybasic acid is one which can furnish more than one proton
per molecule, as H,S0,, HsPO,, H,COs, H;S, and the like. The
first proton of a polybasic acid is always more readily removed
by a base than is the second and the second more readily than the
third. Determine from Table 4 the values of the first, second, and
third ionization constants of H;PO, and of H3AsO,.

In a solution of a weak dibasic acid only the first ionization,

H.A + H,0 = H,0* + HA-,

takes place and even that to only a small extent. Insucha solution
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Cujo+ practically equals Cua- and, as a result, in

Cro* X Ca~ _
G- Ko

Ca- equals K practically.

It can be shown, similarly, tnat in a solution of a tribasic acid,
such as HyPO, or H3As04, Curo, or Cuaso, equals Ki, but Cpo,2 or
C o, i8 practically zero.

These relations do not hold for strong polybasic acids, such as
H,80, or H,CrO,. The equilibria in solutions of these acids are
discussed below.

For example, in water saturated with CO; at 25° and atmos-
pheric pressure, the solubility of the gas is 1.449 g per liter or
1.45 (g/1)/44 (g/mol) = 0.033 mol/l. A small, but not definitely
known, fraction of the CO. is combined with water as HCOs. This
fraction will be proportional to the pressure of the CO, and therefore
to its concentration.

CI{zCO; = k X CCOg

The ion concentrations will then be proportional to the fotal CO,
present, whether as dissolved gas or combined with water.

COz + 2H20 F=1 H30+ + HCdB~
Putting z = Cupot = Cucos™, and Ceo, = (0.033 - Z) in

gHaO+ X Cucos~

= &, s
o 4.3 X 107, (5)

by approximation

whenece Cxcos~ = about 1.2 X 1074 M.
But in this solution K1 must simultaneously be satisfied.

1.2 X 10”‘(01{,0*) X Ccos™
1.2 X 10~*(Cxcos™)

whence Coos~ = 4.7 X 10-1, the value of Ku. Multiplying (5)
by (6)

=47 X 1074, (6)

C_Z*B‘——-———-—-’Jbicm‘- should equal 2.02 X 10~ )
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Substituting concentrations in (7),

(1.2 X 1092 X 4.7 X 10—
0.033

which shows that Ccoy~ = Ku satisfies the Kequ. of (7).

Equilibrium in H,S solution. A saturated solution of H,S in
water at 25° and 1 atm. is very nearly 0.1 M. In this solution
practically the only reaction is

H.S + H;O0 2 H;0+ + HS~.

= 2,06 X 10-7,

Then

Cugot X Cus~ _ —
01(Cag) 1.15 X 107, and 8)

Caspot = Cus~ = 1.07 X 10— M.

Since in any solution all possible equilibria must be satisfied simul-
taneously,

______.Cﬂw(; X Ca _ 1 x 1078 ©)
HS
Substituting in (9) values of Cuy,ot and Cus-,

1.07 X 10~* X Cs~
1.07 X 10—*

=1 X 101,

In water saturated at room temperature with H,S, the Cs= is about
1 X 10-15)f. Multiplying (8) by (9),

C2%0t X Cs~

= —22
- 1.15 X 10-2,

or C?gpo+ X Cs= = 1.15 X 10~2%, which shows that in any solution
saturated with H,S the Cs~ varies inversely as the square of Ca,o*.
This ion product at 25° for saturated H;S water is comparable to the
ion product of water at 25°.

Cr{.o*' X Con~ =1 X 1014

In the saturated H,S water, since Cgot = 1.07 X 10~4*M, Con-
= 9.34 X 10~ M, or about 90,000 times the Cs~. From such a
solution, hydroxides, rather than sulfides, might be expected to
precipitate. This would indicate that hydrosulfides rather than
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sulfides are precipitated by H.S. Repeated experimental indica-
tions that this is the fact will be found in the laboratory work.

Concentration of sulfate ion in dilute sulfuric acid. Because
HSO, (K = 1.2 X 1072) is not a very weak acid, the Cso,~ in a
dilute solution of H,S0, is not equal to K as the following calcula-
tions show.

Ezample. Calculate Cro~ in (a) 1 M, (b) 0.1 M solution of
H,S0.,.

In dilute solution water removes the first proton completely,
giving Cupot = 1 M. But ionization of HSO,~ will increase this
Cuso* by an amount equal to the Cso,~ formed and will decrease
by the same amount the Cuso,~ formed by removal of the first
proton. Imn

HSO(‘ + H2O = Hso+ + SOA—,

setting £ = Cso,~, Cnso,~ at equilibrium will be 1 — z, and Cuo*
will be 1 + z. Then at equilibrium in the equation

Crot X Cso™

CHSOg—

= 0.012

we shall have for the 1 M solution

A+22 _ 012, or
1—1z

z? + 1.0z — 0.012 = 0,

whence 2z = 0.0117 M. In the 1M acid Cuot = 1.0117M,
Caso,~ = 0.09883 M, and Cso,~ = 0.0117M. The Cuso,~ is about
9 times that of the SO,~.

In 0.1 M solution

0.1 + z)x _

2 —_— =
01 — = 0.012, or z? 4 0.112z — 0.0012 = 0,

whence z = 0.009848. The 0.1 M acid is then 0.10985 M in H;O+,
0.09015M in HSO,~, and 0.00985M in SO,~ Cuso,~ is about
9.15 times Cgo,~.

Since in H,SO, solutions the Cmo* from ionization of HSO,~ is
not neglibly small in comparison with that from the first ionization,
a quadratic equation must always be solved for this case.

Behavior of chromic acid. In acid solution chromate ion as a
proton acceptor changes largely into dichromate ion.
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201'04 + 2H30+ = 2HC!’O4 Cl'207- + 2H,t

yellow orange
The equilibrium constants mvolved are

Cuypo* X Corof”

= 3.2 -7
Cron 3.2 X 10-7 and (10)
C HCKN
= 0.023.
Comor 0.023 (11)

In any chromate solution the ratio Cio,~/Cero,~ iS extra-
ordinarily dependent on Cu,*, as the following calculated data
show for a solution 1M in total Cr.

The ion concentrations are calculated as follows. Let

xr = CCro"; ‘Y = Cuc:of; 2 = Ccnof-
Then
z4+y+2=1 (12)

(Because Cr,0,~ contains 2Cr, z is multiplied by 2)) Assuming
Cuzot = 10-¢, (10) becomes

10~z = 3.2 X 107y, (13)

whence z = 0.32y. Similarly, (11) becomes

2

= 0.0 (14)
Substituting in (12)
2y
032y+y+0023 = 1, and
2y* + 0.03036y — 0.023 = 0,

whence y = 0.09991 M, x = 0.03197 M, and z = 0.43406 M.

At other assumed concentrations of H,;0+*, combination of
equations (10), (11), and (12) gave the ion concentrations tabulated
below.

Cusot Coroem Cucros™ Ceror™
10— 0.000325 0.1016 0.44903
10-¢ 0.03197 0.09991 0.43406
107 0.27456 0.0858 0.3198
10 0.9024 0.0282 0.0347

10~° 0.9960 0.003113 0.00042
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Notice that in a very mildly acid solution (Cgso* = 10~%) nearly
909, of the total Cr is in the form of Cr,0;~. In a very mildly basic
solution (Cu,ot = 10~%) 999, of the total Cr is in the form of
CrO4~ while Cr;0,= has practically vanished.

The Common Ion Effect

If to a solution of a weak acid one of its soluble salts be added,
the Cuzo*+ will be correspondingly decreased. For example,
0.5M AcOH is about 0.619%, ionized. As shown in Example 1,
page 87, the expression

0.00305 (Cry0*) X 0.00305 (Caco™) _ .
0.49695 (Cicon) = 1.875 X 10

can be written. If to a liter of this solut:ion 0.5 mol of solid AcONa
is added, the new Caco~ becomes 0.50305 M ;

0.00305 X 0.50305
0.49695

> 1.875 X 1078,

and the equilibrium
AcOH + H,0 & H;0t + AcO~
will shift toward the left until '

(0.00305 — z) X (0.50305 — x)
0.49695 + =

= 1.875 X 10-5.  (15)

If all the H3;0* in the solution united with AcO~ to form AcOH, the
concentration of the latter could not exceed 0.5. The Caco~ would
then be that coming from the added acetate. As a close approxima-
tion to (15) we may write

2 X 0.5 _ 1 875 % 105, 16)
0.5
in which z, equal to Cus;o*, becomes 1.875 X 10-5.
The common ion effect may be considered from the following
slightly different viewpoint. Since in

0.00305 X 0.50305

= -5
0.49695 1.875 X 10
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the denominator Caeom is practically constant at 0.5 M before and after
adding the salt, Cx,o+ varies inversely as Caco~. We shall have then
(Old) Caco— 0.00305 = (new) Cn,o"‘ .
(new) Caco~ 0.50305 (Old) Chusot 0.00305
Then new

(0.00305)*
70.50305
in substantial agreement with that previously calculated. The
addition of an acetate has caused the Cu,o* to decrease to riy of its
former value. This addition of one of its soluble salts to a solution
of a weak acid is known as buffering the acid solution. The proper-
ties of buffered solutions will be considered in the chapter on
hydrolysis.

Example. If a weak acid, such as HjS, is in the presence of a
strong dcid, such as HC, its ionization must be greatly decreased
and the concentrations of HS— and 8=, which can be in the solution,
must be correspondingly decreased. In 0.3 M HCI saturated with
H,S at 25° the Cusot will be 0.3.

C}x;;o+ =

= 1.85 X 10 M,

0.3 X Cus- _ = —7
T = 1.15 X 10 y
whence C:;s— = 3.83 X 10— M ; and
03X Cs .o 1o
383 % 10 — 1 X 1075

whence Cs~ = 1.28 X 10-22 M.
In water saturated with H,S we have found Cs~ to be 1 X
10-15 /. Since for a solution saturated at 25° with H,S

Chiot X Cy= = 1.15 X 10723,

it is evident that Cy- varies ‘nversely as the square of the Cuyo' and
that the presence of completely ionized acids must greatly decrease
the effectiveness of H,S as a precipitating agent. This will become
apparent in connection with the solubility products of sulfides.

Hydronium Ion Concentration as pH

Biochemists. introduced the use of the term pH for hydronium
ion concentration, and the term is now in general use by all chemists.
pH is defined as the negative log of Cuot. That is,

1
pH = log 7=
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]

Similarly, the term pOH is used to indicate log (1/Cox-).
p is abbreviated from potenz, German for ‘“ power” or ‘“logarithm.”
Notice the following relations:

Cupot 10-1 10-'* 10~ 10~ 10—°* 10=% 107
pH 13 12 11 10 9 8 7

Caot 10-% 10— 10 10~ 10~ 10~
pH 6 35 4 3 2 1

Since in pure water Cu,o* at 25° equals 1077M, an exacuy
neutral solution has a pH of 7. Basic solutions have pH greater
than 7, acid solutions have pH less than 7.

DeriVing pH from Cou-. Since CH,0+ X Cou~ = 10—“,

—14
CH.0+ = gzm_ .
Inverting,
1 _ Cou
Cupo+t 10—

Taking logs,
pH = log A log Con— — (—14)

CH 30 +
therefore

pH = log Co}{“ + 14.
Ezample 1. The Cu,o* in a solution is 1.85 X 1075 What is
the pH of the solution?
= log 1 — log 1.85 X 105

= 0.0000 — (5.2672 — 10)
= 4.7328

pH = log ; !

Cmo*

Since pH values are written only to the second decimal figure at most,
usually only to the first decimal figure, the pH would be stated as
4.7, or 4.73.

Ezample 2. (a) Calculate the Cyyo* in a solution of which the
pH is 6.8. (b) Calculate also the pOH of the solution.

(a) 6.8 = log 1 — log Cuso*
log Cusp* =logl — 6.8 =32 — 10
Cuot = 1.585 X 107
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10-14
®) Coé = {387 X 10~ — 6.31 X 108
pOH = log 0_1: = 0.0000 — 2.8000 — 10 = 7.2.
OH

The pH of the solution is 6.8; its pOH is 7.2.
Ezample 3. Calculate the pH of a solution in which Con-
= 0.05M.
pH = log Con~ + 14
= 8.6990 — 10 + 14 = 12.7

Ezample 4. Calculate the pH of 0.05 M HCI.
pH = log 1 — log 0.05 = 1.3

PROBLEMS

(For values of K., consult Table 4, page 84. Use approxima-
tion methods unless otherwise directed.)

1. Calculate the Ciuyo*-and the per cent of acetic acid ionized
in the following solutions: (a) 0.05M, (b) 0.15M, (c) 0.2M. Ans.
(@) 9.62 X 10~4M, 1.92%; (b) 1.66 X 1073M, 1.11%; (c) 1.93
X 10— M, 0.96%.

2. Calculate: (a) Cuspot, and (b) the-per cent ionized in 6.04M
solution of HCN. Ans. (a) 4 X 1075M; (b) 1029,

3. Calculate the ionization constants of the following acids:

HA 1.39%ionized in 0.1 M solution Ans. 1.69 X 105
HB 0.059% ionized in 0.1 M solution 2.5 X108
HC 0.0219%, ionized in 0.25 M solution 1.1 X 108

4. Calculate the Cy,+ and the pH in 0.1 M solutions of:
(a) HCN, (b) H,S, (c) H;As0,, (d) HCIO.  Ans. (a) 6.32 X 10~ M,
5.2; (b) 1.07 X 10~*M, 4.0; (c) 2.19 X 10~2M, 1.66; (d) 7.48
X 107° M, 4.13.

6. Calculate Cuwo+ and pH of 0.15 M NH,CI solution. Ans.
9.13 X 10— M, 5.04.

6. Calculate Cox—, the pOH, and the pH of 0.01 M NH; solu-
tion. Ans. 4.25 X 10— M, 3.4, 10.6.

7. What is Cryo* in solutions having a pH of: (a) 1.2, (b) 5.7,
c) 7.9, (d) 8.4, (¢) 12.5. Ans. (a) 6.31 X 102 M, (b) 2 X 108 M,
€) 1.26 X 1078 M, (d) 4 X 10*M, (e) 3.16 X 10~ M,



98 HOMOGENEOUS EQUILIBRIUM IN SOLUTION [Cuar. 7

8. Calculate:

Ceo,~ in 0.1 M H5CO3 Ans. 47 X 100! M
Cs~in 0.05 M H.8 1 X 10°15M
: CHP04" and Cyo“‘ in 0.1 M H;PO, 6.2 X lO_RM;
2.26 X 10-¥ M

9. The solubility in water at 25° and 1 atm. of COy is 0.034 mol
per liter. Calculate Cryot (@) in water saturated with CO; at 25°
and atmospheric pressure, (b) in a solution in equilibrium with CO.
at 25° and 12.3 atm. (Hint: apply the Law of Henry) Ans.
(@) 1.21 X 104 M, (b) 4.24 X 10—* M.

10. Water saturated with H,S at 25° and 1 atm. dissolves about
0.1 mol per liter of the gas. Calculate Cu,0* (a) in this solution, (b)
in water in equilibrium at 25° with a gas mixture 50 % H:S and 50%
H, Ans. (a) 1.07 X 10~*M, (b) 7.58 X 10—° M.

11. At 25° and 1 atm., water dissolves SO; to the extent of 1.47
mols per liter. Calculate Cuo* in water saturated with SO, at 25°
and (a) 1 atm, (b) 4.2 atm. Ans. *(a) 1.33 X 107 M, (b) 2.72
X 1071 M.

12. Calculate Ciuo+ and Cso,~ in HiSO4 (a) 1.5M, (b) 0.01 M
(Quadratic equations must be solved.) Assume the first H to be
completely changed to Hs0*. Ans. (a) Cupot, 1.51M; ) Cuyot,
1.45 X 10~2; (a) Csos~, 0.0118 M; (b) Cso,~, 4.5 X 1073

13. Calculate Crot and Coo,~ in HoCeOy, (@) at 1.0M, (b) at
0.1M. (Quadratic equations must be solved.) Ans. (a) Cusp*,
0.2158 M; (b) Cio*, 0.0528 M; (a) Coo,-, 6.36 X 107 M; (b) Coror
6.39 X 10~ M.

14. Calculate the Cuo+ in 1 liter of 1 M acetic acid to which,
has been added one mol of ammonium acetate giving an “effective”’
concentration of acetate ion 0.6 M. Ans. 3.1 X 107°M.

16. How many mg of NH,Cl (53.5 g per mol) must be in one ml
of 2N NH; solution to reduce the Con~ to 5.5 X 107°?  Ans. 35 mg.

16. In a solution 0.1 M AcOH, 1.0 M in AcO~ (“effective’’ con-
centration = 0.6 M) and saturated with HsS, all the following equi-
libria are satisfied:

(@) Cuyot X Caco™

) Cup+ X Con~
(c) Cg,cﬁ X Cus-

1.8 X 1075 X Cacon
1 X 10~
1.15 X 10=7 X Cuys
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Calculate Cus~ and Cox~ in the solution. (Hint:in a solution there
can be only one concentration of any given ion.) Ans. Cus-
= 3.7 X 103 M; Con- = 3.2 X 10—° M.

17. To 3 ml 0.6 N acetic acid is added 2 ml 0.3 N NaOH solution.
Observing the dilution effect but disregarding hydrolysis, calculate
Crypot in the final solution. Amns. 3.7 X 10—5 M.



CHAPTER 8

HETEROGENEOUS EQUILIBRIA

EQUILIBRIUM BETWEEN A SLIGHTLY SOLUBLE SALT
AND ITS SATURATED SOLUTION

It has heen pointed out that true salts in solid state consist of
oppositely charged ions. Each cation in the crystal is surrounded
hy anions and each anion is surrounded by cations. A crystal sur-
face of such a salt consists of alternate cations and anions.

The oxygen atom is tetrahedral, and in the H;O molccule the
protons have been shown to occupy adjacent vertices of the tetra-
hedron. The two remaining vertices must possess a high electron
density due to the unshared two pairs of the oxygen atom. In
consequence the water molecule has a high electrical moment and
is a dipole.

If a erystal is placed in water, the water molecules will rearrange
themselves about the crystal surface in such a way that the oxygen
end of a water molecule approaches a cation in the crystal and the
hydrogen end of another molecule approaches an anion. If the
polar forces of the water molecules are able to detach a cation from
the crystal surface, an anion will be simultancously detached.
Since the removal of this first cation and anion from the erystal
surface weakens the forces which hold the cations and anions adja-
cent to them, still other cations and anions will leave the erystal
surface. These dissolved cations and anions in rapid motion
through the solvent will approach or impinge on the surface of the
crystal from time to time and the attractive forces within the erystal
lattice will cause some of them to return again into the lattice. In
this way a rcversible reaction takes place, ions passing into the
solution from the crystal and at the same time ions leaving the solu-
tion and again cntering the crystal lattice. Evidently a state of
equilibrium will be reached when ions are leaving the lattice and
returning to it at exactly the same rate.

The Solubility Product Principle

Let us consider the conditions of éoncentration when such a state

of equilibrium has been reached. If a portion of the crystal surface
100
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of unit area is considered, we may assume that the fraction x of the
surface is occupied by cations and the fraction 1 — r of the surface
is occupied by anions. The rate, v; at which cations go into solution
should be proportional to r, that is, equal to a constant times z.

vy = kl.T (1)

The rate at which cations deposit upon the surface should be pro-
portional to the coneentration of cations in the solution and also
to the number of available places on the surface, that is, to 1 — r.

Vo = I\'g(] - .l') X Cc-lhm (2)
At equilibrium the rates of solution and deposition must be equal,
Uy = Uy,

and hence
]\'1.1‘ = k2(1 - 1) X Cc.thm- (3)

In the same way the rate at which anions leave the surface is
given by

vs = ks(1 — x), 4)
and the rate at which anions return to the surface is given by
Vg = k4z X C-nionm ' (5)
At equilibrium '
Vg = ¥y
and
ka(l - I) = k(-‘v X Cullon-- (6)

Multiplying (6) by (3), we obtain

krks
(’v\'ulmm /'uumlm = 3t -

X ( ko )
Since k,, ks, ks, and k4 are all fixed numbers at a fixed temperature,
the ratio of their produets is a constant. Hence equation (7) states
that at equilibrium the product of the molar coneentration of the
cations in solution by the molar concentration of the anions in
solution will be a constant. This constant is called the solubility

product! constant of the salt and is usually designated by K,
TThe above deduction of the constancy of the ion products in saturated
solutions of slightly soluble salts is due to Butler, J. Phys. Chem., 28, 438

(1924). It is noteworthy in that it does not involve the older assumption of
partial ionization of the dissolved salt.
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So long as the solution is unsaturated, ions will be leaving the
surface of the solid in greater numbers than ions are returning from
the solution into the crystal lattice. As soon as the solution is
gaturated the rates of dissolution and deposition become equal.

Calculation of solubility product from solubility. The relation
between the measured molar solubility, s,

m mg/ml

m =8 m.mol/ml,

of a slightly soluble salt and its solubility product constant depends
upon the relative number of cations and anions in the salt. If such
salts are classified according to this number, it becomes evident that
their solubility product constants (K,,) expressed in terms of s,
take certain characteristic forms for each class,

ELECTROLYTE K.,
1. Two-ion (AgCl, CuCl, BaS0Q,, FePO,) s? (mol/1)?
2. Three-ion (Ag,CO;, Pbl,, Hg.Cl,, Ag.S, SnS,) 4% (mol/1)3
but for MgNH,PO,, K,,. = s* (mol/1)3 '

3. Four-ion (AgsAsQy, AgsCo(CN)e) 27s* (mol/1)*
but for K;Na[Co(NOy)e], K., = 4s* (mol/1)*
4, Five-ion (Ca3(POy)s, FesSs, BisS;) 108s° (mol/1)®

Class 1. Since each molecule dissolved forms one cation and one
anion, if the fraction s of a mol of salt dissolves to form 1 liter of
saturated solution, the concentration of the cation will be s mol per
liter and the concentration of the anion will also be s mol per liter.
The product of these two ion concentrations will be s mol/l X
s mol/l or s? (mol/1)2. The unit (mol/1)? has no physical signifi-
cance. It indicates only that the numbers multiplied were both
expressed in the unit mol/l.

Class 2. If s mol/l of the salt has dissolved when the solution

' becomes saturated,

Ag:CO; = 2Ag* + COy-,

Coos~ = s mol/l and Ca* = 25 mol/l, since 2Ag* enter the solution
for each COs=. Since the balanced chemical equation contains
2Agt, any Ci.*+ appearing in the solubility product must be squared.
That is, the solubility product, C2%+ X Ccos~ becomes

(28)% X 8 = 4s* (mol/1)s,
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Similarly for Pbl, =2 Pbt+ 4 2I-, the ion concentration product,
Crt+ X C?~, becomes

s X (28)? = 4s® (mol/1)3,
But notice that for the three-ion electrolyte, MgNH,PO,,
MgNH,PO, = Mg++ + NH+ + PO,-3,
the ion product is
s X s X s = g (mol/1)3,

since each molecule dissolved furnishes one ion only of each of the
three ionic species.

Class 3. It should now be obvious to the student that if s is the
molar solubility of the salts,

AgaASO4 = 3Ag+ + AsO,3
AgsCo(CN)s = 3Ag* + [Co(CN)d]"2,

the solubility product will be for both
(35)3 X s = 27s* (mol/1)4,
But notice that for ,
K;NaCo(NO3)s 2 2K+ + Nat + Co(NOa)s~?
the solubility product is
(20)? X 8 X 5 = 4s¢ (mol/D).
Class 4. Since

Ca;(P0,); =2 3Catt + 2P0O,~? and (8a)
Fe,S; = 2Fet3 + 38-, (9a)

the solubility products will be

(3s)® X (2s)*
(28)2 X (3s)3

108s% (mol/1)% (8b)
108s® (mol/1)5. (9b)

[

These relations make it possible readily to calculate the K,,. of a
difficultly soluble salt if its solubility in mg/ml is known, or its
solubility if its K.,. is known.
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Limitations of the Solubility Product Principle

It is to be understood that the solubility product constant gives
the product of the ion concentrations in a solution which contains
no other toms than those of the difficultly soluble salt. It is now
known that the solubility increases with increasing total concentra-
tion of ions in the solution. For instance, AgCl is more soluble in a
solution of NaNOj than it is in water. It is not to be expected,
therefore, that, in moderately concentrated solutions containing
many different ions, the product of the ion concentrations of a given
salt will be exactly, or even very closely, that in pure water. If the
activities of the ions are substituted for their concentrations and
the total ionic strength of the solution can be computed, the ion
product is approximately constant over a much greater range of
concentrations. The values of the solubility product constants
listed in Table 5 give a rough idea of the relative solubilities of
various compounds, but they must not be considered to apply very
exactly to solutions containing large concentrations of other
electrolytes.

The validity of the solubility product principle has been dis-
cussed at length by McAlpine and Soule.2 They point out that in
determinations of the solubility of highly insoluble salts, the con-
stancy of the ion product has been assumed as a starting point for
calculation. Furthermore, the solubilitics of such extremely
insoluble substances can be determined only by indirect methods,
the validity of which is highly questionable, inasmuch as the values
found by individual workers for a given compound may differ by
as much as 10~*M. In such determinations there is evidence that
important factors such as the presence of COs in the distilled water
used, the presence of complex ions, and the time required to reach
equilibrium have been neglected. For example, the stated K,.. of
CdS indicates that it should be practically completely precipitated
in 6 N HCl. Actually, precipitation is barely visible at about 1 N.
But this difference is accounted for if the presence of a complex ion,
CdCl,~, having an instability constant of the order 10~2 is assumed.
Probably for the same reason, PbS is visible at smaller concentration
than is the far more insoluble HgS. CaC.0, is stated to be only
slightly more insoluble than MgC,0,. Yet CaCy0O, free from
Mg+ can be precipitated from solutions containing moderately

3 Prescott and Johnson's Qualitative Chemical Analysis, pp. 87-137, Van
Nostrand, 1933.
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large Cum,t+. The reason appears to be that MgC,04 precipitates
with extreme slowness. Pink MnOHSH is visibly formed at
concentrations at which the certainly far more insoluble ZnS does
not appear. This is ascribed to the slowness with which ZnS forms.

Common-ion effect. According to the solubility product
principle, in a saturated solution of a slightly soluble salt the product
of the ion coneentrations should be a constant at a fixed temperature,
but each ion concentration may have any value, one varying
inversely as the other. For example, for BaSO,

Cot* X Csorm = Koy, = 9.9 X 1071,

and in pure water saturated with pure BaSO,

Cpatt = Cso"' = 995 X 10— M.

In the precipitation of Bat* by SO, in analysis, if, when pre-
cipitation of BaSO, ceascs, Cso,~ in the solution is 0.01 M, then
Cz.t+ will have to be

9.9 X 10— _
The small excess of SO~ reduces one thousandfold the Cp,++ in the
solution. In other words, the precipitation of Ba*t is made more
complete if a small excess of the precipitating ion is added. Simi-
larly, in precipitating SO~ by Bat**, a small excess of Ba*t+ should
be added.

Effect of a large excess of precipitant. Since in a saturated solu-
tion the product of the ion concentrations is fixed, although the ion
concentrations themselves may take any value, it follows that
increase of one ion concentration must cause corresponding decrease
of the other. This would lead to the conclusion that in precipitation
the larger the excess of the precipitating ion the more completely the
precipitated ion would be removed from the solution.

This conclusion is fallacious for at least two reasons. It has
been stated that the solubility and solubility product increase
decidedly if considerable concentrations of other ions are present.
Furthermore, many anions—particularly the halides-—are strong
complex formers and may change the ion to be precipitated into an
unexpected form. )

As an example consider the effect of a small excess of I~ in
precipitating Hgl,. The solubility at 25° of Hgl.is 6 X 102 gram
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per liter, or 0.06/454.5 = 1.32 X 10~* mol/l. and
K.p. = 1.32 X 10~ X (2.64 X 10~9)2 = 9.2 X 102 (mol/liter)s.

In precipitating Hg*+ by I-, we should expect that, if Ci- in the
solution were made 0.1 M, Cyg,++ would be reduced to
9.2 X 1012

Cu.*“" = (_—‘(ﬁ)—l—‘) =902 X 10-1°M
so that the precipitation of Hg** would be unusually complete.
But in the precipitation of Hgt+ by KI solution, if we continued to
add the reagent until C;~ became even 0.01 M, we should be aston-
ished by seeing the scarlet precipitate completely disappear. This
would be due to formation of the very stable anion, [Hgl]~.

Complex ions are in equilibrium with their component parts,

[(Hgl = = Hgtt + 41-.
In the solution

Cugtt X C4y-

= = —31
G . = 5.3 X 10751,

In a solution 0.01 M in (free) I-,
Cuctt X (1072)4 = 5.3 X 10731 X Claarg~

and Cygu,~ would have to be about 2 X 1022 times the Cy*+ in the
solution when equilibrium was reached. This shows that so long as
even a minute C;- was in solution any solid Hgl, would have to
dissolve to form the iodomercurate anion.

Hgl, + 21~ = Hgl~

Such stable complex anions are formed by the halides, the
pseudohalides CN- and NCS—, and by C;0,~ and S;0s5~. It follows
that in the use of any of these anions as precipitants a large excess
is to be carefully avoided.

Metastable Equilibrium

Supersaturation. It is to be kept in mind that while the solu-
bility product principle gives the ion concentrations in equilibrium
with the solid phase, it says nothing about the time required to reach
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equilibrium. As a matter of fact, several hours, or even months,
may be required to reach equilibrium. Many substances, particu-
larly those containing water of crystallization, are able to remain
dissolved in concentrations far beyond that corresponding to their
solubilities. The solution has reached a state of false equilibrium.
If into a supersaturated solution a tiny crystal of the solute is
introduced, crystal formation will proceed until the product of
the ion concentrations becomes equal to the solubility product.
Instances of such false equilibria are occasionally met in analysis.
They are overcome by centrifugation, by vigorous stirring, or by
rubbing the inner walls of the container with a glassrod. The slight
scratches produced by the latter on the walls of the container appar-
ently provide tiny sharp surfaces which serve as nuclei for crystal
growth. However, the same effect is produced when the end of the
glass rod is covered with a rubber “policeman.” In this case the
surface of the glass container cannot be abraded. It has been sug-
gested that even the cleanest glass is covered by a thin film of foreign
matter and that the removal of this film is all that is necessary to
start crystallization.

Precipitation of the Metallic Sulfides

The commonly accepted mechanism of precipitation of sulfides
by concentrations of sulfide ion of the drder 10~'* to 10~25 M seems
rather incredible.

Considering the vanishingly small Cs- in 0.3 N HCI saturated
with H,S, it seems highly improbable that this ion is the precipitating
agent. It has been repeatedly noticed that during washing, sulfides
continuously lose H,S in amounts far greater than that which could
be absorbed on the surface of the precipitate. Much evidence will
be found in the laboratory manual of this text that sulfides change
solubility very decidedly during washing. It would seem more
probable that HS— is the precipitating ion. Considering the great
similarity of the molecules H,S and H,0, it would seem reasonable
that the first step in the mechanism of precipitation should be
replacement of H,O in the hydrated ions either by H,S or by HS-,
followed by linking of metal ions (Me) by HS- exactly as, in
hydroxides, metal ions are linked by OH-. On aging, HS- links
may become —Me—S—Me— links exactly as —Me—O—Me—
links have been shown to form during aging of hydroxides.

(Cu(H40)J++ — [Cu(H:0);HS}+ — [(HS):Cu(H,0)s]
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On flocculation, water might be squeezed out and such a three-
dimensional covalent structure result as

H H

Cu——Sl} — Cu——é
§
Hoowm

Upon aging, analogy with hydroxide gels would lead to

I |

S S
oy

s

! I

forming a three-dimensional lattice.

The freshly precipitated sulfides, like the hydroxides, must
undergo continuous change of composition and rearrangement of
structure on standing and drying. Changes of solubility must result.
There is no reason to suppose that the solubility of the dry aged
sulfide bears much relation to that of the freshly precipitated moist
substance.

Validity of the solubility product constants of the sulfides.
Many of the values given in Table 5 (p. 110) appear fantastically
small. If the Cs~ in 0.3 N H* saturated with H,S is of the order
10-2 M, many of the sulfides should precipitate in concentrations
of acid in which no trace of precipitate is formed. The fallacy of
applying solubility product constants to precipitation of sulfides
appears in the following cxamples:

Study of the reaction

AsSe¢ + 8H.0 &2 4HAsO, + 6H,S

leads to a solubility product “constant” of 2 X 102, From solu-
bility determinations the ‘‘ constant” for Fe,S; has been reported as
1088, that of BiaS; as 1072, But H,S precipitates As*3 practically
completely even from hot 12N HCl. Bi,S; is completely precipi-
tated by HsS from 5 N HCI, while Fe;S; can be precipitated only in
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basic solutions. Experiments show that the following sulfides can
be precipitated practically completely in acid of the concentration
stated:

Hot 12 N HCI AS4Slo, AS4Se

Cold “ « « HgCl:S, (white)
R (1 L HgS, CuS
“ 8 ¢ « SbaSg
“ 5 ‘“ ‘“ Bist, SnSz
[ 2 [ [ SnS
“o 03¢« PbSs, CdS
Acetic acid ZnS

Buffered acetic acid FeS, CoS, NiS (more or less completely,
according to extent of buffering)

These experimental results show that the published values of the
solubility product constants of these sulfides bear no close relation
to the conditions in which the latter are precipitated completely
by H,S.

Table 5 gives presently accepted values of some solubility
product constants mostly at 25°. Most of the values have been
taken from Latimer’s Oxidation Potentials.?

The Mutual Relation of Precipitation and Dissolution

The dissolution of a solid is the exact converse of its precipita-
‘tion. According to the solubility product principle, dissolution
must take place whenever in the solution the product of the ion
concentrations is kept less than the K,,. It follows then that
presence of any substance which will remove one of the ions of the
dissolving substance will promote the dissolution of that substance.
BaSO0,, although nearly insoluble in water, dissolves largely in
36 N H,S0O, because

BaSO, + H,80, = Ba** + 2HS0,~.

AgCl although nearly insoluble in water, dissolves readily in NH,
solution because

AgCl + 2NH; & Ag(NHj,),* 4 Cl-.

8 W. M. Latimer, The Ozidation States of the Elements and their Potentials in
Agqueous Solutions, Prentice-Hall, 1938,
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TaBLE §
SOLUBILITY PRODUCTS
SuBSTANCE K., (25°) SUBSTANCE K., (25°)
Acetate Hydroxides (Cont.)
AgC.H, 0. 1.9 X 1073 |{Ca(OH), 7.9 X 10¢
Bromides Co(OH). 2 X 1071e
CuBr 5.3 X 107* [Co(OH)s 2.5 X 1074
Hg,Br, 5.2 X 10™23CuOH 1.2 X 10-18
PbBr, 6.3 X 10~¢ (/ll(OH)z 5.6 X 1020
AgBr 3.3 X 107" Fe(OH), 1.7 X 1018
Carbonates Pb(OH), 2.8 X 1016
BaCO, 4.9 X 107° |Mg(OH), 3.4 X 10
CdCOs 2.5 X 1074 /Mn(OH), 7.1 X101
CaCOy 4.8 X 10~ |Hg2(OH). 1.6 X 102
CuCOs 1.4 X 10-¥Hg(OH). 1.7 X 10-2¢
FeCO, 2.1 X 10-1Ni(OH), 1.6 X 10~
PbCO; 1.5 X 10713|AgOH 2 X108
1i,COs 4 X 1073 |Sr(OH),-8H.0 3.2 X 10—+
MgCO;-3H,0 ca. 1 X 1075 {Sn(OH), 5 X 10~
MnCO; 8.8 X 10~14Zn(OH), 4.5 X 10~
Hg.COs 9 X 10777 Iodides
NiCO, 1.4 X 1077 |{Cul 1.1 X 10-12
AngOa 8.2 X 107 Hg,l, 4.5 X 102
Sr(HCO,). 1.8 X 1078 |Pbl, 8.7 X 10—*
SrCO, 9.4 X 10~ 1Agl 8.5 X 10~
ZnCO; 6 X 101 Nitrate
Chlorides Ba(NO;),; 4.5 X 103
BiOCl1 7 X 10~ Nitrite
CuCl 1.85 X 1077 [AgNO, 2.4 X 10~
Hg.Cls 1.1 X 1078 Oxalates
PbCl: 1.7 X 107¢ |BaC,0,2H,0 1.1 X 1077
AgCl 1.7 X 1079CaCy0+H:0 2.8 X 10~
Chromates MgCs0, 8.6 X 108
BaCrO, 2 X 10-9Hg.C.0, 1 X 10—
PbCrO, 1.8 X 1074Ag,C0, 1.1 X 101
Hg.CrO, 2 X 107 |SrC,0,H,0 5.6 X 10™3
Ag.CrO, 1.1 X 10~ Phosphates
SrCrO, 3.6 X 107* {CaHPO, ca. 5 X 10~¢
Fluorides PbHPO, 4 X 10~
Ban 1.7 X 107 MgNH.PO. 2.5 X 1071
CaF, 3.9 X 1071} Potassium Salts
PbF, 3.7 X 1078 {KClO, 1.1 X 102
LiF 5.2 X 1073 [K,PtCl, 1.1 X 10-8
MgF, 6.4 X 107? |[KsNaCo(NO;)e-HsO [ca. 2.2 X 101t
SrF, 3 X107 Sulfates
Hydroxides BaSO, 9.9 X 101
SbOOH ca. 10~CaS0,-2H0 2.4 X 10
Ba(OH),-8H,0 5 X 107 {PbSO, 1.8 X 10~8
BiOOH ca. 1 X 10713 Hg,S80, 6.2 X 1077
Cd(OH), 1.2 X 10~4SrS0, 2.8 X 1077
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TaBLE 5.—(Continued)
SOLUBILITY PRODUCTS
SuBsTANCE K., (25°) SUBSTANCE K., (25°)
Sulfides Sulfides (Cont.)

8b.Ss + 4H,0 + Hg.S 1 X 10-%

4H & HgS 3 X 1075
4ShO+ + 6H,S 10—3%NiS 3 X 102
AsS; +8H O S NiS 1 X 1072
6H,S + 4HAsO, 2 X 10~23NiS 2 X 1038
BisS, 1.8 X 10-"4Ag,S 1 X 1073
Cds . 1.4 X 10-*9SnS 8 X 10-1
CoS 7 X 10723SnS, ca. 1040
CoS 1.9 X 10~2%ZnS 4.5 X 107
CusS 2.5 X 1075 Thiocyanates
CuS 4 X 10738CuNCS 4 X 1071
FeS 1 X 10719 Hg,(NCS8), 3 X 10-%
Fe,S, 1 X 1038 AgNCS 1 X 10-12
PbS 1 X 107*TINCS 5.8 X 104
MnS 5.6 X 10719

Calcium phosphate is highly insoluble in water but readily and
largely soluble in acetic acid because all primary phosphates are very
soluble,

Caa(PO,)2 + 4AcOH = 3Ca++ + 2H,PO,~ + 4AcO~.

When the solid salts are in the presence of their saturated solu-
tions, the ion concentration products equal the respective solubility
product constants.

Crt*+ X Cso,~ = K,, BaSO,
Cret X Cou- = K,,. AgCl
Csc.""" X Czpof3 = K,,p, 033(1)04)2

If to the saturated solutions any substance be added which lowers
the concentration of one of the ions, the ion concentration product.
in the solution becomes less than the K., and more solid must
dissolve. This must continue as long as the ion concentration
product in the solution is kept less than the K,, In the above
cases SO,~ is changed to HSO,~, Ag* to Ag(NH,),*, and PO, to
H,PO,~. 8o long as excess of the reagent is present, the solid must
continue to dissolve.

Ions can be removed from saturated solutions, and hence
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insoluble compounds made more soluble, in the following ways:

1. By formation of a less tonized substance.
CaC30, + H;0+ + Cl- 2 Catt + HC,0,~ (or HyCy0y)
+ ClI- + H,0

By formation of a slightly soluble and slightly ionized gas.
FeS + 2H;0+ & Fet+ + H,S + 2H,0
3. By formation of a complex ion.

_A_g_(;_l + 2NH; & Ag(NHj;),t + Cl-
4. By oxidizing one of the tons.

CuS + Hy0* + NO;~ — Cut* +8 + NO + HiQ
5. By ampholytes (amphoteric gels) becoming more soluble in either
acidg or bases.

(HzO)aAl(OH)z + H30+ =1 [(H:O)4AI(OH)3]+, ete.
(Hs0);A1(OH); + OH~ = [(H30):A1(OH).]-, etc.

%

-Dissolution may be caused by the simultaneous effect of two or
more of the above actions:

8SbsSs + 2H;0* < 28b0O+ + 3H,S (2 and 3)
HgS + Cl, + ClI- = [HgCly]~ + 8 (3 and 4)

Metathesis of slightly soluble salts with sodium carbonate solu-
tion. In analysis for anions it is customary to bring into solution
the anions of sparingly soluble salts by boiling with 3N Na;CO;
golution. The carbonates or hydroxides of most cations except
Na+, K+, and NH,*+ are rather insoluble in water. Boiling with
moderately concentrated Na,COj; solution tends to precipitate the
cations, which might interfere with the anion analysis and bring
into solution the anions. For example,

FeSO4~7H,O_ + ()()3-l — EP_(_)Q? + SO['
Fe[FeClg] + 6CO;~ + 4H,0 — 2FeOOH + 6HCO;~ + 6Cl1-

To what extent a slightly soluble salt will give up its anions to
the solution must depend on the ratio of its K., to that of the
carbonate of its cation. This dependence becomes evident when
the following three cases are considered.

Case 1. The K., (at 25°) of BaSO, is given as 9.9 X 1011
The K.,. of BaCO, is given as 4.9 X 10~°. If BaSO, is boiled with
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3 N Na,COj solution until the latter is 2n equilibrium with-both salts,
the following equations must become simultaneous since but one
Cp.*t+ can be in the solution.

Cout* X Croe = 9.9 X 10711 (10)
Crat+ X Cco,' =49 X 10~? (11)

Dividing (10) by (11) we obtain for the state of equilibrium,

Cso," - 9.9 X 10~
Coos™ 49 X 10*

That is, when the solution is saturated with respect to both salts,
Cso.~ should be about 0.02 that of Ccos™

If excess of BaSQ, is boiled with 3 N Na.COs solution until
equilibrium is reached, ’

B&;SO} + COa- ﬁEaCOS + 804".

=2 X 102

Since for each SO~ entering the solution a COy™ is precipitated,
if at equilibrium Cso,~ = x+ M, then Co,~ remaining will be (1.5 — z) M.
Then

z

(15 — x)

and r = 2.94 X 102M. If 5 ml of 3 N: Na,CO; were taken and
the same volume were maintained throughout the transposition, the
weight of SO~ in the 5 ml would be

= (.02

2.94  10-2 ™m0l o 968 M€« 5ml = 14.11 mg.
ml m.mol
One ml of the solution would contain about 2.8 mg of S8O,~, ample
to secure a good test for the ion.
Case 2. That silver halides are scarcely affected by 3 N NasCO3
is shown by the following calculation for AgCl. At equilibrium

Cagt X Ca- = 1.7 X710"‘° and
Ot X Coos~ = 8.2 X 10712

Squaring the first equation, we obtain for equilibrium

Czcl' _ 2.89 X 1020

G- = B2 io-w = 398X 107

The value of the K. shows that very little Cl- will be formed
and, consequently, that at equilibrium Cco,~ will not differ appre-
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ciably from 1.5 M. Hence, placingz = Cor-, we may write 22 = 1.5
X 3.53 X 10~?, whence x = 7.3 X 10~5M. One ml of the Na,CO;
solution would contain only 0.0026 mg of Cl-.

Case 3. A quite insoluble salt may be practically completely
transposed by 3 N Na;CO;. An example is Pbl,. At equilibrium

Cept+ X C%~ = 8.7 X 10~? and

Cpptt X Ceos~ = 1.5 X 10713,
At equilibrium
Ch _ 58 100,
Ccm'

The very large value, 58,000, of the K.u. shows that in this case
practically all the COs™ will be precipitated as PbCOs. Solving

5= 58,000 as a quadratic,

1.5 — z, the Cco,~ remaining, would be less than 10-®*M. This
indicates that excess of Pbl, would react as long as more than a
trace of CO;= remained in the solution.

PARTITION OF A SOLUTE BETWEEN TWO
IMMISCIBLE SOLVENTS

In Chapter 6, page 69, it was pointed out that partition of a
solute between two immiscible solvents constitutes a heterogeneous
equilibrium, since the two solutions (phases) are separated by a
definite boundary surface. The Law of Equilibrium when applied
to this case is frequently called the Partition Law.

The Law of Partition. At any given temperature, when
equilibrium is reached, the molar concentration of the solute in one
solvent bears a fixed ratio to its molar concentration in the other
solvent. This ratio is independent of the relative amounts of the
two solvents and also of the total amount of solute, provided that its
molecular weight is the same in both solvents.* The value of the
ratio varies with temperature, the nature of the solute, and the
natures of the two solvents employed. It must be determined by
experiment for each case and for each desired temperature.

4 Orgamc molecules are sometimes polymerized in certain organic solvents
For example, the molecular weight of acetic acid dissolved in benzene approxi-
mates closely that of the doubled formula (AcOH),.
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The following consideration of the equilibrium conditions
between iodine in water and iodine in CCl, will make it evident that
this variety of heterogeneous equilibrium differs in no essential
particular from that between a solid and its saturated aqueous
solution.

If a suspension of iodine in ‘water is shaken with CCl,, some
of the iodine will pass from the water into the CCl,. If a solution
of iodine in CCl, is shaken with water, some iodine will pass into
the water. The reaction

I, (water) 2 I,(CCly)

is therefore reversible and when the iodine is entering and leaving the
water phase with equal velocities the opposing reactions are in a
state of equilibrium and

C(CCL) _ .
Cr.(water) ~ o

If the value of the K. can be determined by experiment, it is
possible to calculate the amount removed from a given volume of
one solvent® when shaken with a given volume of the other solvent.
This is best understood by an example. '

Example. Iodine is 85 times as solublein CCl, as in water. If
10 mg iodine suspended in 4 ml of water is shaken with 1 ml of CCl,
until equilibrium is reached, how many mg should pass into the
CCl,?

Solution. Since the molecular weight of I, is the same in both
solvents, concentrations may be expressed in mg per ml instead of

5 For partition of acetic acid between benzene and water, the chemical
reaction would be .

2AcOH (water) 2 (AcOH); (benzene).
The equilibrium expression would be

Cacom, (benzene)

Cacon (water) Kequi.

In general, if the solute has the molecular formula A in water and the molecular
formula (4). in the solvent S, then, at equilibrium, ¢

Cn 4 (water) - K-
Cya (S) cautt
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in m.mols per ml. We have then at equilibrium
z mg
1 ml
10 — 2z mg
4 ml]

= 85.

4z
= 85, whence 0 ==

Solving, z = 9.55 mg and 10 — z = 0.45 mg. At equilibrium
9.55 mg I, will be in the 1 ml of CCl; and 0.45 mg will remain in the
4 ml of water.

PROBLEMS

1. From the solubility product constants in Table 5 and the
Table of Atomic Weights calculate the solubilities of the following
compounds (1) in m.mols per ml, (2) in mg per ml:

BaCrO, BiOCl AgNO. Ca(OH). Bi.S;
PbCrO, Hg.Cl, Ag,C:0, Mg(OH), SnS.

2. Given the following solubilities in mg per ml, calculate the
solubility products (data from Lange’s Handbook [1934]).

BaCO; 0.022 AgBr 8.4 X 10-5 PbCl, 6.73
CaCO; 0.065 Ag.Cr0O, 0.014 Pbl, 0.442

3. Pby(POy), is soluble to the extent of 1.4 X 10~° g per 100 ml
H,0. Calculate a value for the K,,. Ans. 1.65 X 10732 M.

4. If the K., of Mg(OH); is 3.4 X 10—, what is the largest
Con~ that could be in a solution 0.03 M in Mg**+ without a pre-
cipitate forming? Ans. 3.36 X 107°M.

6. Assume that the K. of (AcO).Pb is 1.66 X 10~* and that
the K;, of PbSO,is 1 X 10~% In a solution 0.02M in (AcO),Pb
and 0.02M in SO,~, what Ci.o- should just prevent precipitation
of PbSO,? Ans. 2.577TM.

6. If the K., of BaCrO, is 2.25 X 1071 what is the largest
Ce.t+ (137.4) that can be in a solution 0.0025 M in CrO,~ without
precipitating? What fraction of a mg of Bat+ would this be in 1 ml
of solution? Ans. (1) 9 X 10—8M, (2) 1.237 X 10~° mg.

7. A solution is 0.02M in Bat* and 0.3 M in Sr++; to this is
slowly added solid Na,SO,. Assuming no volume change as the
solid is added, and having given K., SrSO, = 2.9 X 10-7 and
K., BaSO, = 11 X 1019, (a) what is Cs.++ when SrSO, begins to
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precipitate? (b) when >Cs,++ = 0.02 what is Cp*+? Ans. (a)
1.138 X 10— M, (b) 7.59 X 10~ M.

8. The K., of BiyS; is said to be 10-72. Given a solution
which is 0.001 M in Bi*3 and 0.3 N in H*, calculate the Cni+s left in
solution after saturation with H,S. The ion product, of HsS is
1.15 X 10-% in a saturated solution at 25°. Amns. 6.92 X 10~ M.

9. Two ml of a solution is 0.2 M in Mg*+ and 0.4 M in NH,*.
If 1 ml of 1N NHj; solution is added, will Mg(OH), precipitate?
K.. NH; solution = 1.8 X 10-%; K., Mg(OH), = 3.4 X 101,
Ans. Yes. Cuett left in solution = 6.71 X 102 M.

10. When 1 ml of solution 0.3 N in H+ was saturated with H,S,
1.7 X 10 mg of Pb*+ escaped precipitation. Calculate the K,
of PbS. Amns. 1.05 X 10-2°,

11. In a solution saturated with the very slightly soluble salt
Pb3(POy)s, the Cross is 3 X 10-7 M. Considering the dissolved
portion as completely ionized, what is the Cp,*+ in this solution?
Ans. Cpb‘H' =45 X 10'—7M. '

12. What Ccuo,~ is necessary to just start precipitation of
CaC;y04 from a saturated solution of CaS0,? Ans. 4.7 X 10-7M.

13. Solid Pb(NO;)2-H;0 is slowly added to 5 ml of 0.001 M K+I-
solution. How many mg of the salt would need to be added before
Pbl, started to precipitate? Ans. 15.2 mg.

14. The K., of Ags;PO4 is 1.8 X 107'® and that of Agl is
8.5 X 10", Show by calculation which of these salts has the
greater molar solubility.

15. The solubility of bromine in CCly is 26 times that in water.
If 15 mg of Br; in 5 ml of water is shaken with 1 ml of CCl,, how
many mg should pass into the CClL,? Ans. 12.6 mg.

16. If the CCl, layer obtained in problem 15 is drawn off and the
water layer again shaken with 1 ml of fresh CCl,, how many mg of
Br; should remain in the water layer? Ans. 0.4 mg.

17. If 50 mg of Br; are in 8 ml of water, show by calculation
whether more Br, would be removed by shaking once with 3 ml of
CCl, or by shaking with three successive 1 ml portions of CCly, the
CCl, layer being removed after each shaking.

18. A solution contains 2 mg/ml of Cutt (at. wt. Cu = 63.6)
and is 2M in AcOH. To 1 ml of it is added 0.5 ml 3N NaOH, and



118 HETEROGENEOUS EQUILIBRIA [CraP. 8

the resulting solution is saturated with H.S. (A saturated solution
of H,S is 0.1M.)

K H.S = 1.15 X 1077; K;; HoS = 1.0 X 1015

K., CuS = 4.0 X 1073%; K AcOH = 1.85 X 105
Show by calculation:
Ans.

(a) Cx* in the solution. 6.2 X 108 M.
(b) The ion product of H,S. 1.15 X 10~ «,
(¢) Cs~ in the solution. 3.025 X 10-18 ¢,
(d) Cus~ in the solution. 1.86 X 10-8
(¢) Whether or not a precipitate is obtained. Yes.

(f) Ccut* left in the solution. 1.32 X 10728 ¢,

19. If the K., of CaF, is 3.9.X 10~! and that of CaCOj; is
4.8 X 10~°, what Cs- (at. wt. = 19) in (a) m.mol/ml, and (b)
mg/ml should be in 3 N Na,COj; solution which has reached equilib-
rium with an excess of CaF;? Ans. (a) 0.106 m.mol/ml, (b)
2.02 mg/ml.

20. State the effect of prolonged boiling with 3 N Na,CO; upon
arsenious sulfide, ammonium alum, ferric phosphate, lead chromate,
calcium fluoride, bismuth sulfide. Write (and underscore) formulas
of insoluble compounds formed and formulas of ions in solution.

21. If excess of solid AgsCrQO, is boiled with 5 ml of 3N Na,CO;
until equilibrium is reached and then cooled to 25°, how many mg of
CrO4~ should be in each ml of the solution? What fraction of the
COs= should have been precipitated as AgsCO;? Ans. 20 mg.
About 0.12.



CHAPTER 9

HYDROLYSIS

As a strongly dipolar molecule, water has a marked tendency to
coordination. In conformity with the maximum coordination
number 4 for oxygen (Period 2), ice at very low temperatures! is
indicated by X-ray investigations to have as the lattice unit
(H:0)5, four molecules being attached to the fifth molecule by
hydrogen bonds.?

In the three-dimensional lattice each oxygen appears to be
coordinated to two H.0 molecules through its own hydrogen atoms
and to two other molecules through one of
their hydrogen atoms.

Liquid water probably consists of minute
broken-down fragments of the ice structure,
as is evidenced by its boiling point. Uncao-
ordinated H,0 would be a low boiling gas.
In ice at 0° appreciable amounts of three-
coordinated and two-coordinated molecules
are present. In the range 25-90° the average
molecular weight is slightly greater than that
for two-coordinated molecules. According to present views the
increased apparent ionization of water at temperatures near 100° is
due partly to decoordination of water complexes increasing the
actual concentration of the molecule H,0.

Ice MoLecuLg

" PROTON EXCHANGE IN AQUEOUS SOLUTION

According to the modern definitions of acid, base, and salt
(Chapter 7), both neutralization and its opposed reaction, hydrolysis,
become simply cases of proton exchange.

1 Only at extremely low temperatures could the strength of hydrogen bonds
approach that of ordinary covalent bonds.
2 Bernal and Fowler, J. Chem. Phys,, 1, 515 (1933); Leighton, e al., J. Am.
Chem. Soc., 69, 1134 (1937).
119
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Acip;  BABE, Acip, Basg,
neutralization

H;0+ 4+ OH- - H,0O 4 H,0
hydrolysis
hydrolysis

NH+ + H,0 —— H;0+ + NH,
neutralization
hydroly:is

H.0O 4+ COy~ ——— HCO;~ + OH-

neutralization

The following illustrations show how the varying tendency of
different acids to release protons and the varying tendency of
different bases to take up protons can cause similar reactions to
proceed very differently.

Al Bz AZ Bl
HCl + H;0 —— H;0* + CI~ 1)
HCN + H:0 “—— H3;0*+ 4 CN~— )]
NH+ + H,0 = H;0*++ NH, (3)

Reaction (1) proceeds almost completely to the right because
H,0 has a far greater tendency to add protons than has Cl-. Con-
trariwise, reaction (2) tends to proceed to the left because CN- as
a stronger base than H,O takes protons from H3;O+* to form HCN.
Reaction (3) will proceed only to a slight extent in either direction
because NH,* has little more tendency to donate protons than does
H,;0+ and because in proton accepting power NH; and H,O do not
differ greatly.

As potential proton donors, all molecules and ions such as those
listed below must be considered to be acids.

NeutrAL MOLECULES ANIONS CATIONS
HCIl H2P04— H3()+
AcOH I‘IPO‘{= NH4+
HQO HCzO[— [Zn (H20)4]++
H;PO, HSO4~ [FG(HQO) s]+3
[(H.0)3A1(OH);]

As potential proton acceptors, all molecules and ions such as the
following must be considered to be bases.

NEUTRAL MOLECULES ANIONS CATIONS
Hzo OH- [(HzO)aZn OH]+
NH; PO [(H:0)sAl OH]*
[(H30)sAl(OH);s] HPO,

CN-

[AI(OH)¢]—
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BEHAVIOR OF SALTS IN AQUEOUS SOLUTION

Many aqueous solutions of salts are not neutral, that is, their
pH is not exactly 7. Some salt solutions are acidic, others are basic.
This was formerly explained as being caused solely by one or both
ions of the salt taking H+ or OH~ from water molecules. The
modern view attributes it to competition for protons by all the
various bases present, of which water is merely one.

Any aqueous solution of an electrolyte (salt) will be acid if the
ions have a greater net tendency to give protons to water than to
take them from water. It will be basic if the ions have a greater
net tendency to take protons from water than to donate them to
water.

In the following pages hydrolysis will be considered as competi-
tion for protons. From this point of view, it appears necessary to
consider the behavior of salts in aqueous solutions as classifiable
into six types.

Type I. The cation has no appreciable tendency to give up
protons and the anion has no appreciable affinity for protons.

Ezample. A solution of Na*+Cl—.

Nat + CI- + H,0 22 Nat 4 Cl- 4 H.0

Na+ cannot donate protons to H,O to form H;O+, and Cl- has
practically no affinity for protons. In consequence, when pure
Na*+Cl- is dissolved in water, no proton exchange takes place and
Cu,st and Con— in equilibrium with H,O remain unchanged from
what they were in the solvent water.

Type II. The anion of the salt tends to take on protons while
the cation has little or no tendency to give off protons.

Example. A solution of NatCN—.

Bl Az A1 Bg
Nat + CN- 4+ H,0 2 HCN + OH- 4 Nat*

Since the anion is able to take protons from H,0, OH- accumu-
lates in the solution, which therefore shows a basic reaction.

Type III. The cation is able to give off protons while the anion
has little or no tendency to acquire them.

Ezample 1. A solution of NH,+Cl-.

4, B, 4. B,
NH,+ 4+ ClI- 4+ H;0 2 H;0+ + NH; + Cl-
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Ezample 2. A solution of AlCl;-6H:0.

Ay B, B, | - 4,
[AL(H:0)e]** 4+ 3Cl- + H,0 = [Al(H,0); OH]*+ + H;0* + 3Cl~

Cl- has little orno affinity for protons, but NH* and [AI{H;0)e*?
have a greater tendency to yield them than has HsOt. In conse-
quence, H,O will take protons from NH,*+ and from [Al(H:0)e]** to
a certain extent to form H;O* making the solutions slightly acidic.

Type IV. The anion is amphoteric and the cation is not a
proton donor.

Example 1. A solution of NatH,PO,~.

A 1 B2 Bl A2
H,PO, + H.O =2 HPO,~ + H;O0+ (4a)
HzO + HzPO[' = OH~ + H3P04 (4b)

Since the anion of the salt acts simultaneously as proton donor
and proton acceptor, in this type of salt solution there is competition
for protons among four bases, H,PO,~, HPO~, OH~, and H.O.
The result of the competition will depend on the ionization con-
stants of the acids involved. These are

H3P04 = 7.5 X 103 I‘IzPO4~
HPO~=1X 1072 H.0

The values of the constants indicate that H,PO,~ has little tendency
to take protons from H,0 since HzPO, is shown by its Kie to be a
moderately strong proton donor. H.0 evidently has much greater
affinity for protons than has H:PO,~ and somewhat greater than has
HPO,~. We may predict then that reaction 4b will tend to proceed
chiefly toward the left and that reaction 4a will proceed to some
extent toward the right. Since 4a forms H;O+ and 4b (toward the
left) removes OH—, we can expect that at equilibrium the solution
will be somewhat acidic.
Ezample 2. A solution of NatHCO;™.

6.2 X 1078
1 X101

Il

A, B, B, A,
HCOs;- + H,O = COs~ + H;0F (5a)
H.0O + HCO;-=0OH- + H,CO; (5b)

The competitors for protons are the four bases HCOs~, COs™,
OH-, and H,0. The ionization constants of the acids are

HzCOx =43 X 107 HCO&'_ =47 X 10—t
H,O0 =1 X 10—
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Since water as a base has a proton affinity comparable to that of
COs=, reaction 5a can be expected to proceed to the right to some
extent. But since HyCOj; is shown by its Ki.. to be a much weaker
proton donor than H;PO, (Example 1), it will evidently have far
less power to remove OH~ from the solution than had HsPO, in 4b.
We may predict then that a solution of NaHCO; will probably be
slightly basic. Whether these predictions are fulfilled will be
shown by the computations set forth under this type of salt solution.

Type V. The anion is a proton acceptor and the cation is a
proton donor. The salt solution is a mixture of two buffers.

Ezample 1. A solution of NH+CN-,

Ax Bz A;g B4 Az Bl A4 Ba
NH,* 4+ CN- + H.0 + H,O & HCN + NH; + H;0+* 4+ OH-
0.4501 0.4590 0.5410 0.5409 4.7 X 1070 2.1 X 10~%

The numbers in both Example 1 and Example 2 are the con-
centrations at equilibrium in 1 M solution as calculated by methods
shortly to be discussed. The salts were assumed to be completely
ionized.

Whether the solution of NH,+CN~— is acidic or basic depends
upon the relative ionization constants of the three acids: NH,t,
HCN, and H,0 and upon the relative proton accepting powers of the
three bases CN—, NHs, and H;0. The solution is basic—that'is, it
contains more OH— than H;O+—becaute CN— will have taken
protons from water as well as from NH+.

Ezample 2. A solution of AcO-NH,*.

NH,* + AcO- 4+ H,0 + H,0 =2 AcOH

0.9944 0.99455 0.00545
+ NH; + HO+ + OH
0.00557 1.015 X 1077 9.86 X 1

Here the three bases AcO~, NH;, and H0 similarly compete with
one another for protons which are furnished by the three acids
NH,*, AcOH, and H;O in proportions depending upon their
respective ionization constants.

This solution is practically neutral because both AcO~ and NH,
are relatively weak bases as compared with water. Since their
proton-accepting powers are almost identical (K, AcOH = 1,85
X 10~%, K, NH; = 1.8 X 10~%), AcO~ will take few protons
from NH,*.

Type VI. The anion of the salt is either amphoteric or is the
anion of a polybasic acid, and the cation is a proton donor. The
salt solution is a mixture of two buffers,
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Ezxamples. Solutions of (NH+).HPO,~, (NH,*),S=, NH,+HS~,
(NH{")zCOs—', or NH,HCO;~.

The equilibrium in solutions of salts of this type is rather com-
plicated. The equilibrium factors will be discussed in the followmg
section on calculations.

The equilibrium in (NH,*),CO3= solutions has been worked out
by R. Wegscheider.?

CALCULATION OF PROTON EXCHANGE (HYDROLYSIS)
IN AQUEOUS SALT SOLUTIONS

Salt Type II

The anion is a proton acceptor and the cation is not a proton
donor.

Example 1. Calculate (1) the fraction and the per cent of CN—
in 0.1 M Na*CN- solution which is changed to HCN, (2) the Cou-
in the solution at equilibrium and the pH of the solution.

B, A, Ay
CN- 4+ H. O HCN + OH‘

At equilibrium
Cren X Con~ _

CON_ equil. (6)

The competition for protons between the two bases CN— and OH~
will proceed until both the following equations are satisfied by the
Cugot then in the solution.

Cryot X Con~ =1 X 10%(K,) (7

and
Cuso® X Con™ _ 4 5 10-19(K.,). @®)
CHCN “

Since Cygo* is identical in both, dividing (7) by (8) gives for (6),

K, 1 10—
—KQNL=Y—4%[O—_(O—25XIO_S (9)

Cren X Con~
Con~

As a rule the information desired about a salt solution is its pH.
This can be calculated exactly only after solution of a quadratic
equation. But in solutions of salts of Types II and III the proton

# Monatsh., 87, 425, (1916); C.A., 11, 1072 (1917).
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exchange rarely involves more than 29, of the salt present. For a
2
T would not exceed 0.0004. Whether 0.0004

is divided by 1 or by 0.98 evidently makes little difference. It is
also evident that the smaller the extent of proton exchange, the more
nearly will the value of z obtained by approximation be that obtained
by solution of a quadratic. In order to make this clear, both exact
and approximate solutions for 0.1 M NatCN— solution are given
below.

Ezxact solution. The exact solution requires that the following
equations be simultaneous at equilibrium.

1 M solution, z? in I

.CH30+ X Con" =1 X 10—14 (10)

—C“*°Z,————X Con™ _ 4 % 10-10 (1)
HCN

CCN‘ + CHCN = 0.1 (12)

Con— + Cou~ = 0.1(Cnet) + Crgot (13)

There are four variables and four equations. Combination and
substitution give Couy~ = 1.568 X 10-3M.* Then

Cuz()"' = 6.379 X 10~12M,
Con— = 0.09843 M,
C]{(;N = 1.569 X 103 M. ¢

Verify that these concentrations satisfy all the equations (10)—(13)
above.

Compare the results of this laborious computation with those
obtained by the rapid approximate method which follows.

Approximate solution. In (9) the small value of Keuu. shows z
to be small and the quotient of z2 by 0.1 not to differ greatly from
that by 0.1 — 2. Then 22/0.1 = 2.5 X 107% and 22 = 2.5 X 107%;
whence = = 1.581 X 103 M = Cou~, and pH = 11.20 in close
agreement with that found by solving the quadratic.

Then at equilibrium

Crcn 6324 X 1012
Ccn’ - 4 X 1010

Putting Yy = Cucx and 0.1 — Yy = Ccu",

= 1.581 X 102

5 1:‘{-‘ ; = 0.01581, and y = 0.001578 = Crio

0.1 — Yy = 0.09842 = Con-.
4+ Tt is understood that digits after the first decimal place are without physical

significance. They are given only for the convenience of students using four-
place log tables in verifying calculations.
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The two methods of computation give the following comparative
results.

+

Con CHz0 Cuon Cen~

By exact solu-

tion 1.568 X 1073 M 6.379 X 10120 1.569 X 10-3M 0.09843 M
By approxi-

mation 1.58 X 1073 M 6.3 X 10712 1.578 X 1072 M 0.0984 M

It is obvious that approximation gives sufficiently accurate results.

Example 2. Calculate the Cox~ and the pH of 0.1 M Na,#*COs~
solution. Calculate the fraction and per cent of CO;~ changed into
HCO;~. At equilibrium in the reaction

B, A, A, B,
COs~ + H,O0 2 HCO;~ + OH-
CllCOs X COII

COa

equil.

the following equations become simultaneous:

C'm;o+ X Cou' =1X IO_M(K'”) (14)
and
Crot X Coor™ _ 4 7 % 10-11(K,). (15)
CHCO.’I
Dividing (14) by (15),
M-_-Km“. - Ko 1X107% = 2.128 X 10—*.

Coos K, = 47 X 101

Let 2 = Cuco,~ = Cou—; then Ceopm = 0.1 — z and

_ T _ 9128 X 10-*
0.1 — 2z ) )

Neglecting z in 0.1 — «z,
2 = 2.128 X 1073,

whence r = 4.613 X 1073 M = Cou~. The pH = 7.6640 — 10 +
14 = 11.66.
Then,

1 X 10-1

Cn,o = m = 2.167 X 1012
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Substituting this value in (15),
2.167 X 1012 X Cogo,~

Cucos~

Cngo," _ 2.16 X 1012
Cco," T4 X 10—1

6—1——— = 0.04612,

= 4.7 X 101,

whence = 4.612 X 1072, " Then,

whence y = Cycos~ = 0.00441 M, and 0.1 — y = Ccos~ = 0.09559 M.
4.419, of the COs™ is changed to HCOs™.

Salt Type III

No hydrolysis is involved. The anion has no tendency to add
protons, but the cation can donate protons to water. The solution
will be more acidic the more the ionization constant of the cation
exceeds that of water.

Example 1. Calculate Cuy o+ and pH of 0.1 M NH,*Cl~ solution
and the per cent of NH * changed to NH;.

A1 . B2 A2 Bl
ClI- + NH,+ + H,0 & HsO* + NH; + CI-

At equilibrium

C Crgpot X C; CNH|

= equil.
CN Hl

Treating the problem-as one of hydrolysis, the constants to be
satisfied at equilibrium are

Cuwot X Con- = 1 X 10~4(K,) (16)
and
Q‘E%—Z‘-FBE = 1.8 X 10-5(Ky). an
NH3s
Dividing (16) by (17),
CH;O+ X CNH3 — — I(_w — 1 X 10—1‘ — ~10
T Cont = Kew == =78 %10 — 5.655 X 1010,

This value of the K. is identical with that of the ionization
constant of NH,* given in Table 4, page 84. Solutions of NH,*
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salts of strong acids are slightly acidic because NH4* has a slightly
greater proton potential than has water. The hydrolysis of these
salts, therefore, is really a slight ionization of NH,* as a very weak
acid. Problem 1 then becomes a matter of ionization rather than
of hydrolysis.

Cuo* X Cwms _ g 555 10-10
Cun/*

2
Putting z = Cuot = Cnuy and Cxut = 0.1 very closely, Oil =

5.5555 X 10~10, whence z = 7.454 X 1078M = Crpo*. The pH of
the solution is 5.93.
—6
The per cent of the NH,+ changed to NHj, ,%—1—9* X 100,
is 7.5 X 1073 %,
Example 2. Calculate the pH of 0.1 M Al(H0)¢+*Cls~ solution.

4, B, B, A,
Al(H:0)6** + 3Cl- + H.0 = [OH Al(H:0))** + 3Cl~ + H30+

The K. of AI(H20)¢t3 (Table 4) shows that it is a considerably
stronger proton donor than is NH,*. In consequence 0.1 M AlCl;
solution should be much more acidic than 0.1 M NH,CI solution.

Cusot X Clonagmnoy ™t
= =K, =14 5,
CM(HQO)Q".S equil. X 10
Taking
z = Cuyo* = Clormaoyt™
22
x —5
01 1.4 X 10

= 1,183 X 10~% = Cuw*, and pH = 2.93.

Salt Type IV

The anion of the salt is amphotenc and the cation is not a proton
donor. The Cyugot at equilibrium is independent of the concentra-
tion of the salt and equal to the square root of the product of the
two ionization constants involved.

That, in solutions of salts of this type, the Cryot at equllxbrlum is
equal to the square root of the product of the two ionization con-
stants involved results from the following considerations.
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Case 1. The acid is bibasic, H,COs, HsPO,~, HsC;0,, and
80 on.

A, B, y: P} B,

H0 + HA-=H,A + OH- (18)

HA- + H,0 2 H0* 4 A~ (19)

\ HiO+ + OH- = Hy;0 + Hy0 (20)
The sum of (18), (19), and (20) is

2HA- =2 H,A + A-. (21)

At equilibrium one Cro+ must satisfy both of the following
equations.

)

Crsot X Cha

- =K, (22)
HoA
and
gﬂ?iwx:gf = K,. (23)
HA
Multiplying (22) by (23),
C?y0t X Ca- = K, X K.

3 CHQA
But since, from (21), Cy,a = Ca- at equilibrium,
Crot = VK, X K.

To calculate Ciya, Cua-, and Ca- at equilibrium:
In (21), putting Ca- = Cupa = 2, Cua- becomes Co — 2r.

Substituting these values and v/K; X K; (= Cuyot) in (23),

Vv K:K; X C..l —5 = K,.
Squaring,
x2

K.K, X Ca =22 = K2,

and
2 Kzz Kz
Cae — 22 " KK, K

and

x _ Kz

Cn — 2z VK, (24)
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Ezample. (a) Calculate the pH of any Na+tHCO;~ solution.
(b) Calculate Coo,~ and Cruco,~ at equilibrium in 0.1 M solution.

Al B, A, Bl
HCOs~ + H,0 «=H,0+* + COs~
H,0 + HCO;~=H.CO; + OH-
H, 0+ 4+ OH- =2H,0 + H,0

(a) As shown above, at equilibrium Cg,ot = v/K; X Ks. For
HzCOa, K; =43 X 1077 and K, = 4.7 X 10—, Then Cuyot
= 443 X 1077 X 4.7 X 107! = 45 X 10-°. The pH = 0.0
— (1.6528 — 10) = 8.35. (The experimentally mecasured pH of
NaHCQOj; solution is 8.3.)

(®) For 0.1 M NatHCO;~, putting z = Cco,~ = Crico, and
0.1 — 2z for Caco,- in (24),

oz _ K
Cnlc_‘217_ Kl

z \/ZT X 10~

becomes

0T =2z~ \igxio7 — 0-01045,

whence 2 = 0.001024 M and 0.1 — 2z = 0.09795.

Since Chuyot is independent of the concentration of the salt solu-
tion, Cuycos, Ccos=, and Cruco,~ in 0.1 M solution will all be 0.1 of
those calculated for a 1 M solution.

Case 2. The acid is tribasic, HPO,~, HAsO.

Ay B, A, B,

H:0 + HA- = H,A- + OH- (25)
HA- + H,O0 2 H;3;0t 4+ A3 (26)
H;0+ + OH- = H,0 + H;0 . 27

The sum of (25), (26), and (27) is

2HA- = H,A~ + A%,
At equilibrium

C__H_a_oé.ﬂ_i._—gwﬂ_é: = sz a:nd
2.
CB.OEX_CA" = K,

JHA

become simultaneous. Then by the same reasoning as in Case 1

‘ Cugpo* = ‘\/m_: (28)
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Ezample. (a) Calculate the pH of any Nas+HPO,~ solution.
(b) Calculate Cayro,~, Crro,~, and Cro,~* at equilibrium in 0.2M
solution.

The reactions involved are:

A B, As B,
HPO,~ + H,0 =H;0+ + PO, (29)
H,0 + HPO,~ = H,PO, + OH- (30)
H,0+ +OH- =H,0 + Hy0 31)

The sum of (29), (30), and (31) is
2HPO~ < H,PO,~ + PO3.

(a) At equilibrium, from (28), Cuot = VK: X K; = 2.49
X 10-1, pH = 0.0 — (0.3962 — 10) = 9.6.

() For a 0.2M Na,HPO,, putting z = Cu,ro,~ = Cro,~* and
Cnpo" = 0.2 — 2z in (24),

T fI_(_*
C..n_2x— K

¢ [Ix107 _
02 —2z \/6.2 X108 0.004016,

becomes

whence £ = Crppo,~ = Cpo,t = 8 X 1074, 0.2 — 22 = Cppo,~ =
0.0184.
Salt Type V

The anion is a proton acceptor and the cation is a proton donor.

Example. Calculate Cox~ and pH of 1.0 M NH,+CN- solution.
Then calculate the molar concentrations at equilibrium of NH,*,
NH,;, HCN, and CN-.

A B, - A, B, A, B, A, By
NH4+ + CN- + H:O 4+ HzO f=4 HCN + NH; + H30+ + OH-

Since 2H,0 = H,O+ 4+ OH~-, the equation for equilibrium is
CKCN X CNH:

CcN" X CNH.+ = Deaut

That water, H;O+, and OH~ do not appear in this equation indicates
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that the pH of NH,*CN~ solutions is the same at all concentrations
of the salt. It does not indicate that Cu,ot = Cou~. '

At equilibrium a certain Cu,o+ must satisfy both of the following
cquations:

Q}B2+ x CCN- — 4 >< 10_10 - (32)
CHCN

Cuo* X Cwms _ 5 555 5 10-10 33)
Crnt .

Dividing (32) by (33),

Cucn X Cnu, __ 5,655 X 10-10

Cen— X Cxut T4 X101 = 1.389.

Since Cuso+ is independent of the concentration of the salt
solution, we may assume as a first approximation that

CNH3 = CHCN = and
CNH"" = CCN— = 1 -,

2 .
then (1——_'/_6_—2)—2 = 1.389 and l—i—z = 1.178, whence z = 0.54

= C;{CN = CNH,. l—2z= 0459 = CCN—-
At equilibrium

(0.459 M)

Cuso’ X Cox™ _ 4 5 10-10,
CHCN

(0.541 M)

whence Cu,ot = 4.715 X 10~ and pH = 0.0 — (0.6735 — 10)

= 9.33. At equilibrium
Cryot X C}‘ﬂ*}

Crmy*

= 5.556 X 1071,

Substituting ¥ = Cxus, 1 — ¥ = Cnu,*, and Cryot = 4.715 X 10710,

1—y 4715 X 1071

Y 5555 X 101 0.8488.

Solving, ¥y = 0.5409M = Cyg;and 1 — y = 0.4591 M = Cxn,*
The calculations above are for 1 M solution. Since in this type

of salt Cuwt is independent of the concentration of the salt, in a

0.1 M solution Cxet will be 4.715 X 10~1°M and Coux~ will be
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2.121 X 10~ M, the same as in 1M solution. In other words, the
pH of any solution of NHs+CN—is 9.3. In 0.1 M solution, Cyu,,
Cnu,*, Cucn, and Con— will have 0.1 the values calculated above
for the 1.0 M solution. All equilibria will be satisfied by the follow-
ing concentrations:

0.%"1591 M 0.%/5;110 M
: 10-14
NH — HCN
Cupo* = 5.555 X 10710 X ——4 =4 X 1071 X = =
4.715 X 10710 M. Cymy Cen- Con-
0.05409 M 0.04500 M 2.121 X 10 M

As a stronger base than NH,; the CN— has removed protons
from more than half of the NH,* present.  As a base not infinitely
weaker than OH™, it has taken protons to a slight extent from H,O
also, leaving a small Cox~ in the solution.

In 0.1 M Na*CN~ solution the concentrations at equilibrium
would be

0801581
Crot = 4 X 10710 X CHCN =

6.843 X 1018 CN™ Cou"
0.09242  1.46 X103

10——14

In this solution, where the competition for protons is between
CN— and OH~ only, a far smaller fraction of the CN— has acquired
protons than in the 0.1 M NH,CN- solution, but a much larger
Con~ has accumulated in the solution.

Salt Type VI

The anion is either amphoteric or the anion of a polybasic acid,
and the cation is a proton donor.

The equilibria in solutions of salts of this type are too com-
plicated for simple mathematical treatment. However, by assum-
ing (1) a definite sum of the concentrations of the anions and (2) an
arbitrary Cu,o*, the ion concentrations can be caleulated for any
set, of these arbitrarily fixed conditions. Such calculations are
shown below for so-called ‘“ammonium sulfide” solutions and for
solutions of (NH).HPO,.

Equilibrium in Solutions Containing Ammonia
and Hydrogen Sulfide

All suéh solutions will contain several proton donors and several
proton acceptors.
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A, B, A, B,
H,0O + HS- =H,S + OH- (35)
HS- + H.0 =H;0+ + 8~ (36)
2H;0+ + 20H- = 2H,0 + 2H,0 37)
H,0 + NH; = NH,* 4+ OH- (38)
NH+ + H,0 =2 H;0+* + NH; (38a)
HS- + NH; =2 NH* + 8- (38b)

The sum of equations (34) to (38b) is
4HS- < 2H,S + 28~ or 2HS- =2 H,S + 8=,
and at equilibrium

Cu;s X Cs~ _
— —C‘ 2_118’ = equil.y (39)

which shows that the H,S equilibria are independent of the NH,*
& NH; equilibrium. At equilibrium the following equations
become simultaneous, since there can be only one Cuot in the
solution.

Chpo* X Cu_s_‘

= 1.15 X 10~ (40)
CH:;S
Cuot X Cs™ _ 1 o 10-s 41)
Cus‘

Dividing (41) by (40) gives 8.7 X 109 as the value of the Ko in
(39). Then dividing (39) by (40),

C?us X Co 8.7 X 107®
Tre Cor = T155¢ 107 = 7-562 X 102, (42)

which shows the relation of the H.S equilibria to the Cuso*. This
equation must be satisfied in all solutions containing H,S.

Example. Calculate the ion concentrations in “ammonium
hydrosulfide” in which total sulfur (Ciys + Cus— + Cs-) is 1M,
C}{,o"' is 1083 M and CNH, + CNI{‘“" = 1M. .

Solution. (a) The equilibrium H,S = HS- = 8~. Substitut-
ing the stated Cu,o* in equations (40) and (41) and multiplying
(40) by (41),

(10-8)% X Cg= = 1.15 X 10— X Chuys,
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whence
c;‘ = (1.15 x 10")03,5.
Substituting this value in (41),

10-% X (1.15 X 10~%)Cyuys = (1 X 10~15)Cyq-,
whence
C}{s" = 11.5 x Cn,s.

Substituting values of Cs~ and Cus- in

ans + Cus‘ + Cs"
Cn,a + 11.5Cn,s + (1.15 X lo—o)ans

]

1M,
1M,

12.5Cu,s = 1 M.

Solving, Cu,s = 0.08 M, and Cus~ = 0.92 M practically. Cs- can
be calculated by substituting in (41)

108 X Cys~
0.92

from which Cs~ = 9.2 X 10— M.

(b) The NH; = NH,* equilibrium. Substituting the given
Cuyo* in

or, closely enough,

=1 X 10-1,

H

Crot X Cun,

o = 5555 X 1071, (43)
—10
C?:Z:l.: - 556 1>0<_}° = 5.56 X 102,

Putting £ = Cyg, and 1 — z = Cny,*,

z
1—-2
whence z = 0.0526 M, Cxy, and 1 — z = 0.9474 M, Cyr,*
Similar calculations for other selected concentrations of H,O+
in the above solution (total sulfur = 1M and Cxu, + Cxut = 1 M)
gave the concentrations tabulated below. These show the effect of
small changes of Cr,o* on the other concentrations.

= 0.0556,

Capo™ Cnut Cms~ Cnm, Cras Cs”

10— 0.9474 0.92 0.0526 8.0 X107* 9.2 X 107t
10—° .6428 .9914 3572 8.62 X 1073 9.91 X 1077
10— .1525 .9991 .8475 8.688 X 10~ 1 X 107
10-1 .0175 . 9995 .9825 8.688 X 10—% 1 X 10~¢
10-13 .0018 . 9995 .9982 8.688 X 10—¢ 1 X 10~3
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Ratios valid for all mixtures of NH; and H,S. By substituting
various concentrations of H;O% in equations (40), (41), and (43), the
ratios tabulated below are obtained. They facilitate considerably
calculation of ion concentrations in such mixtures, since they
readily give, for each Cruyot, the substituents in

Chs + Cus— + Cs= = total Cotar
and
CNHg + CNH4+ = tOta'l Cnmmonis.

These ratios depend only on Cu,+ and are independent of the
proportions of NHj; and H,S except as this proportion actually fixes
the Cuyo* in a given mixture.

Crio* Cs™ Cus~ Cnu;

Hs Cu,s Cu,s Crugt
108 1. 15 X 1076 1. 15 X 101 5.56 X 1072
10~ 10—+ 102 ‘“ 10—t
10~ “ 102 “ 103 “ 10°
10—11 ‘“ 10° “ 10¢ “ 10!
1012 “ 102 “ 108 ‘ 102

Reagent “ammonium sulfide.” The composition of the reagent,
made by saturating half of a volume of NH; solution with H,S and
adding the other half, must be extremely uncertain. The quantity
of H,S absorbed varies greatly with temperature, and considerable
NH; is volatilized. To emphasize further the dependence of all ion
concentrations on the Cuyp* in these solutions, ecalculations have
been made for three mixtures having widely varying proportions of
NH;sand H.S. Solution (a) is assumed to approximate 1 M NH,HS,
solution (b) to approximate 1M (NH,),S, solution (¢) is 0.1 M NH,
saturated with HsS (Cus = 0.1 M). The pH of (a) will be about
8.0, that of (b) about 11.0, that of (c) about 6.9.

SoLuTION Cusot Cnngt Cnug CHas Cus™ Cs™
(a) 108 0.9474 0.0526 0.08 0.92 9 X 108
) 10—u 0.0336 1.966 8.7 X 1075 0.9998 1 X 10~¢
() 1.24 X 1077 0.0995 4.5 X 10~% 0.1 0.9256 1 X 10+

Solution (b), for which the formula (NH,),S is commonly written, is
seen to be essentially a mixture of 2M NH; and 1 M HS-. Never-
theless, it contains a Cs~ more than a thousand times that (8.7
X 108 M) in water saturated with H,S at 25°.



Crar. 9] HYDROLYSIS 137

Equilibrium in Solutions Containing NHs and HPO,~

The following reactions take place:

Al Bz Bl A2
NH4+ + HPOq" « NHs ‘+‘ H2P04_ (44)
H,0 + HPO,-=OH- + H.PO, (45)
HPO4“ + HzO p=d PO{'3 + Hs()+ (46)
2H,0+ + 20H- «=2H,0 + 2H,0 (47)
H,0 + NH; =O0OH- + NH," (48)
HPO,- + NH; = PO, 4+ NH (48a)
NH,+ + H.0 = NH:; + H;0t (48b)

Adding equations (44) to (48b),
4HPO,~ = 2P0, + 2H,PO,~ or 2HPO,~ = PO, + H,PO,.
By combination of the ionization equations exactly as for H,S

above, we obtain

0904’3 X 02!{1}’0‘— - Ka
C3upo,~ X Cuso™* (K,)?

= 259.5.

Cro,3 Curo~
POy and HPO4

Similarly, the ratios can be shown to'change

Cllzl’04— Cmpo."
with increasing basicity as follows:

Cro3 Curos™

Cuo* [ PO4

1o CHzP04— Cung
107 6.2 X 10-8 6.2 X 10!
108 “ 10 “ 109
10—° ‘1072 “ 10!

At pH = 7.0 and pH = 8.0, the concentrations in 1 M (NHy)s-
HPO, should be approximately as follows:

Cryot Crust Crus Chusro,~ Curo,~ Cros™
107 1.989 0.011 0.6173 0.3827 3.8 X 10—¢
10-8 1.8947 0.1053 0.1389 0.8612 8.6 X 10-8

BUFFER SOLUTIONS

Any solution containing a weak acid and a considerable concen-
tration of its anion, or a weak base and a considerable concentration
of its cation, is able to protect itself against small additions of
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either H3O+ or OH~. Such a solution is said to be buffered. On
addition of either H;O+ or OH-, the following changes occur:

A1 Bz Az Bl

HA + OH- «H,0 + A- (49a)
H;0+ 4+ A- = HA + H;0 (49b)
H,O+ <+ BOH =Bt + H.0 (50a)
B+ + OH- «H0 + BOH (500)

Illustrations:

A, B, A B,

H,PO, + OH- «<H;0 + HPO~. (49¢)
H;O+ + HPO,~ < H,PO + H,O (49d)
H;0+ + NH; = NH+ 4+ H.0 (50c)
NH,+* 4+ OH- =H.0 + NH, (50d)

Notice that neither H;O+ nor OH~ appears as product in any of
the four reactions. In the H,PO,~ & HPO,~ buffer a small addi-
tion of OH~ forms H,0 and a little more HPO,~; a small addition
of H3O+ increases slightly the H,PO,~. In neither case is the pH
of the solution changed perceptibly.

Equilibrium in Buffer Solutions

Acid buffers. For a weak acid,
HA + H;,0 2 H;0+ 4 4-,

equations (49a) and (49b) above show that if the solution is to be
equally protected against small additions of either H;O+ or OH-,
the concentration of the anion (4~) should nearly equal that of the
weak acid (HA). For such a solution, if C4- equals Cua,

Cuor = Ko (S22 = 1); 6
A

that is, if Ca~ = Cua in a buffer, the Cu,o* in the solution will be
equal to the K. of the weak acid. This shows that buffers cover-
ing a considerable pH range can be prepared by selecting various
weak acids.

By inverting equation (51) and taking logs, we obtain

CA‘

pH = log = log fl; + log Cos (52)

CH ;0+
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It is apparent that small changes in Cu,*, equation (51), and
pH, equation (52), can be made by varying the proportions of acid
and anion in the buffer.

Note that equations (51) and (62) are identical. If Cu,ot is
being considered, (51) is more convenient. If pH is being con-
sidered, (52) is more convenient.

Basic buffers. For a weak base such as an NH; &2 NH,* solu-
tion, since

CM = K, = 1.8 X 1075,
Cxu,
Cunn,
Con- = Ky X C:,:+ (53)
and
_ 1 _ i CNBA+.
pOH = log 7— = log K, + log %4

To make the Cox- in an NHj solution equal 1.8 X 10-%, enough
NH,+ salt should be added so that Cxu,+ equals Cxn,.  Note that,
like equations (51) and (52) for acid buffers, equations (53) and (54)
for basic buffers are identical.

Note also that buffer solutions are examples of the ‘‘common-ion
effect” and that equations (51) and (33) are uscful forms for com-
puting common-ion effect problems, as the following examples show.

Ezxample I. To 5 ml of 1 M acctic acid what weight of AcONa.-
3H;O (mol. wt. = 136) should be added to make Cyo+ become
5 X 10°M? Neglect volume change. Assume the salt completely
ionized.

Substituting in (51),

K, =185 X 10"%and Cux = 1 M,

5X 107 = 185 X 107 X ;o
A
whence
__ 185 X10=% m.mol
Co=Fx10s =3
For 5 ml of the acid,
5ml x 3.7 %m0 o 136 M _ 9516 mg

ml m.mol

or 2.516 g of AcONa-3H,0 must be added.
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Ezample 2. 1t is desired to buffer a 0.2 M NH; solution to a
pOH of 5.0. What should Cyu,* be made in the solution? If
0.5 1is to be buffered, what weight of NH,C1 should be added?

Substituting in (53), K, = 1.8 X 10-% and Cxg, = 0.2 M,

—_ 1 CNH4+
5 = log g~ 5= T log 3
5 =log 1 — log (1.8 X 10~%) + log Cxu,+ — log 0.2
5 + log (1.8 X 10-%) 4 log 0.2 = log Cyu,*
5 4 (5.25653 — 10) + (9.3010 — 10) = log Cxu,* = 9.5563 — 10
CNI[4+ = 0.36 M.

To buffer 0.5 1 of 0.2 M NH; to a pOH of 5 will require 0.5 1
X 0.36 mol/1 X 53.5 g/mol = 9.63 g of NH,Cl.

Ezample 3. (a) If a drop (0.05 ml) of 1 M HCI accidentally fell
into 10 ml of an acetic acid-acetate buffer of pH 4.6 and 0.1 M in
acid, what would be the resulting pH of the solution? (b) What
would the pH become if a drop of 1 M NaOH fell into 10 ml of the
buffer?

To solve this problem, Cio~ in the buffer must first be cal-
culated by inserting the data of the problem in (52).

CAeO_

46 = —6.—1—'7

1
log g5 1075 T 108
whence
Cro- = 0.07365 M.

(@) 0.05 ml of 1 m.eq./ml HCl = 0.05 m.eq. of HsO* which
diluted to 10 ml makes 0.005 m.eq./ml.

AcO~ 4+ H;0*+ = AcOH 4+ H:0

Since 1 m.eq. of H;0* removes 1 m.eq. of A~ and forms 1 m.eq.
of HA, 0.07365 m.eq./m! AcO— 4+ 0.005 m.eq./ml H;O+ gives
0.06865 N AcO~and 0.105 N AcOH. Then, at the new equilibrium,
(52) becomes
0.06865
pH =

+ log 5705

1.85 X 10-%
whence
pH = 4.55.

(b) Similarly, it can be calculated that 1 drop of 1N NaOH
diluted to 10 ml will give 0.005 N OH-.

AcOH + OH- &2 H:0 + AcO~
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Then 0.1 m.eq./ml AcOH + 0.005 m.eq./ml of OH~ will form
0.005 m.eq./ml of AcO~. The resulting concentrations will be
Cacon = 0.095N and Caco- = 0.0765N.

Then (52) becomes

0.07865

pH 0.095

+ log = 4.65.

= log Ll
1.85 X 105

The effect of 1 drop of HCl was to decrease the pH by 0.05 of a
unit, that of 1 drop of NaOH to increase it by 0.05 of a unit.

PROBLEMS

1. Calculate the fraction hydrolyzed and the pH for each of the
following 0.2 M salt solutions:

(@) NHNO; (d) NaH,PO; (g) Na,COs
(b)) KCN (e) K.HPO, (k) Ba(NO.). (Assume Ba(OH),
(¢) AcONH, (f) NaHC.0, to be completely ionized)

Ans.
Fracrion Fraction
pH HyproLyzED pH HyproLyzED
(@ 5.0 53 X10°° (e) 9.6 8.06 X 103 ‘
() 11.3  1.12 X 102 (H 27 1.03 X 103
(¢) 7.0 546 X 1073 (9) 11.8 3.3 X 102
(d) 4.7 2.88 X 1073 (h) 85 1.49 X 10-®

2. List the acids and bases that are present in a solution of
(NH,),HAsO,.

3. How many grams of NaCN must be added to 100 ml of
water to give an OH~ ion concentration of 10~% mol/liter? Ans.
19.6 g NaCN.

4. An NH,CI solution has a pH of 5.6. How many mg of
NH,Clin 10 ml? Ans. 6.03 mg.

6. Show by calculation whether FeS or Fe(OH), will be pre-
cipitated when 0.1 M Na,S solution and 0.1 M FeSO, solution are
mixed.

6. Calculate the pH of 2 0.15M NH,CN solution. Whatis the
percentage of hydrolysis? Ans. pH = 9.33; 53.33 %.

7. (a) Write an ionic equation for the action of water on
NaAsO;.
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(b) Calculate the hydrolysis constant. The ionization constant
of arsenious acid is 6 X 1071% Ans. K, = 1.67 X 1075,

(c) Calculate Cou, Cu+, and pH of 0.25 M NaAsO;.

(d) What fraction and what per cent of NaAsOg is hydrolyzed
in 0.25 M solution?

8. A solution 0.05M in H,CO; and 0.1 M in NaHCO; has
Cu+ = 1.75 X 10~7. What will Cy* become (a) if to 50 ml of the
solution 1 ml of 0.01 M HCl is added? (b) If to 50 ml of the solu-
tion 1 ml of 0.01 M NaOH is added?

9. Calculate the pH of 1M NaHCOj; solution.” For H.COjs,
K, =43 X'1077; K, = 4.7 X 107!

10. What fraction and what per cent of NaBO, is hydrolyzed
in 0.35 M solution?



CHAPTER 10
EQUILIBRIUM IN COMPLEX IONS

In Chapter 4 it was shown that sharing of electrons results in the
formation of both covalent molecules (nonelectrolytes) and complex
ions. It was there stated briefly that the stability of the latter
varied over a wide range. The extent of this variation is shown in
Table 6 (page 151).

Even in the simplest complex ions, H;O0* and NH*, a marked
difference of stability appears. H;O% gives up protons much more
readily than does NH,*. Great differences of stability are apparent
among similar complexes. For instance, Co(NHj)stt gives mast
of the reactions of Co** about as readily as if no NH; were present.
On the other hand, Co(NHj;)¢*® gives no reactions for cobalt, and
acids do not remove NH; from it. Addition of I~ to a solution con-
taining Ag(NH;),* causes nearly all the Ag" to precipitate. It
precipitates no Ag*, however, from a solution containing Ag(CN),~.
It is evident that a solution containing 0.1 M Ag(CN);~ must con-
tain far fewer silver ions than does 0.1 M Ag(NHj;).t.

When AgCl is treated with NHj solution, it dissolves, forming a
solution of Ag(NH;),* and Cl—.

AgCl + 2NH, = Ag(NH,)s* + CI- 1)

Addition of Cl~ to this solution causes AgCl to precipitate. Addi-
tion of more NH; causes this precipitate to redissolve.

Reaction (1) is clearly reversible and can reach a state of
equilibrium. The experimental fact that from a solution con-
taining Ag(NHj;),* some Ag compounds can be precipitated shows
thatit contains Ag*. If we consider the decomposition of Ag(NH;),*
into its components,

Ag(NH3)2+ =4 Ag+ + 2NH3 (2)
we have for the state of equilibrium between the complex ion and its
components .
CA¢+ X CZNHS

Chevans*
143

= equil. (3)
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The equilibrium in this ion has been very exactly determined
and the value of the K. at 25° found to be 6.0 X 10~8. The
equilibrium constant of complex ions is usually called the instability
constant and denoted by Ki... The reason for this term is apparent
from equation (3). The more the complex decomposes into its
components, that is, the more unstable it is, the larger will be the
numerator in (3) and the smaller the denominator. In other words,
the larger the value of the constant the more unstable is the complex.
Notice that inversion of ‘the ratio in (3) would give a stability con-
stant. This inverted form, which gives a large number for the
constant, has been preferred by German chemists.

Inspection of equation (3) suggests three important deductions
concerning the properties of Ag(NHj;).*.

1. From the value of the Ki... it is evident that C4.* should be
much smaller in a solution of Ag(NH;)s*NO;~ than in one of
Ag*tNO;~ of the same concentration.

2. A small Ci,+ must always be in the solution. If Ca.+ became
zero, Cagt X Cnity/Cagvig,™ would become infinity.

3. The Ca.+ should vary inversely with the amount of NH;
(not in the complex) contained by the solution.

CALCULATIONS INVOLVING COMPLEX IONS

That the chemical behavior of Ag(NH;),t is in accord with these
three deductions is shown by the following calculations which
illustrate all the types of problems concerning complex ions.
Quantitative lecture experiments which strikingly confirm the cal—
culations were devised by Julius Stieglitz.!

If to 100 ml of 0.1 M Ag+NO;~ solution there be added gradually
20 ml of 1 M NH; solution, the precipitate of AgOH =2 Ag,0 will
have just about redissolved when the last drops of NHj; are added.

Ag+ + NH3 + HzO = AgOH + NII4+
AgOH + NH3 + NH4+ = Ag(NH3)2+ + HzO

Since 0.02 mol of NHj reacts rather exactly with 0.01 mol of Ag+,
the composition of the complex must correspond rather closely to
Ag(NH,),+t. If the solution be diluted with water to 200 ml], a
solution 0.05 M in Ag(NH;),*NO;~ will result.

"1 Elements of Qualitative Chemical Analysis, Vol. I, pp. 217-223, Appleton-
Century, 1911,
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Problem 1. Calculate Ca* (a) in 0.05 M Ag(NH;)stNOs-
solution, (b) in 0.05 M Agt*NOQ;~, assuming both salts completely
ionized.

(a) Assuming the salt to be completely ionized into Ag(N Hx)2+ and
NO;-, let £ = Cagt. ‘Then Cnu, will be 2z, since in-this case all NH; in the

solution is assumed to come from dlsqocnatxon of the complex according to
equation (2), In the 0.05 ./ solution at equilibrium

z X (22)* - s
005 g = Aim«. = 6.0 X 10-8,

The value of the constant shows that r is negligible in comparison with
0.05 and that without appreciable error we may write

4% = (6 X 1078 X 5 X 1072) = 3 X 10-9,
whence
z = Cpet = 9.08 X 10-* .M.

() In 0.05 M Ag+*NO,- completely ionized, Cag+ would be 5 X 10-2 M,
more than fifty times the calculated Ca,* in the Ag(NH3)2*NO;~.

Problem 2. The K., of AgBrO; is stated to be 5.2 X 10-®
(mol/1)2.  Should a precipitate of AgBrO; form in either solution
when 5 ml of 1 M NaBrO; solution is added to

(@) 50 ml of 0.05 M Ag*+NO;~ solution;

() 50 ml of 0.05 M Ag(NH;):*NO;s™ solution?
[Assume in (a) that only 0.8 of the CA,+ and Cuo,~ 18 “cffective” in
producing equilibrium. In (b) make’ the same assumption for
CA‘(NH;,MJF and CBr03—.]

(a) In a mixture of 50 ml of 0.056 M Ag+*NO;~and 5 mlof 1 M Na*BrO;-,
50

Cat = 5 X 0.05M = 0.045 M, of which 0.8, or 0.036 M, is “effective’’;
Cios™ = 5% X 1.0M = 0.09 M, of which 0.8, or 0.072 M, is ““effective.”

The “effective’’ ion produect, 0.036 X 0.072 = 2.6 X 10-3(mol/1)?, is con-
siderably larger than 5.2 X 1075 the K., of AgBrOs;. A precipitate
should form.

(b) In a mixture of 50 ml of 0.05.M Ag (NHj3),*NOs~ and 5 ml of 1 M
Nat+BrO;-,

effective Caginugyet = g(—; X 0.05M = 0.045M X 0.8 = 0.036 M;
o T X (223)2 -8 ) __ 'S VA
CA.+< =zin 0036 6 X 10 =8.14 X 10 M;

effective Cpro,~ —-5% X1M =009M X 0.8 = 0.072 M.
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The ion product, Cag* X Csrop~y = (8.14 X 1074) X (7.2 X 10~?) = 5.86 X
10~ (mol/1)?, which barely exceeds the K., 5.2 X 10-5%. No immediate
precipitate should form.

If solutions of the concentrations specified, are mixed in the
proportions used in the above calculations, no precipitate of
AgBrO; appears within an hour in the 0.06 M Ag(NH;),*NOs™,
while in the 0.05 M Ag+NOj;™ a considerable precipitate immediately
forms. Thus, experiment confirms deduction 1 (page 144) that the
Caet is much smaller in the solution containing the complex ion
Ag(NH3)2+.

Problem 3. If to the solution of Ag(NHjs)stNO;s~ from which
no AgBrO; precipitated, 5 ml of 0.1 M NatCl~ be added, should
AgCl precipitate? :

The K.p. of AgClis 1.5 X 10-1, After adding 5 ml of Na+Cl- solu-
tion to 85 ml of Ag(INHj).* solution

effective Cagnnge* = -z—g X 0.036 = 0.033 M;

) 2
Cast = (1 in? XO;,Z;) - 6% 10-8> = 7.91 X 1074 M;

effective Co- = 6% of 0.1 M = 0.0083 M X 0.8 = .0064 M.

The ion product, (7.91 X 10-¢) X (6.4 X 10-%) = 5.1 X 10~¢ (mol/])?
greatly exceeds the K., of AgCl, 1.5 X 10-19, We should expect a rather
heavy precipitate of AgCl to form.

When 5 ml of 0.1 M Na*+Cl- solution is added to the 55 ml of
Ag(NH,):+BrOs~, which gave no precipitate of AgBrOs, a large
precipitate of AgCl immediately appears. This confirms deduction
2. While the Cug* in the Ag(NH;):t solution is too small to cause
any immediate precipitation of the moderately soluble AgBrOs, it
is amply large to permit precipitation of the less soluble AgCl.

If 6 M NH; solution is added to the mixture of AgCl and solution
obtained above, the precipitate dissolves as deduction 3 (page 144)
led us to expect.

Problem4. What volume of 6 M NH; should be required to just
dissolve the precipitate of AgCl formed in confirmation of Problem 3?

Neglecting the small increase of volume due to addition of the 6 M NH;
to 60 m! of solution, the effective Ca~ when the precipitate of AgCl has
just dissolved will be:
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effective Ca- = — X 0.1 M = 0.0083 M X 0.8 = 0.0064 M;

60
" -10
e = o L 1BXITT oy
Cl .

effective Cagvmyyt = 0.033 M as calculated above.

-8 2
Then (2.34 X })003;( ) = 6 X 10-%, whence Cyus = 0.201 M. By

adding £ ml of 6 M NH; there will result (60 + z) ml of 0.291 M NH;.
Therefore, z ml X 6 m. mol/ml must equal (60 + z) ml X 0.291 m.mol/ml,
whence z = 3.1 ml of 6 M/ NHj, required.

Experiment shows that this calculated volume of 6 M NHj,
3.1 ml, just about dissolves the precipitate of AgCl.

If to the solution, to which NH; was added until Cagt X Car-
‘just equaled K,, AgCl, more Cl-is added, more AgCl precipitates,
which in turn dissolves if more NHj is added.

Thus, deduction 3 (page 144) is fully verified and it becomes clear
that the Ca* in a solution containing Ag(NH,).* can be controlled
within rather wide limits by adding the complex-forming molecule
NH; in smaller or larger excess.

If a few drops of K+I~ solution are add~ to a solution containing
"Ag(NHj;),+Cl- and so large Cyu, that Ca,' i kept smaller than the
value necessary to make Cpt X Co~ = K., of AgCl, a pre-
cipitate of Agl at once forms. The solubility product of Agl,

Cat X O =85 X 1017

is so much smaller than that of AgCl that the minute Ca.+ in the
solution of Ag(NHj).+Cl~ is sufficient to cause a precipitate of Agl.
Addition of even 15M NH; will not completely disolve the Agl.
If, however, a precipitate of Agl is treated with alittle { A/ Na+tCN
solution, it instantly dissolves.

Ag(CN)s (K. = 3.8 X 10~1) is a far more stable complex
than is Ag(NHj)st (K = 6 X 1078), so that in a solution con-
taining even a minute Con— (not in the complex) the Ca,* is far
smaller than that in saturated Agl solution and the solid Agl must
continuously give up Ag* to form Ag(CN).~. If Agl be first
dissolved in CN— according to

Agl + 2CN- = Ag(CN)y~ + I,

80 that the resulting solution is 0.01 M in I~ and in Ag(CN).~, the
Caet in the solution is given by
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K., Agl _ 8.5 X 10~V
c- 001

To dissolve exactly the Agl would require that at equilibrium

8.5 X 10~15 X C2cn'
0.01

Solving this equation, Con~ = 6.7 X 10~¢M. To dissolve 0.01
m.mol of AgI into 1 ml of solution requires that when the Agl has
just dissolved, no more than this very small excess of CN— need be
in the solution.

That even a solution containing the very stable Ag(CN), still
contains Ag* can be demonstrated by adding a little sulfide solution.
An immediate precipitate of AgHS = Ag,S is formed.

The K,,. of AgsS is given as 1 X 1031, If the K,,. of AgHS is
about 1 X 1073, the Ci+ (8.5 X 10~'%) in the above 0.01M
Ag(CN);~ solution should require a Cus~ not much greater than
1 X 10-3%/(8.5 X 10~15) = 102! M to form a precipitate of AgHS.

= 8.5 X 10-15 M.

= 3.8 X 101%.

Summary

The preceding statements and calculations involving the
stabilities of two complex ions, Ag(NHj)s* and Ag(CN)s~, con-
vineingly demonstrate properties which experiment shows to belong
in varying degrees to all complex ions. . These may be summarized
as follows.

1. The values of the instability constants given in Table 6
(page 151) indicate to what extent the complex decomposes into its
components. They also indicate the extent to which the usual
reactions of the central ion of the complex will not be given by the
complex.

For example, the central ions in [Co(NHs)e]t® (Kt = 10-3¢),
[Fe(CN)g]—¢ (10737), [Fe(CN)el 3 (10~44), [Hg(CN)4]~ (10—42) can be
expected to show none, or at most very few, of their common
reactions. On the other hand, [Co(NHjs)eJ**+ (10-%), [Ag(NHy)s]*
(107%), [Zn(NHg) J** (107%), [CA(CN) ]~ (10717), [HgCL]= (10-1)
may be expected to show some, but not all, of the usual reactions.
Aquo complexes, such as [Cu(H:O)J*+ and [Al(H:0)e]**, are so
little stable that they give all the reactions characteristic of their
central ions.

2. In solutions containing complex ions, the concentration of the
central ion is never zero, although for the most stable complex ions
it is too small to give any chemical reactions.
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3. For complex ions of medium stability the equilibrium con-
centration of the central ion is rapidly decreased as the concentration
of the complex-forming ion or molecule is increased. Adding NH;,
caused AgCl to dissolve. Addition of a sufficiently large Con-
causes even the extremely insoluble AgHS or Ag.S to dissolve due
to formation of [Ag(CN);]~ (10—2%) even more stable than [Ag(CN).}~
(10-19).

ANALYTICAL APPLICATIONS OF COMPLEX
ION FORMATION

Among many instances of practical use of the properties of com-
plex ions to be found in the laboratory manual, may be mentioned
the following:

In Cation Group I Separation of Ag+ from Hg,*++
“ “ Subgroup A from Subgroup B.
« “« « 11 ¢ “ Sb from Sn*+*
- “ “ BiO* from Cu*t and Cd++

Detection of Cd++ in presence of Cut.

“ “ Fet? by thiocyanate
« “ « 111 i“ “ Cott “

¢ “ Nit* in cobalt salts

A single one of these applications, the detection of Cd*++ in presence
of (possibly) a rather large amount of Cu*, will be discussed by
means of the following problems.

Problem 5. A small excess of CN- reduces Cu(NHj)** to
Cu(CN);~, of which the K. is 5 X 10728, At the same time
Cd(NH;)+t forms Cd(CN)s~, of which the K. is 1.4 X 1017,
In a solution 0.05M in Cu(CN);~ and 0.05M in Cd(CN),~ what
Con- (outside the complex ions) would have to be present to prevent
precipitation of Cu.S, of which the K,, is said to be 2.5 X 10-5°
(mol/1)3, when the Cs~ was made 1 X 10-3M in the solution?

To just prevent precipitation of Cu:S by 0.001 M 8-, C%gy*+ X Ca=~
(= 0.001) = 2.5 X 10-%, whence Cou* = 5 X 1024 M. To reduce Ceu*
to 5 X 1024 M in a solution 0.05.Y in Cu(CN);~ the Con~ must be made
large enough so that

5 X 10-2 X Cicn
0.05

Solving, CPcx~ =5 X 10*M and Con- = 1.71 X 10-2M. An excess
Con— less than 0.02 M should prevent precipitation of any Cu.S.

- = 5 X 10~
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Problem 6. Should any CdS precipitate from the solution in
Problem 1 if the K,,. of CdS is 1.4 X 10~%¢ (mol/1)2?

Coa*t X (1.71 X 10-2)*
0.05

= 1.4 X 10-"7, whence Cgq*+ = 8.18 X 10-2 M.

Since Ccat*+ (0.082) X Cs= (1 X 1073) = 8.2 X 10~% (mol/i)?, far larger
than the K., of CdS, practically all the Cd++ should precipitate as CdS.

THE IRON BLUES

The strong color of Prussian blue and Turnbull’s blue, entirely
different from the colors of the component ions, makes véry probable
that they are high polymers. Davidson? has devised interesting
experiments which throw new light on these compounds.

When Fet3 and [Fe(CN)]~* are mixed, two reactions take place:

Fet3 4 [Fe(CN)e]~t = Fet+ + Fe(CN)¢3 (instantaneous) (4)

and
Fe+s 4+ [Fe(CN)g|~* — Prussian blue (slow). (5)

From the molar potentials Fet+ &2 Fet? 4+ ¢~ (4 0.77 v.) and
[Fe(CN)e]~* 2 [Fe(CN)gl=* 4 ¢~ (+ 0.36 v.), the equilibrium con-
stant? of reaction (4),

Cret+ X Crecnyg™
Crot? X Crecnye™

should be about 6.8 X 10¢.

Calculations from cquation (6) show that excess of Fe+t3 should
tend to prevent formation of a blue by greatly decreasing [Fe(CN)g] 4.
(This is the “paradox”.) Excess of Fet+ promotes its formation
by at least doubling Fet+? and [Fe(CN)g~* without greatly changing
[Fe(CN)gl=®. While the solubility products of Prussian biue and"
Turnbull’s blue are not known, from analogy it is to be expected
that ferric ferrocyanide is much more insoluble than ferrous ferro-
cyanide or ferrous ferricyanide. The slowly forming colloidal blue
should then be KtFet3[Fe(CN)]~* rather than K+Fet+Fe(CN)g] 3,
regardless of whether one starts with Fe*? and [Fe(CN)e¢]™ or Fe++
and [Fe(CN)e] 3.

"~ 1J. Chem. Ed., 14, “The Prussian Blue Paradox,” 238-241, 277-281 (1937).

3 Davidson gave 104. More recent values of the molar potentials indicate
a much larger value.

= Koaull., ' (6)
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TABLE 6
INSTABILITY CONSTANTS
CoMPLEX EQUILIBRIUM K.
[CA(NH;) ]++ = Cd++ + 4NH, 2.5 X 1077
[Co(NH,)g]** = Co**+ + 6NH;, 1.25 X 10~%
[Co(NH,)e]** & Co*? + 6NH, 2.2 X 1073
[Cu(NH;).]* = Cu* + 2NH, 1.35 X 10~
[Cu(NH;)4)* = Cut*t + 4NH; 4.56 X 10~
[Ni(NH3)J+* = Nit* + 4NH, 4.8 X108
[Ag(NH,).J* = Ag+ + 2NH, 6.0 X 10~
[Zn(NH;) ]t 2 Zntt 4+ 4NH, 9.8 X 10~
[CAd(CN )4~ = Cd** 4+ 4CN- 1.4 X 107
[Cu(CN).J~ & Cut + 2CN- 1 X 101
[Cu(CN)s]= = Cut + 3CN- 5 X 10~%
[Fe(CN)¢]™* <= Fet* + 6CN- ca. 10-¥
[Fe(CN)¢]™* & Fe*s + 6CN- ca. 10-4
[Hg(CN)J~ < Hg**+ + 4CQN- X 10-4
[Ni(CN)4~ =« Nitt +4CN- ca. X 10-9
[Ag(CN)s]- = Agt + 2CN- 3.8 X 10~

[Ag(CN)s]= & Agt + 3CN-
[Zn(CN)J- &Zn** + 4CN-

S b 00 00 W
X
—
o
»
-

[Au(CN).|~ = Au* + 2CN- X 10~
[AlF4)-3 = Al** 4 6F- ca. 2 X 10-%
[CuCl,]~ = Cut + 2CI- 2.9 X 10™¢
[HgCl)~ = Hg*+ + 4C1~ 1.1 X 10~
[AuCL ]~ = Auts + 4Cl- 5 X 107
[HgBr)- = Hg*+ + 4Br- 2.3 X 10~
[CdI ]~ = Cd++ + 4I- ' ea. 5 X 1077
[HgL]~ = Hg++ + 4I- 5.3 X 10~%
[Au(NCS),]- = Au*® 4 4CNS- 3 X 10-%
[Fe(NCS)e]~ = Fe*t3 + 6CNS- 8 X 10-1
[Hg(NCS)(~ = Hg*+ + 4CNS- 1 X 10-2
[Fe(C204)5]% = Fe*3 + 3C,0,~ ca. 10-10
[Zn(Cy04)s)* = Zn** + 3C,04~ 1 X 10-°
[Ag(8:03)2]73 = Ag* + 28,0, 4.2 X 10~14
[Ag(S0s).]" = Ag* + 280, 3.0 X 10~
[Cd(8:03)4~¢ = Cd*+ + 48,05~ 4.0 X 10~*

The commonly accepted structure of CN—is [:C:::N:]~ and it
is capable of coordinating either through C or through N. In

NC CN1
A4
NC—Fe—CN
AN
NC/ CN
coordination is through C. The CN- groups are at the corners of a
regular octahedron, thus forming a three-dimensional figure. The
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N atoms can also coordinate with metal ions. With ferric ion,

NC\ /CN —4
NC—Fe—CN
NC CN
can form

NC CN -
ANV

NC—Fet2—CN :Fet3
VRN

NC CN

univalent, since one of the four negative charges of [Fe(CN)g]~* ion
remains unneutralized by Fet3. This is regarded as the structural
unit of the iron blues, and the name ‘““berlinate’’ ion is suggested for
it from the German name Berlinerblau, for Pryssian blue. Soluble
(colloidal) Prussian blue would then be the largely polymerized K+
salt of this ion, (KHFet+(CN)eFet3]™),, potasstum berlinate.

Insoluble Prussian blue would be ferric berlinate, Fet3[Fe-
(CN)gFels~. Turnbull’s blue would be ferrous berlinate, Fet+-
[Fe(CN)¢Fels~. As actually precipitated, the latter is usually a
mixture varying between KtFetH{Fe(CN)¢Fe];~ and K+Fe,t+-
[Fe(CN)¢Fe];~. The latticc of Prussian blue is very probably
about as represented in the following cross section. Cyanide ions
are to be imagined in front of and behind each iron atom. The
lattice, of course, extends indefinitely in three directions.*

N & N

& N &
—-—NC——1|3‘e++——CN—1|7‘e+“ ~—~NC—1|?‘e++—CN—

¢k &

& & N
—CN——Il?e+s —NC— eH—CN——ll?‘e""—NC—

N & &

Lo

¢ A later X-ray examination of cupric ferrocyanides (R. Rigamonti, Gazz.
chim. ital., 67, 137 [1937]; C. A., 81, 6674) lends support to Davidson’s views.
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COMBINATION OF SIMULTANEOUS EQUATIONS IN
SOLVING PROBLEMS

Many of the following problems concern either precipitation
from solutions containing complex ions or dissolution of solids to
form complex ions. In such problems it is important to bear in
mind that in saturated solutions at equilibrium, the equation for the
ion-concentration product and that for the Ki... of the complex ion
become simultaneous. For example, in NH, solution saturated
with AgCl,

_Aig + 2NH; = Ag(NH;)g"' + C]",

the equations

Cact X Ca~ = 1.7 X 1010 7)
CA.+ X CzNH; — —8
Chenune* 6 x 10 ®)

must become simultaneous, since more than one Ci.* cannot be in
the same solution. By dividing equation (8) by equation (7), we
obtain

CzNﬂ. _ 6 X 108 _
Caevngyet X Car T 1.7 X 10 T 353. . 9)

But in this solution Cagmmyy,* = Ca- practically (since Cagt must be
negligibly small), and hence ‘

gl‘l}‘ = 1/353 = 18.79. (10)
Ct

In words, an NH; solution can dissolve AgCl until the Cny, not in
the complex ion is 18.79 times the Cy~. This relation is true for
every saturated solution of AgCl in NH; but not for unsaturated
solutions.

In solving problems involving solubility products and instability
constants, it is usually advantageous to combine the two equations
into one, provided it is certain from inspection of the problem that
they are simultaneous.

PROBLEMS

1. Using the values of the instability constants given in Table 6,
calculate the concentrations of the metal ion in the following solu-
tions. (The concentration of the metal ion is always negligible in
comparison with that of the complex ion.)
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Ans.
(a) 0.01 M [Zn(NH;)J**in 0.1 M NH; 98 X 103 M
() 0.03 “ [Ni(NHj),J* “ 0.1 “ 144 X 10°M
(¢) 0.056 ¢“ [Ni(CN)/J= *“ 0.01“ CN- 5X 10—«
(d) 0.05 ¢« [CdI ]~ “01 “I- 2.5 X 10—t «
(e) 0.1 “ [Fe(NCS)¢~2 “ 0.1 “ CNS- 8 X 105 M

2. Which would contain a larger Ccqe*+, a solution 0.05M in
[Cd(NH;)4]* and 0.1 M in NH;, or one 0.05M in [Cd(CN),~
and 0.001 M in CN—?

3. Write equations and constants for all the equilibria that must
be satisfied in an NHj solution saturated with Cd(OH)a,.

4. What fraction of 10 mg of AgBr should dissolve when shaken
with 10 ml of 2 N NH; until equilibrium is reached? What should
be Cui, at equilibrium?  Ans. About 0.88; about 1.99 N.

" Bb. What ix the molar concentration of a CN— solution 1 ml of
which just dissolves 20 mg of AgI?  Ans. About 0.17 N.

6. Explain why a solution of Hg(CN). gives no reactions for
CN- until Hg bas been removed by H.,S.

7. If the salt Ag(NH;)otCl- could be prepared and 0.1 mol of it
dissolved in 1 liter of pure water, should any AgCl precipitate?
What per cent ol the Ag* should precipitate? Ans. About 909,.

8. In an N1l; solution saturated with AgBr, how many times as
large as Cu,~ must Cyn, be?  Ans. 426.5.

9. 'T'o exactly dissolve 20 mg Cd(OH); in 2 ml of 6 N NH;, how
niie.., g of NH,Cl must be added? Ans. Slightly less than 0.4 mg.

Directions for Solving Problem 9

1. Assume that all Cd is in complex, and calculate molar con-
centration of the complex ion in 2 ml of solution.

2. Calculate fraction of a mol of NHj; required to form the com-
plex and the Cyu, not in the complex.

3. Using the Kiu., calculate Cca*+ in equilibrium with the
complex.

4. Using the K,, of Cd(OH),, calculate how small the Cou~ in
the solution must be made to just dissolve the Cd(OH)..

5. Using K, of NH;, calculate Cnu,* required to be in the NH;
solution to reduce Cox— to the required value.

6. Calculate required Cnu,* to weight of NH,Cl required for
2 ml.



CHAPTER 11
EQUILIBRIUM IN REDOX REACTIONS

It is generally accepted at the present time that the reversible
reaction, atom 2 ion, consists of a gain or loss of electrons, units of
negative electricity. Oxidation is now understood to be loss of
electrons; reduction, gain of electrons. In Na-— Na* 4 ¢-, Na is
oxidized. In Cl; 4+ 2¢— — 2Cl-, chlorine is reduced.

As was stated in Chapter 4, the inert gases with their stable
outer energy levels of 8 electrons are not affected by chemical forces.
They are neither oxidized nor reduced. The halogens, which
immediately precede inert gases, tend most strongly to gain elec-
trons. They are the strongest ozidants. Their oxidizing power
decreases with increasing radius of the ion regularly from F, to I,.
The alkali metals, which immediately follow inert gases, tend most
strongly to lose an electron and hence are the strongest reductants.
Their strength as reductants varies somewhat irregularly as is
shown by their electrode potentials (see Table 7, page 174).  Oxygen
and sulfur are weaker oxidants than the halogens, and the alkaline
earth metals are weaker reductants than the alkali metals, Be being
weakest and Ba strongest.

Elements in the middle of long periods X to Kr, Rb to Xe, Cs to
Rn, show variable valence and their ions gain or lose clectrons to
form ions in other valence states. For example, Cut &2 Cutt+ + ¢,
Fett & Fet® + ¢, MnO,~ 2 MnO4~ + €™

Since all electron-transfer reactions are reversible, the law of
equilibrium applies to them and it should be possible to calculate the
values of their equilibrium constants. These reactions, however,
differ from those considered in previous chapters in that electrons
are reactants or products of the reactions and have to be taken into
account.

THE NERNST EQUATION

~ About 1890, ten years before the discovery of the electron, a
young German, Walter Nernst, formulated the equation which

relates electricity to chemical reaction. The subsequent discovery
155
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of electrons made clear the real basis of the equation but did not
modify it at all. It is interesting that Nernst’s equation is identical
with that derived by consideration of the energy change involved,
although the latter rejects the hypotheses on which Nernst’s
reasoning was based.

Nernst assumed that a metal immersed in a liquid acquired an
electrical charge, either positive or negative, as a result of the
magnitudes of two opposing pressures. He assumed that each
clement must possess as one of its characteristic properties a
definite, fixed, and measurable tendency to form ions. But since
ions are electrically charged, while atoms are neutral, the change,
atom < ion, must result in clectrical charge appearing somewhere
in the system. Opposed to this ‘““solution pressure,” which was a
fixed property of the metal, would be the osmotic pressure exerted
by ions of the metal alrcady in solution.

Let us consider the change

Zn = Zntt + 2.

(It is obvious that we may write electrons in place of Nernst’s
“units of negative electricity.””) The solution pressure of Zn
would force some Znt+ to form. The latter would pass out into the
liquid about the metal. But formation of Zn**+ would leave two
free electrons on the metal, giving it a negative charge, whereas the
liquid would acquire an equal positive charge from the presence
of the Znt+. Thus, a difference of electrical potential (E) would be
built up between negative metal and positive solution. This
potential would make entrance of a second Zn*+ into the solution
require much more work than the first Zn*+ required, for this second
ion would be attracted by the negative charge already on the metal
and would also be repelled by the positive charge already on the
solution. However, the solution pressure of zinc might be large
enough to overbalance this potential difference and force more
Zn*t into the solution. But, as van’t Hoff had demonstrated
shortly before, ions in solution must be assumed to exert an osmotic
pressure increasing with their concentration according to the laws
of gases. Since osmotic pressure tends to cause the solution to
become more dilute and since in this case it could become more
dilute only by Zn*+ returning to Zn atom by the acquisition of two
electrons, two reactions would oppose each other.

€.8.p.za 2 08.p.za** + E
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So long as the solution pressure of the metal exceeds the osmotie
pressure of the ions in solution plus the constantly increasing
difference of potential between the negative metal and the positive
solution, Zn*t+ would continue to form. Equilibrium would be
reached when E becomes great enough so that the effect of it, plus
the os.p. of Zntt, just equals the effect of the (fixed) e.s.p. of Zn.
As Helmholz later showed, equilibrium need be established only in
a thin film of liquid adjacent to the metal and not in the liquid as a
whole. Moreover, the electrical forces are enormous as compared
with the atomic forces, e.s.p. and 0s.p., so that E is by far the chief
factor in producing equilibrium.

Nernst was able to show that E would be given by

=+ 1og, Sk, )
where R is the gas constant (Chapter 3), T the absolute temperature,
n the number of charges involved in formation of the ion (two for
Zn*+) and F is the faraday, 96500 coulombs per unit charge. K.,
would be a constant for each element.

For ¢t = 25°C., pressures in atmospheres, and log. changed to
logio, (1) would become

.

volts X coulombs _°

8.32 degreo X 298 degrees
E =+ 5 — X 2.302,
96500 gg_ulo_.m_s X n equivalents
equiv.
which gives
B (volts) = 1+ 2091 15010 ‘;}Bgmg @)

For not too great pressures, pressure is proportional to concen-
tration and Ci. can be substituted for os.p. The K..,. can also be
expressed in concentration units since, theoretically, there must be
some Ci,, the osmotic pressure of which would just equal the e.s.p.
of the metal so that no difference of potential between element and
solution would result. Hence, we may replace e.s.p. in equation (2)
by that molar concentration of ions the osmotic pressure of which
at 25° would just equal the unknown and unmeasurable e.s.p. of the
slement to which the equation is being applied. That this e.s.p.
of the element and hence this K mol/] of the ions cannot be measured
axperimentally is not a serious objection. An experimental device
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will now be described which permits elimination altogether of K
in equation (2).

Eliminating the K,,, from the Nernst equation. Just as
chemists have agreed to assign the weight 16.00 to the atom of
oxygen, so they have agreed to assign the potential 0.00 volt to the
hydrogen electrode, a half-cell consisting of a platinum electrode
plated with platinum black which is immersed in a solution 1 M
in H+ kept saturated with H, gas at atmospheric pressure.! The
half-cell reaction is 2H* + 2¢~ = H,. The potential of this half-
cell is not 0.00 volt, but this value is assigned to it and other half-
cells are compared with it. For the hydrogen electrode, equation
(2) becomes .

_0.059 Py (1 atm.)
5 198 "o (T A @)

For reasons to be stated later we arbitrarily choose to give the
logarithmic factor a negative sign.

If now we prepare the half-cell, Zn — Zn*t+ (1 M), and place it
in a potentiometer circuit against the half-cell, H; 1 atm. — H+* 1 M,
we can find by measurement how much more positive or more
negative the Zn electrode is than the hydrogen electrode. Measure-
ment shows the Zn to be 0.76 volt more negative than the hydrogen
electrode. We conclude that the molar potential, E°, of Znt+ 22 Zn
is —0.76 volt. This measurement has given us no information at
all about the actual value of the e.s.p. (K mol/l) of Zn nor of that
of Hy. All we have learned is that if we arbitrarily assign the value
0.00 volt to 1M Ht =2 H, 1 atm., then we may assign the value
—0.76 volt to 1M Zntt = Zn.

We can now calculate the potential of Zn in Znt* of any con-
centration, C mol/l, without knowing what the e.s.p. (K mol/l) of
Zn actually is. For any Cz.++ the Nernst expression for the poten-
tial is

0.00 volt =

0.059 Kz
—2— log —CY-ZnT‘. (4)

but we have found by experiment that for Cz.*+ = 1 M

’ 0.059 ,  Kj,
E° = —0.76 volt = —=5= log Izﬁ (5)

tIn 1 M OH-(Cx* = 10~ M) the potential of the hydrogen electrode is
—0.828 volt.

|
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Subtracting (5) from (4) we have

0.059 1
— 0 = e *
E E 2 log CZn++’
or, transposing E°,
0.059 1
E = —0.76 volt — —“2‘— log é;*‘—*" (6)

since log Kz — log Cautt — (log Kz — log 1) = log @—!‘;:. We
Zn

have now eliminated e.s.p. altogether from the Nernst equation.?
We can compare the potentials of the elements in various concen-
trations of their ions (a) with the molar hydrogen electrode and (b)
with each other, just as we compare their atomic weights relative to
oxygen arbitrarily taken as 16.00.

Similarly, by actual measurement of the cell

Cl; 1 atm. | H; 1 atm.
Cl-1M Ht1M

Carbon Platinuy_;

the molar potential E° = +41.36 volt is found for Cl; & 2Cl-. For
a half-cell containing Cl, at about atmospheric pressure and.Cl— of
any concentration, E is given by .

_ _0.059, C’u-
E = +1.36v. 5 log Tor @

If the reactions be written as
In*t 4 2¢- 2 Zn and Cly + 2¢~ < 2Cl-,
we may write (6) and (7)

0.059 1

Ex = —-076v. — 3 log T and
reactant
2
Eo = +1.36 v. — “9% log Clorodusr,
, Dreactant

where, regardless of whether the electrode is positive or negative,
the products of the reactions considered are in the numerator and
* The Nernst equation is no longer derived by assuming hypothetical solu-

tion pressure opposed to osmotic pressure. The modern derivation leads to
the same equation however. '
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the reactants in the denominator. The large negative potential of
Zn shows that the reaction Zn++ 4 2¢~ < Zn has little tendency
to proceed from left to right but a strong tendency to proceed from
right to left. The large positive potential of Cl, indicates that the
reaction tends strongly to go to the right and but slightly to go
to the left.

Exzercise. Show by calculation whether Zn becomes more or less
negative than —0.76 v., and Cl; more or less positive than +1.36 v.
under the following conditions:

Cutt = (a) 2M; (b) 0.5 M. Ca~ = (a) 2M; (b) 0.5M
Pa, constant at 1 atm.

MOLARREDOX POTENTIALS AND THE ELECTROMOTIVE
SERIES OF THE CHEMICAL ELEMENTS

Very careful measurements have been made by many experi-
menters of the difference of potential between the various elements
in 1M solutions of their iong and the molar hydrogen electrode.
The average values are tabulated in textbooks as the standard E°
values, or the molar (or molal) potentials of the half-cell reactions.

The electromotive series is a qualitative, the table of molar
potentials a quantitative, statement of the decreasing tendency of the
elements and ions to lose electrons and their increasing tendency to
gain electrons, that is, their increasing power as oxidants. Cs, as
the strongest reductant, heads the table and F,, as the strongest
oxidant, ends it.

Some tables give the signs opposite to those in others. Con-
fusion on this account will be avoided by remembering the following
statement. If a table of molar potentials gives the sign of the
potentials above hydrogen as +, the sign is that on the solution.
If it gives it as —, the sign is that on the electrode.

In Table 7 the signs are those on the electrode. In this table
the order is that of increasing strength as oxidant. In the given
potentials of half-cell reactions, such as Fet* 4+ e~ = Fet+, or
Cr:07- + 6e~ + 14H+ =2 2Cr** 4 TH,0, it is assumed that every
ion involved in the reaction had activity equal to 1 M when the
potential was measured.

The arbitrary convention as to sign. In the Nernst equation (2),
page 157, the sign of Eis +. Evidently the sign is opposite on the
solution and on the element. The sign on the solution, and also



Caap. 11] EQUILIBRIUM IN REDOX REACTIONS 161

that on the element, for a nonmetal is opposite to that for a metal.
Evidently, whether one states the sign on the electrode or that on
the solution is purely a matter of choice. It must be settled by
agreement. The majority of chemists prefer to state the sign on the
electrode. This convention will be adopted. In equation (3),
page 158, we arbitrarily gave a negative sign to the logarithmic factor
without stating a reason for the choice. The choice was based
on the following considerations.

1. In the writing of equilibrium expressions for reversible
reactions, it is conventional to place concentrations of products
in the numerator, those of reactants in the denominator.

2. A positive value of the E.M.F. of a half-cell,® or of a cell (two
half-cells in circuit), should indicate spontancous reaction, that
is, that the chemical reaction as written can proceed from left to
right. A negative value of the E.M.F. should indicate a tendency
of the chemical reaction to proceed spontaneously from right to left.

In accordance with the law of equilibrium the reaction should be
more spontaneous (larger positive E.M.F.) the larger the concentra-
tions of the reactants and the smaller the concentrations of the
products. This will require that the logarithmic factor in*

0.059 products
n ‘reactants

E=E+

products .
reactants
than unity, the log is positive but as the spontancous tendency
of the reaction is decreased, the logarithmic factor must be sub-

tracted from E°. Similarly if the ratio p"o(}_ll_cm .
reactants

always be given a negative sign, since, if the ratio is greater

s less than unity

3 Any element in contact with a solution containing its ions constitutes a
half-cell. An indifferent electrode, for example Pt, in contact with a solution
containing ions which can exchange electrons (for example, Fett &= Fe+t3 or
MnO,~ 2 MnO,™), also constitutes a half-cell.

41t is to be understood that this expression represents the equilibrium
expression for the balanced chemical equation, with concentrations raised to
appropriate powers. Thus for the reaction Fet? + ¢~ & Fet+,

0050 Crot+
1 o8 Crets

For the reaction Cr:0;~ + 14H* + 6e~ = 2Cr** + 7H;0,

0.059 C?cets
E = B — 6 log Coor=X Clins

E=FE —
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(large concentrations of reactants and increased spontaneous
reaction) the log of the ratio is negative, but when this negative
logarithmic factor is subtracted from E°, the value of E is increased.

A more important reason for giving the logarithmic factor in the
Nernst equation a minus sign will appear later in physical chemistry
in connection with the free energy of chemical reactions. Since
spontaneous reactions involve loss of energy, the amount of this
loss, AF, represents the driving force of the reaction. In a cell
reaction this change of free energy is given by

—AF (joules) = 96500nE

where E is the E.M.F. of the cell and n the number of electrons
involved in the reaction. The minus sign shows that energy is lost,
that is, becomes free. If all reactants and products of the chemical
reaction have unit activities, —AF becomes —AF?° just as E becomes
Bo.

If we are always to write

_0.059 1 products

= 0
E=E n o8 reactants

and take the sign of E as that on the electrode, half-cell reactions
must be written as reductions, that is, electrons appear as reactants
as do the oxidized forms. Reduced forms become products. Com-
pare equations (6) and (7), page 159, and exercise 1, page 160.

SIMULTANEOUS OXIDATION AND REDUCTION

Production of current. In a half-cell no current can flow.
There is merely accumulation of electrons which have no place to
go. In order for electrons to move, two half-cells must be combined
in a circuit. The E.M.F. of a cell is the algebraic difference of the
potentials (E values) of the two half-cells.

If the equation for the half-cell having the smaller E value be
subtracted from the equation having the larger E value, a positive
value of the cell E.M.F. is invariably obtained. Furthermore, the
resulting equation is automatically arranged so that products are
in the numerator and reactants in the denominator of the logarithmic
factor.

Rules for calculating the E.M.F. of a cell.

1. Write the half-cell reactions as reductions and set down the
E° values (Table 7). For example:
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Znt* + 2¢~ = Zn —-0.76 v.

Agt + e = Ag +0.80 v.

2. If the half-cell reactions contain unequal numbers of electrons,

multiply one or both by such factors that the resulting equations

shall contain the same number of electrons. The E° values are not
part of the equation and are not to be multiplied.

Zntt + 2~ =2 In —0.76 v.

2Agt + 2~ =2 2Ag +0.80 v.

3. Set down the Nernst equations for the E 'values of the half-
cell reactions containing the same number of electrons.

0.059 1

EZn = —0.76 — -'2‘—" IOg C;F"
0.059 1
EA‘ = +080 - 7" lOg Cﬁ;\u;"

4. Subtract algebraically the equation having the smaller E
value from the equation having the larger E value, remembering that
—4 is smaller than —2 or +0.5.

(]
E.M.F. = Ey, — Eyp = 4080 — (—0.76) — 9‘%-5»'? (log 1
— log C%,+ — log | + log Cz*+)
_ _ 0059, Cy+ (product)
= +1.56v. 5 log C:».' (reactant)
Since Zn*+ appears as product and Ag* as reactant when the
E.M.F. is positive, the spontaneous reaction is shown to be

Zn + 2Agt 2 In*t 4 2Ag.

The large positive value of the cell EXM.F. shows that Zn can
reduce Agt very completely to Ag.

The invariably positive value obtained for the E.M.F. of the cell
shows that the reaction read from left to right can take place.
However, it is to be remembered that nothing is implied about the
rate of reaction, which may be infinitesimal. Such a case, discussed
later, is that of H; and O, at room temperature.

CALCULATION OF THE EQUILIBRIUM CONSTANT
OF A REDOX REACTION

This differs from previously studied cases of equilibrium only in
that transfers of electrons (electricity) are involved and must be



164 EQUILIBRIUM IN REDOX REACTIONS [CHap. 11

taken into account. The Nernst equation gives us the quantitative
measure of the tendency to electron-transfer. When an oxidation-
reduction reaction is at the equilibrium point, no current will flow
in the cireuit. If the Nernst expressions for the two half-cells are
set equal to each other, the resulting equation states the conditions
of equilibrium both as to concentrations and as to electron-transfer
tendencies.

How the K. can be calculated directly from the E° values of
the half-cell reactions is evident from the following considerations.
For the balanced redox reaction,

aA + bB = cC + dD,

oxidant, reductant, reductant, oxidant,
the equilibrium condition is

Cec X C% _ (products)
C* X C%  (reactants)

Kequﬂ. =

The half-cell reactions would be

oxidant, @ A + n e~ 2 ¢ C reductant,
oxidant: d D + n e~ 2 b B reductant..

The potentials of the half-cell reactions are given by

N

_0.059 Cec
= Ko V-V
E, = E% — n log 8 Ga,s
. 0.059 Cc?
By = 5% — 0% log 2.
At equilibrium E; = E, and hence

_0.059 Cee 0.059 Cby
0 o = 0, — —_—
By n log Ca B n log C,

and, assuming that £9 > E?,

C Cs
(B ~ B g5 = ~108 s, + 108 g
Coo X C*
= log 5 N < > C"D log Kequu..

It follows then that

products _ (E°,

log Ko = log reactants

E%) X 55 8)
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This equation gives at once the K. of a redox reaction in terms
of the standard potentials (E°;, — E%) of the two half-cell reactions
and the number of electrons transferred in the balanced equation
for the cell reaction.

The equilibrium constant for the cell reaction

Zn + 2Ag* = Zntt + 2Ag,

Cogutt
Coggre — o
is given by
log K = +1.56 X ~——~— 0 059 = 52.9,
whence

K = 8 X 10%2

Concentration Cells

The difference of potential between electrode and solution in a
half-cell depends not only on the tendeney of the element to gain or
lose electrons but equally on the concentration of the ions in the
solution around the electrode. The latter observation suggests
that a current should flow when two half-cells, containing the same
element ax electrode but different concentrations of the ion, are con-
nected in a closed eireuit. Such cells are known as concentration
cells and constitute the simplest type of primary cell or “battery.”
In a concentration cell (same electrodes) E° cancels out and the
E.M.F. is given by ;

n DA 9_.9«5,9 .‘.:_]
EM.F. = - log o 9)
where ¢, is the more concentrated solution.
Consider the cell
i Agt | Agt
Ag Ag
1M | 0.001 M

The two Ag electrodes are connected externally through a volt-
meter; the two solutions are connected through a U-tube filled with
solution of an indifferent electrolyte, such as NHNO; which,
inverted, dips into each half-cell.
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For the half-cell on the left, E; = E°. For the half-cell on the

right, By = B9 — 299 log 1 The E.M.F. of this cell should

1 °8 g0t
be
1

The voltmeter would not read exactly 0.177 volt because there is an
E.M.F. at the junction of the solutions ¢; and ¢; in addition to those
at the electrodes. The salt bridge
of concentrated NH,NOj, of which
both ions have nearly the same
mobility, reduces the junction
potential to a few millivolts.

Which electrode should be con-
nected to the + binding post of
the galvanometer is evident by con-
sidering that in the more concen-
trated solution, ¢;, Ag™ must be
taking electrons from Ag 1000 times
as rapidly as in the dilute solution
if both clectrodes have the same
surface area in contact with solu-
tion. The electrode in the ¢; (more

== concentrated) solution is therefore

CATHODE less negative (more positive) than

CONCENTRATION CELL  the electrode in the ¢, (more dilute)
Fioure 1. solution.

Ozidation always takes place at the anode. Anions move toward
the anode. At the anode Ag" is forming, that is, Ag atoms are
oxidized, leaving electrons in the anode which then strecam through
the external circuit to the less negative (more positive) cathode.
At the latter Ag* is being reduced, that is, taking electrons from the
cathode which consequently becomes less negative (more positive).
Since the solution about the cathode becomes more dilute and that
about the anode more concentrated in Agt, anions (in this case
NO;~) move from the former into the latter, that is, toward the
anode. It follows then that the electrode at which reduction
takes place is to be connected to the positive binding post of the
galvanometer.

Concentration cells have many important uses, two of which are
the following:

b e
ELECTRON STREAM
SALT BRIDGE

SERAFHIMHHHISHHHHHRK
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1. To find the solubility of a slightly soluble salf. If the E.M.F.
of the following cell is measured
Agt | Satd.
Ag

Ag,

0.1M | AgCl |

0.1
EM.F. = 0.059 log o (in satd. AgCl)’

Since only Cag+ is unknown, this can be calculated. In the satu-
rated AgCl solution, Ca- = Cat and the K,, of AgCl can be
calculated.

2. To find the valence of an ton. Ogg® by this method showed
that mercurous ion must be Hg,++. For the cell

mercurous nitrate 0.001 N | mercurous nitrate 0.01N
Hg Hg
HNO; 0.1 N | HNO3; 0.1 N

he found EM.F. = 0.029 volt at 18°. Then

0.058 0.01
0.029 = T lOg mr

from which » = 2 and the ion must contain two equivalents of Hg.

Reversal of Current Direction

Change of the ion concentrations in cell solutions may cause the
current to flow in the opposite direction.® This is illustrated by the
following calculations. The necessary changes of concentrations
are smaller the smaller the difference between the potentials of the
two half-cells composing the cell. In the cell

Agt | Fet3 0.1 M
Ag

Pt

1M | Fett 105 M

® Z. physik. Chem., 27, 285 (1898).

¢ In the following calculations, as well as in the problems at the end of this
chapter, the approximate value 0.06 has been used instead of 0.059. This
facilitates calculations considerably. Since the ion concentrations used in
these calculations may differ considerably from the activities used in calculating
the standard electrode potentials of Table 7, calculated values must be con-
sidered as only approximate. They serve to indicate satisfactorily the direc-
tion and completeness of redox reactions.
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Eat-re = +0.8 — 0.06 log 1, and
Bvoto v+ = 40.75 — 0.06 log 18—:

The Pt electrode is 0.19 volt more positive than the Ag electrode.
The cell reaction

Fet3 + _A_g 2 Agt + Fett

is proceeding toward the right. Ag is being oxidized; Fe*? is being
reduced. Equilibrium will be reached and current cease to flow
when Ca+ = 1.01266 M; Cr.*s = 0.08734 M and Cy.++ = 0.01267 M
if the amounts of solution are assumed equal.

In the cell
Ag* Fet? 105 M |
Ag Pt
0.1M | Fer+ 101 M | \
Exetas = +0.80 — 0.06 log a-iy and
10!

Br#sr+ = +0.75 — 0.06 log j5

The Ag electrode is now 0.23 volt more positive than the Pt elec-
trode. Agt is now oxidizing Fet*. Equilibrium will be reached
and current cease to flow when Cat = Cp.t+ = 0.06825M and
Crots = 0.03175 M, amounts of solutions being assumed equal.

In the first cell above, the (starting) E.M.F. is 0.19 v.; in the
second it is 0.23 v. Of course, in each case the E.M.F. approaches
0.0 v. as the cell reaction, Fet* + Ag = Fet+ 4 Ag*, approaches
equilibrium.

It was previously shown that the equilibrium constant of a cell
reaction is given by

log K = F><005Q

where Z is the algebraic difference of the E° values of the two half-
cell reactions. For the reaction

Fett + Agt & Fet® + Ag

we have log K = (0.80 — 0.75) X — 0.06 06 = 0.8333, from which
K = 6.813.
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Hence the reaction can go in either direction, depending on the
ion concentrations present, since at equilibrium Cr.*: is only about
seven times Crot+ X Cagt. .

The current of even a Daniell cell can be reversed by adding a
sufficient Cs- to the Cut* solution. The cell reaction is

Zn + Cutt 2 Zntt + 9_1

In the cell
Zntt | Cutt

Zn

Cu

0.1M|01M
the E.M.F. is given by

0.1 (Czat+)

EM.F. = 4+0.345 — (—0.76) — 0.03 log 01 (Cor) 1.105 v.
For equilibrium,
log Coatt _ log K = 1.105 X 2 . 36.83
Ceutt ' 0.06 0
whence
K = 6.76 X 10%,

If S= be added to the Cut* solution until Cs~ is 3.0 M, Ce.t+ in
the solution will become (4 X 10-%8)/8 = 1.333 X 1038 M. The
E.M.F. becomes

1.105 — 0.03 10g jg5-yrgss = —0.001 .

The change of sign indicates reversal of the reaction. The copper

electrode is now more negative, showing that copper is dissolving

and zinc plating out in spite of the enormous forward tendency of the

reaction '
.@l + Cutt &2 Zntt + gg

Cobaltic ion is one of the most powerful oxidants, liberating
oxygen even from water. Its potential is +1.84 volts. Ions such
as Co(NO3)¢~% and Co(NHjy)et? are so stable (that is, in equilibrium
with so small Cg+s) that they can be formed in the presence of
water. Similarly Co(OH); is so insoluble that it can exist in basic
solution. In the presence of H+ the Co*? ion is instantly reduced
to Co**+. In this respect it is different from Fe+s,
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Algebraic Manipulation of More Complex Half-Cells

Can CuS and HgS dissolve in HNOj; if NO and S are formed?
If CuS dissolves, the reaction is

3CuS + 2NOy~ + 8H* = 38 + 3Cu** + 4H,0 + 2NO.

At equilibrium
C3cut*t X plyo -
CzNO:_ x an+ equil,

The half-cell reactions and their molar potentials are:
S + 2 = 8- -0.51v.  (10)
NOs~ + 8¢~ + 4H+* = NO + 2H,0  +0.94 v. (11)
Multiplying (10) by 3 and (11) by 2, and subtracting,

_ _0.06 . P’No
EMF. = +1.46v. 6 log C?nos~ X CBat X Cs%~’

whence

145 _ Pso

01 log C?x05~ X Cly+ X Cig=
and
2
1045 = P’xo (12)

T 0% X C?nos~ X Csn"’.
The K., of CuSis 3.5 X 103, Then
Clcutt X C3~ = 4.29 X 107113,

whence
O = 4.2902;1?—11{
Substituting in (12),
420 X 10 = P X Clot

C?nos~ X Cout
which indicates that CuS should dissolve in HNOs.
If into (12) we introduce the K, of HgS, 3 X 107%,

Cogett X C3%~ = 2.7 X 1071%8,

(12) becomes

Pno X Clug™t

CzNOa— X CSH+’

which indicates that HgS should not dissolve much.

27 X 10718 =
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REACTION POSSIBILITY AND REACTION VELOCITY

It must be remembered always that reaction velocities are
unrelated to equilibrium conditions. Hence, a reaction indicated
as possible by the value of its K. may actually take place at an
extremely slow rate. A good example is

. 1
2H2 + ()2 e 21’12(), fOl‘ \V]’ll(}h Kequil. = m?};():.
For O: + 4Ht + 46~ 2 2H,0, E°" = +1.23 v. (13)
For 4H+ 4 4¢~ =2 2H,, E° = 0.00 v. (14)

Subtracting (14) from (13)
v 0.06 1
whence
82 — ______1_.___
10% = P X po;
which indicates that at equilibrium at 25° one or both of the gases
should be used up practically completely by the reaction.

Actually, no evidence of reaction is deteetable after the mixed
gases have been maintained under high pressure for years at room
temperature. The speed of the reactjon is infinitesimal at this
temperature, although it proceeds with explosive velocity at
sufficiently high temperatures.

The electrode potentials indicate when a reaction cannot take
place. They give no information about the velocity of the reaction
which at ordinary temperatures may proceed at an infinitesimal
rate.

In Table 7 (p. 174) the given value of E° assumes that all gases
involved in the reaction arc at a pressure of 1 atm. and all dissolved
substances at an activity of 1 molal (that is, 1 mol per 1000 g of
water). The activities of pure solids and of water are taken as unity.
The order is that of increasing strength as oxidant.

PROBLEMS

1. What should be the molar concentrations of Fe++ and Cd++
at equilibrium (@) when excess of Cd is placed in a solution 0.1 M in
Fet+? (b) When excess of iron is placed in 0.1 M Cd++?  E%.,_pt+
= =044 v. E'ccat* = —040 v. Ans. (a) Fett = 0.0956 M,
Cd = 0.0044 M ; (b) Fett = 0.0955 M, Cd*+ = 0.0044 M.
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2. Calculate K. for Br, 4+ 2I-21, + 2Br-. E%., p~
= +1.07v. E%_, =054v. Ans. K = 4.6 X 107

3. (a) Calculate Kequ. for 2Fet? -+ H,S < § + 2Fct++ 4 2H*.
For Fe** = Fett, E°= +0.75 v. For H.8S =8 + 2H*, E°

= +40.17 v. (b) What should be the approximate value of g”
Fe

at equilibrium, when 0.1 M Fet? in 0.25 M H* is saturated with
H.,8? A saturated solution of H,S is 0.1M. (c) About what will

Cu* X Cre*t
C%%yp,8 X Crets

= 419 X 10° (o)

Cy+ become at equilibrium? Ans. (a) Ko

CFe

= 4642 X 10°. (b) At equilibrium Komn
Fe

0.35M.

4. Calculate Kequ. for oxidation of Cr(OH)s by H.0. (HO;)
in basic solution. For OH- < HO,, = +40.87 v. For

C cro
" o r04” 99
Cr(OH); & CrO~, E 0.12v. Ans. Chror X Con- = 10%.

6. (@) Should HCIO readily oxidize Pb*+ to Pb0O,? TFor
Cl- 2 HCIO + H*, E° = +1.5 v. For Pb++ = PbO, + H+, E°

_ i Co~ X (3t _
= +41.44 v. Calculate Koqui. Ans. Gt X Oy = 100.

(b) Would addition of some solid AcONH, promote or hinder
the formation of PbO,? Give reason for answer.

6. In basic solution the molar potentials are: Cl- & ClO-,

= 40.94 v. HPbO;~ =2 Pb0,, E° = +0.3 v. Would oxida-

tion be more or less complete in basic solution than in acid solution?
CCI X COH

= o O 21
Ans. K. Cao- X Cuzeor 2.154 X 10%.

7. Calculate K. for Zn + NO;~ + OH~ 22 NH; + ZnO,~.
For OH- 4+ NH; = NO;~ + H;0, E* = —0.12v. ForZn + OH-

Cxuy; X Clzno
- 0 — p 3 2" 146,
2 7Zn0;~ + H:0, E* = —1.216 v. Ans. CNO: X Ol = 10

8. What should be the starting E.M.F. of the cell below?

H, 1 atm. 0; .(air) 0.2 atm.
02M H+ | OH- 0.1 M
®) (Y.
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(Partial pressures [in atmospheres] of gases may be substituted for
concentrations.) Ans. 0.491 v.

9. Calculate the starting E.M.F. of the cell below.

N&zCOa NthOa Oz 1 atm.

Ag

1M 0.05M- | (Pt)
Assume Ccos~ at left = 0.8 M and pH of 0.056M Na;CO; = 11.6.
For Ag 4+ COs= = AgsCO3 + 2¢~, E° = 405 v. For 40H-

=03 + 2H,0 + 4e-, B° = 404 v. Ans. 0.0412 v.

10. Calculate the concentration of MnO,~ (green) which should
be in equilibrium with 0.1 M MnO,~ in solutions containing Con- as
follows:

(a) 2.0M, (b) 1.0M, (c) 0.1 M, (d) 10" M.
For MnO,~ & MnO, + ¢, E° = 4+0.54 v. For MnO, -+ 40H-

2 MnOy~ + 2H:0 + 2¢~, E° = +0.58 v. Hints: (1) Calculate
K. for MnOs~ 4+ H,O &2 MnO,~ + _h_/[ﬂ(")f + OH-. (2) In the
equation for equilibrium insert the values assigned to Cumao,~ and
Con~ and calculate Cymo,~ for each of the four cases. Ans. (a)
0.195, (b) 0.078, (c) 3.59 X 10-3, (d) 3.59 X 10—,

(Observe that the stability of manganates depends mostly on
alkalinity of the solution.)

11. Calculate Keu for MnOs~ 4 H0, + Ht = O, + Mn*+
+H:0. ForMn**+ 4 4H,0 @ MnO,~ + 5¢~ + 8H+, E° = +1.5v.
For H;O: 2 Oy + 2H* 4 2¢~, E° = +0.68. Solubility of O, in

Gt = 2.154 X 10%
Cwmuo~ X C¥a+ X C25y,0, ) ’

12. Show that MnO; should dissolve readily in dilute HNO; and
H:0,. For Mn**+ + 2H;0 & MnO; + 4H* + 2¢~, E° = 41.33 v.
For H;O; 2 0, + 2H*, E° = 4+0.68 v. Ans. K = 4.64 X 102!,

water is negligible. Ans.




TasLp 7
STANDARD MOLAL POTENTIAILS
Acip SoLuTIONS

E° volts
Couple (Sign on Electrode)
Lit + e = Li —-3.02
Kt+e =K —2.92
Batt 4 2¢~ = Ba —2.90
Sr+t 4 2e~ = Sr —2.89
Catt + 2¢~ = Ca -2.87
Na* 4+ ¢~ = Na —2.712
Mg*+ 4 2¢~ = Mg —-2.34
Al*® 4 3¢~ = Al —1.67
Int+ 4 2¢~ = Zn —0.7620
Crt3 + 8¢~ = Cr —-0.71
Fet*+ + 2¢~ = Fe —-0.44
Cd+*+ 4+ 2¢~ = Cd —0.4020
Co*+ + 2¢~ = Co —-0.277
Nitt 4+ 2¢~ = Ni -0.250
Snt+ 4 2¢~ = Sn —0.136
. Pbt+ 4 2¢~ = Pb —0.126
2H* + 2¢~ = H, 0.000
8 + 2H* + 2¢~ = H.S +0.141
Snté 2~ = Snt+ +0.15
SO~ + 4H* 4+ 2¢~ = H,O + H,S0; +0.20
SbO+ 4+ 2H* 4 3¢~ = Sh + H,0 +0.212
HAs0:(aq.) + 3H* + 3¢~ = 2H.0 + As +0.2475
Cutt 4 26~ = Cu +0.3448
[Fe(CN)g]™ + ¢~ = [Fe(CN),]™ +0.36
Cut + e~ = Cu +0.522
I; 4+ 2¢= = 21~ +0.5345
[~ 4 2~ = 31— +0.5355
H;As0, + 2H* 4 2¢~ = 2H,0 + HAsO, +0.559
Sb,Os + 6H* + 4¢~ = 3H.0 + 2SbO* +0.64
Oa + 2H+ + 2¢" = I‘IeOg +0682
(CNS); + 2~ = 2CNS- +0.77
Fet? 4 ¢~ = Fet+ +0.771
Hg:** 4 2¢~ = 2Hg +0.7986
Agt + e = Ag +0.7995
2Hg++ + 2¢~ = Hg,+* +0.910
NOs~ + 3H* + 2¢- = HNO: + H.0 +0.94
NO;~ + 4H* + 3¢~ = 2H.,0 4+ NO +0.96
HNO, + H+* + ¢~ = NO + H,0 +0.99
Brq(lig.) + 2¢~ = 2Br~ +1.0652
105~ + 6H* + 6e~ = 3H,0 + I- +1.085
Bry(aq.) + 2~ = 2Br™ +1.087
10~ + 6H* + 5¢~ = 41, + 3H,0 +1.195
O; + 4H* + 4¢~ = 2H,0 +1.229
MnO; + 4H* + 2¢~ = 2H;0 + Mnt++ +1.28
HBrO + Ht + 2¢~ = H;0 + Br- +1.33
4Cly + e~ = CI- +1.3583
CryO;~ + 14H* + 6e— = 7TH30 + 2Crts +1.36
BrO;s~ + 6H* 4 6¢~ = 3H,0 4 Br- +1.44
ClO,~ 4+ 6Ht* 4 6~ = 3H;0 + Cl- +1.45
PbO; + 4H* + 2¢~ = 2H;0 + Pbt++ +1.456

174



TABLE 7.—(Continued)
STANDARD MOLAL POTENTIALS
Acip SoLuTiONS

E* volts
Couple (Sign on Electrode)
HCIO + H* + 2¢~ = H.O + CI- +1.49
Mnt3 4+ ¢~ = Mn** +1.51
MnO,~ + 8H* + 53¢~ = 4H,0 4+ Mn*+ +1.52
HBrO + H* + ¢~ = {Br; + H:0 +1.59
MnO,~ + 4H* + 3¢~ = 2H,0 + MnO. +1.67
NiO; + 4H* + 2¢~ = 2H,0 4 Ni++ +1.75
H;0: + 2H* + 2¢~ = 2H,0 +1.77
Co*3 4 e~ = Cot+ +1.84
Agtt + e = Ag* +1.98
Fs + 2¢~ = 2F~ +2.85
Basic SovLuTions Rt
Mg(OH): + 2¢~ = 20H~ + Mg —~2.67
H:AlO;~ 4+ H;0 + 3¢~ = 40H~ + Al -2.3h
Zn(CN)4y~ + 26~ = 4CN~- + Zn —1.26
Zn0,~ + 2H,0 + 2¢~ = 4OH~ + Zn —1.216
Zn(NHy)*t+ + 2¢~ = 4NH; (aq.) + Zn -1.03
CNO~ + H,0 4 2¢~ = 20H- 4+ CN- —0.96
Sn(OH)¢~ + 2¢~ = H,O 4 30H~ + HSnO;~ —-0.96
Cd(CN)4~ + 2¢~ = 4CN- + Cd -0.90
SO~ + H,0 + 2¢~ = 20H~ + 8Os~ —-0.90
Co(CN)s3 + ¢~ = Co(CN)s* —0.83
2H,0 + 2¢~ = H, + 20H~ —0.828
HSnO,~ + H:O + 2¢~ = 30H~ + Sn —0.79
AsO? 4+ 2H:0 + 2¢~ = 40H~ + AsO,- -0.71
AsO,~ + 2H;0 + 3¢~ = 4OH™ + As —0.68
SbO,~ + 2H,0 + 3¢~ = 4OH- + 8h N —0.66
Cd(NHj)e** + 2¢7 = 4NH; + Cd —0.597
HPbO,~ + H,O + 2¢~ = 30H~ + Pb —0.54
S;™ + 2~ = 28~ —0.51
S + 2 =8~ , —().508
S + H,O + 2¢~ = OH~ + HS- —0.478
NO.~ + H;O + e~ = NO + 20H- —0.46
BiOOH + H;0 + 3¢~ = 30H~ + Bi —0.46
Mn(OH); + e~ = OH~ + Mn(OH). —0.40
CrO~ + 4H,0 + 3¢~ = 50H~ 4 Cr(OH), -0.12
NO,- + 6H,0 + 8~ = NH; 4+ 90H~ —-0.12
0; + H,O + 26~ = OH- + HO,~ —0.076
NO;~ + H;0 + 2¢~ = 20H- 4+ NO." +0.01
Co(OH); + ¢~ = OH™ + Co(OH). +0.20
10~ + 3H;0 + 6~ = 60H- + I~ +0.26
0; 4+ 2H,0 + 4¢~ = 40H- =+0.401
NiO; + 2H;0 + 2¢~ = 20H- + Ni(OH), +0.49
MDOq- + e = MDOJ_ +0.54
MnO,~ + 2H,0 + 3¢~ = 4OH~ + MnO, +0.57
MnO,;,~ + 2H.0 4 2¢~ = 40H- + MnO, +0.5H8
BrO;~ + 3H,0 + 6e~ = 60H- + Br~ +0.61
ClO;~ + 3H.0 + 6¢~ = 60H- + Cl1- +0.62
HO,~ + H.0 + 2¢~ = 30H~ +0.87
ClO~ + H:0 + 2¢~ = 20H~- + CI~ +0.94
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PART II
THE LABORATORY WORK






FOREWORD

The course of qualitative analysis on a semimicro scale outlined
in the following pages can be covered and two alloys and six to eight
solid salt mixtures analyzed in nine clock hours per weck for one
semester. By omitting certain starred preliminary experiments and
reducing the number of salt mixturcs analyzed, the course can be
covered in six hours per week. It is to be remembered that the use
of small amounts of material and centrifugation instead of filtration
permits at least 50 per cent more work to be done in a three-hour
laboratory period than would be possible by the old macro methods.

It is advisable that the cation groups be studied in the order:
alkali metals, Groups IV, III, II, I. Both the chemistry involved
and the technique required increase in difficulty in this order. This
gives time to treat in lectures the more difficult chemistry before it
has to be applied in the laboratory.

In the Purdue laboratory the time devoted to individual parts
of the work is approximately as follows:

Preliminary study of cations, group separations, six practice uhknown
solutions, and six unknown solutions on which the students are graded—
21 periods.

Preliminary study of anions, one practice unknown, and two (graded)
unknown solutions—9 periods. 4

Practice at preparing solutions of solid materials and removing interfer-
ing ions—2 periods.

Analysis of salt mixtures for both anions and cations-—12 periods.

Analysis of alloys—2 periods.

Instead of the old ‘“known solutions’ on which group separations
were practiced and the notebook records of which were essentially
flow sheets of the movement of the various ions of the group, it has
been found decidedly preferable to furnish the flow sheets and to
give for practice unknown solutions containing two to four ions
of the group. A large variety of these practice solutions is unneces-
sary. Laboratory supervisors carry records of these unknowns and
the student is instructed to report the presence or absence of each
ion of the group as soon as determined. He thus can be shown at
each step in what respect his procedure may have been faulty. It
is understood that no grades are involved. Students are unanimous
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in stating that this form of exercise is very much more useful to
them than the known solutions formerly used for practice. They
have to use at once all the care nccessary for analysis of unknowns
and they learn at once where and how they may make mistakes.
They admit freely that in ‘““known solutions” they always interpret
results on the basis of what they know should happen rather than
on what actually does happen.

Unknowns. Students arc required to analyze, record, and
report unknowns in solution in three hours. This time limitation
is of importance in teaching the student to plan before coming to the
laboratory how he shall best economize time. He soon realizes that
preliminary study of the procedures is the greatest time saver. This
habit of planning for efficiency is bound to be of the greatest value
to the student when he enters commercial work.

It is obvious that placing a time limitation on the student places
on the instructor the duty of carefully planning unknowns that can
be completed by the average student within the time limit. This
means that the best students should finish in about two hours and
that the poorest students will not have finished.

Our experience has shown that 1 to 2 mg of an ion in 1 ml of solu-
tion is found most readily. Large amounts cause the student much
more trouble than extremely small ones. We give 0.5 mg of any
ion and this amount is found readily by most students. In general
1 ml should not contain more than 3 to 4 mg of any ion. For this
reason analysis of alloys, many of which contain 75 to 90 per cent
of a single element, should no# be undertaken until near the end
of the course.

In the Purdue laboratory students are required to estimate
and report relative amounts of the ions found in 1 ml of a liquid
“unknown” or in 20 mg of a salt mixture or alloy. Less than 0.5
mg is reported as ‘““trace,” 0.5 to 1.0 mg as “small,”’ 1 to 3 mg as
“medium,” more than 3 mg as “large.” The laboratory test
solutions, which contain in 1 ml 10 mg of the ion (for example, Cutt,
HPO,~) are always available for comparison. When two precipi-
tates are gathered in compact form at the tips of centrifuge tubes of
nearly equal diameter, a comparison of relative amounts can be
made with rather surprising exactness.

Typical specimen group unknowns that can be analyzed in 3
hours are the following (number after each element is mg in 1 ml):

1. Bi 3,Hg?2,Sb1
2. As1,8b 1,Sn1, Hgl
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Al 2/ Zn 1, Co 0.5, HPO,~ 3,! Ca 1!

Cr 2, Ni 2, Mn 2, Ba 1,! HAsO,~ 3!

Cal,Sr 2 (Two unknowns in 3 hours)
Ca3,Sr 1,Ba2 «

Sr 1,Ca 3, Mg 1 “

NS oW

It should be realized that the methods preseribed permit detec-
tion of impurities even in ‘“reagent grade” chemicals.  When
several students report as found an ion which was not given, it had
best be assumed that they arc right until they have been proved
to be wrong.

Some of the few organic reagents employed are little stable in
solution and have to be tested frequently for effectiveness.  Careful
attention should be given to the statements in “Preparation of
Reagents,” page 433.

In analysis on a semimicro seale accurate manipulation as out-
lined in Chapter 12 is of first importance. For this reason during
the first few laboratory periods students should be closely super-
vised and correct technique insisted upon.

The Anion Elimination Sheets are an important part of the
analysis for anions. One is required for each analysis.  This sheet
forms part of the notebook record. Mimeographed blank forms
are convenient. :

! Not required to be reported. Present ‘for practice on its behavior in
Group III.



CHAPTER 12

SEMIMICRO TECHNIQUE

Cleanliness. Until the beginner has had considerable experi-
ence, he is unable to realize what minute amounts of ions are detect-
able by many of the reagents uscd in analysis. Glass that to the eye
appears sufficiently clean actually may have ions clinging to it in
amounts capable of giving unmistakable reaction. The inexperi-
enced analyst is more likely to find ions which were not given him
than to fail to find those which were. This error arises from using
chemically unclean glassware and also from inadvertently con-
taminating reagents. The first requisite for accurate analysis ts
unremitling attention to cleanliness.

With this in mind, a good analyst will prepare for his laboratory
work by spreading a clean towel or paper on his desk top. The
equipment to be used in the day’s work is then thoroughly washed
with tap water, using brush and cleaning powder if necessary, and
finally rinsed with two or three successive portions of distilled water
immediately before using.

The reagent bottles in the student’s kit often become covered
with a thin film of ammonium salt that has deposited on them
from the air of the laboratory. These should always be washed
with tap water and then rinsed with distilled water before starting
the day’s experimental work.

Contamination of reagents. A reagent dropper should never
touch any surface except the reagent. Hold the tip above the
mouth of the vessel to which the reagent is being added. If the tip
is inadvertently touched to the wall of the vessel it should be washed
off thoroughly with distilled water. Failure to do this is likely to
ruin the reagent for subsequent use.

The stopper of a reagent bottle should never be laid on a desk
top. Always hold the stopper in the hand while transferring
reagent.

When removing a glass stopper, the hand should be placed palm
up over it and the stopper grasped between the third and fourth

fingers. Hold it thus while removing the reagent.
182
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Solids are always transferred by pouring or shaking no more than
the needed amount from the container on to a piece of paper or a
watch glass. NasO; may inflame the paper. Do not introduce a
glass rod or spatula into any roagent container lest all the reagent
be contaminated.

If a reagent is accidentally contaminated, it should be taken at
once to an instructor. This will be appreciated rather than
penalized. ' "

Before leaving the laboratory the student is expected to see that
his desk top and the sink which he has used are clean. Note that a
sponge is part of the apparatus kit.

ANALYTICAL OPERATIONS

Precipitation. This js usually carried out in a centrifuge tube
or a test tube. The precipitating reagent (precipitant) is always
added dropwise, with vigorous stirring with a glass rod after each
addition, until one drop produces no additional precipitate. Avoid
a large excess of reagent which is often responsible for subsequent
analytical difficulties.

When precipitation appears to be complete, the mixture is
centrifuged and another drop of reagent is added to the clear super-
natant liquid (hercafter called centrifugate) to test for complete
precipitation. If an additional precipitate forms, the mixture is
thoroughly stirred and centrifuged. Repeat the test for complete
precipitation until no additional precipitate forms upon addition
of ome drop of reagent.

Precipitation by H,S. Methods of generating and using H,S
probably vary considerably in different laboratories. In large
laboratories central generators are usual from which the gas is piped
to outlets in the laboratory hoods. In small laboratories individual
generators are often used.

Whether precipitations are made in closed or in open containers
should depend on the volume of liquid to be saturated and on
whether the laboratory isequipped with forced ventilation. Investi-
gations have shown that for small animals the lethal concentration
of H.S differs little from that of HCN.! Where ventilation is
inadequate, precipitation should invariably be made in closed
vessels. -

1W. P. Yant, J. Chem. Ed., 4, 613 (1927).
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In this method the delivery tube, which need not have a small
orifice, passes through a rubber stopper to within an inch or so of
the liquid surface. After the air above the liquid has been partially
displaced by admission of H,S, the vessel is tightly stoppered and
then vigorously shaken. Since the partial pressure of the H,S
in the air over the liquid is considerably increased, the liquid
absorbs gas more rapidly and becomes saturated with it in less time.
Moreover a minimuin quantity of poisonous gas escapes into the air.

If no more than 1 or 2 ml of liquid is to be saturated with the
gas, it is usually quicker to bubble the gas through the liquid, using
as delivery tube a long capillary pipet such as is used for removing
liquids from precipitates. A fine capillary is nccessary in this
method, since large bubbles would very probably throw part of the
liquid out of the tube. Beeause the amounts to be precipitated are
quite small, precipitation is quickly completed and comparatively
little HoS escapes into the air.

In the Purdue laboratory precipitations arc usually made in
centrifuge tubes.  No more than 2 ml of liquid should ever be
treated in the small tubes. When these arc used the gas may be
passed through the solution, capillary pipets being used as delivery
tubes.

If more than 2 ml of liquid has to be treated, the precipitation
should be made in a 15 ml centrifuge tube.  This size tube admits a
number 0 one-hole rubber stopper. Delivery tubes 4 inches long
are inserted into these stoppers so that they will project into the tube
about half its length. The stopper is inserted loosely until air has
been displaced from the connection and partially from the cen-
trifuge tube. As soon as precipitation of sulfide at the surface
of the liquid is observed the stopper can be inserted firmly. The
liquid in the oontmfuge tube is then rotated or swirled (not shaken
up and down) until precipitation seems to be complete. The
liquid should never touch the rubber stopper nor the delivery tube.
When precipitation seems to be complete, the stopper should be
loosened for an instant while gas is still passing, to let air escape.
Then insert it again and make sure that no more precipitate is
forming.

Centrifugation. The separation of the precipitate and centrif-
ugate is performed by placing the centrifuge tube in the holder
on the rotating arm of the centrifuge. The tube must be counter-
balanced by placing a tube of equal size containing approximately
the same amount of liquid in the holder opposite to the reaction
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tube. The lid is then closed and the centrifuge started. Tor most
precipitates one minute is sufficient time for centrifuging. Unless
individual centrifuges are available, it is advisable to remain at tho
centrifuge during the operation lest one’s tubes be interchanged with
those of another.

The centrifugate is removed by means of a capillary pipet.  In
doing this, great care not to disturb the pI‘(‘(‘lplt‘Lt(‘ is neeessary.  To
remove the last of the centrifu-
gate, tilt the tube to an angle of
about 45°. Compress the bulb
of the pipet to remove air and
carefully insert pipet until the
tip is just over the precipitate.
Slowly release the bulb, allow-
ing the liquid to be for-cd up
into the tube. When the bulb
is completely expanded or when
all liquid has been removed
from precipitate, carcfully
withdraw the pipet contain-
ing the centrifugate. With a
little practice the student will
find this operation not difficult.

Washing precipitates. Pre-
cipitates are usually washed
with water containing a small
portion of the precipitant (com-
mon-ion effect). In most pro-
cedures the composition of the
washing liquid is specified. F1a. 2. CENTRIFUGE,

The washing is accomplished by adding a few drops of the wash-
ing liquid to the precipitate in the centrifuge tube and thoroughly
stirring up the precipitate with it. The mixture is centrifuged and
the centrifugate removed by the capillary pipet. The first washing
is usually added to the original centrifugate. The washing is
repeated as many times (usually specified in the directions) as neces-
sary to prepare the precipitate for subsequent operations.

The statement, ‘‘to prepare the precipitate for subsequent
operations,” is of great importance. There is ample evidence that
the physical structure (and, hence, the solubility) of freshly pre-
cipitated compounds is radically different from that of the same
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compounds after they have been washed. We take advantage of
this fact in the washing of the Group II sulfides. Considerable
evidence has accumulated that freshly precipitated ‘“sulfides” are
really hydrosulfides, M’/ (HS);, where M”' is a bivalent cation. In
this form the Group II-A “gsulfides,” notably copper and bismuth,
have a tendency to dissolve in NaHS and NaOH (Group II-B

F16.3. Use or Capmirary Pieer 1o ReMove CENTRIFUGATE.

reagent). To prevent this, we wash the Group II precipitates with

1N HCI which favors the reaction
M"(HS), = M"'S + HSS.

Extraction of precipitates. When a precipitate may consist of
two or more compounds it is frequently necéssary to dissolve one or
more of the compounds, leaving the remainder unchanged. This is
accomplished by using a selective solvent, one that will dissolve
some compounds and not others, for example,

CuS + AssS; + HS- + OH- = CuS + 2AsS;~ + H,0.

To avoid later confusion it is essential that the separation be
complete.

To extract a precipitate, add two or three drops of the reagent
and stir thoroughly for the full time specified for each case, warming
if so directed. Centrifuge and withdraw the centrifugate with a
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capillary pipet. The extraction must be repeated with a fresh
portion of reagent until a chemical test shows the last extract to be
free from the extracted substance.

Transference of precipitates from centrifuge tube to another
container. It is often necessary to transfer a part or the whole of a
precipitate. This is best accomplished by adding to the precipitate
in the centrifuge tube a small amount of the reagent next to be used.
Then, using a dropper pipet, stir the precipitate thoroughly and
withdraw precipitate and solution. Centrifuge tube and dropper
pipet are then to be rinsed with two or three more drops of reagent
and the process repeated until all the precipitate is removed.

Dissolution of solids. Study ‘‘Solubility Product Principle,”
Part I, Chapter 8 (note particularly pages 111-114).

In this operation the following facts should always be kept in
mind: (1) The rate of dissolution may be slow even at 100°. Large
particles dissolve more slowly than small ones. Dissolution is a
surface reaction which soon reaches equilibrium in the film of liquid
adjacent to each solid particle. Unless this equilibrium is fre-
quently destroyed by vigorous stirring, dissolution may proceed
very slowly. (2) Do not change solvents as long as rcaction is
perceptible. After reaction has stopped, remove the solution and
try more of the same solvent before changing to another. (3) Even
‘““soluble” salts have limited solubilitics. A gram of NaCl will not
dissolve in 1 ml of water. (4) A water-soluble salt may be insoluble
in an acid. NaCl is but slightly soluble in 12N HCl. (5) With a
solvent acid a water-soluble salt may form a compound insoluble in
most solvents, for example,

AgNOs + H* + CI- = AgCl,
BaCl; + H* + SO~ = BaSO,.

Heating. For all work to be carried out at a temperature above
90°C. a crucible must be used. When temperatures no higher than
90° are to be reached, the reaction vessel may be a test tube or
centrifuge tube.

When instructions call for reaction tube and contents to be
heated, this operation can be carried out in either of two ways. . The
safer way is to immerse the tube in a beaker of boiling water. A
more rapid but more dangerous procedure is to pass the tube back
and forth through the flame of the micro-burner. In no case
should a tube be held stationary in the flame as this results in super-
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heating, and the rapid formation and expansion of stcam may blow
vut the entire contents of the tube.

All evaporations (for example, reducing the volume of a solution
‘rom 2 ml to 1 ml) should be carried out in a crucible. It is safer,
and usually preferable, to place the crucible on a water bath (100 ml
beaker with the water bath cover). More rapid evaporation is
obtained by waving the micro flame back and forth bencath the
crucible, which is placed on a wire gauze or triangle. A stationary
flame must never be allowed to impinge
directly on the crucible, as loss by
spattering will almost certainly result.

Control and comparison tests.
These tests are of great importance in
the analysis of unknowns.

Conlrol test for possible contamina-
tion. Many of the tests used in
semimicro analysis are effective at con-
centrations as low as 1 part per million.
With reagents so sensitive contamina-
tion is always to be feared and all
reagents and test papers used must be
checked before the test can be consid-
ered reliable.  This procedure is called
‘“running a blank.”

: The “blank” test is made by dup-

Fie. 4. Semimicro Warer licating the exact procedure of the test
Barh. using all reagents but substituting

usually for the test solution the same volume of distilled water.

Comparison test for estimation of - amounts. Frequently it is
desirable to know roughly the weight of an ion in a precipitate.
This is best done by taking two drops (1 mg) of the test solution
of the ion in question and precipitating it as the compound with
which it is to be compared. The volume of the unknown precipi-
tate can then be estimated by comparing it to the volume of the
centrifuged precipitate containing one mg of the ion.

Identification of gases. In the systematic analysis it is con-
venient at times to convert certain ions into volatile compounds and
to drive these out of solution and into contact with test papers or
test drops.

Experience has shown that students are careless about the tech-
nique of this type of test. Gases may be formed from certain ions
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by the action of bases or acids, for example,

NH+ 4+ OH- — NH;
CN- + H+*— HCN
HCO;~ + H* — CO,

It is of first importance to prove by test that the solution is actually
acidic or basic as required. Otherwise no gas-forming ion will be
found even if it is present.

Many gases (for example, NH;, SO,, HCN) arc largely soluble
in water and not easily removed from it. To remove such gascs,
such means as prolonged heating and vigorous stirring must be
resorted to. An excellent means
is to generate a considerable
amount of another gas which will
not affect the test paper.

Closed vessel tests. 'These tests
are carried out in a 25 ml Erlen-
meyer flask the stopper of which
carries on its lower end a “‘wedge-
point” pin. In the loop of the
pin is placed a small strip of test
paper. The stoppered flask con-
taining the reaction mixture and f
test paper is placed on a steam
plate or water bath for 5 minutes.

Distillation tests. Occasionally it is necessary to drive a volatile
liquid out of a reaction mixture and condense it for testing.  Detailed
directions for carrying out such tests will be found in “Test for
acetate,” page 407.

Flame tests. These tests are extremely important in the con-
firmatory tests for Batt, Ca*t+, Srt+, Nat and K* and should be
carefully studied.

The chlorides are the most volatile salts and color flames most
brightly. The other salts of these ions arc less volatile and do not
color the flame so distinetly. |

The test is made by moistening the solid salt or precipitate with
a drop of 12N HCl. A clean platinum wire is dipped into the
mixture and then held in the edge, near the base, of a nonluminous
flame. Note carcfully and record all of the characteristics of the
flame. This includes color (initial and final) and duration of flame.

U

(1

L
j®

WEDGE - POINT PIN
TEST PAPER

25 ML ERLENMEYER
FLASK

I'ta. 5. (Gias KvoLrurioN FrLask.
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The wire is best cleaned by taking a little cleaning powder
(NasPOs + NH,CI) between finger and thumb and drawing the
wire back and forth through it. (Not too vigorously! Fingers
have been cut.) Wash the wire with water, rubbing between finger
and thumb. Then dip the wire in 12 N HCI contained in a small
test tube and place in a hot flame. Repeat the alternate dipping
in HCI and heating until the wire no longer colors the flame. It is
then ready for flame tests.

THE NOTEBOOK

In all scientific work nothing is of greater importance than a
complete and accurate record of experiments. It is a common
complaint of employers of college graduates that they do not know
how to keep a satisfactory notebool®. Probably no course in a col-
lege curriculum affords a better opportunity to learn the essentials
of good record keeping than qualitative analysis. Of all vicious
habits of notebook making, the worst is failure to record the results
of each separate experiment immediately after performing it. No
onc can perform even a half dozen brief experiments and then
record accurately all the details of each.

The fundamental requirements of a satisfactory notebook are:

1. Name and date on each page. A surprising number of suits at
law for infringement of patent rights have hinged upon the date
on which an experiment was performed.

2. Exact statement of how the experiment was performed, which

. should be made so that any person skilled in the art can
duplicate the results without requiring further rescarch.”’?

3. A full and complete statement of what was seen.

4. Conclusions drawn from the experiment.

A student who is preparing himself for scientific work will do
well, when writing his records, to imagine himself on the witness
stand of a court five years hence undergoing cross examination the
main purpose of which is to get him to admit that he does not
remember the details of the experiment.  Of course, he is allowed to
have his original notes at hand for consultation, but woe betide him
if his notes have omitted any important detail of the experiment.

Deductions from observations. In analysis it is of the utmost
importance that every phenomenon connected with the presence or
absence of certain ions be closely observed and an inference at once

3 Buckeye Incubator Co. v. Wolf, 201 Fed. Rep. 261-262.

[13
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entered in the record. In the making of entries the force of the words
suggests, indicates, and proves should be accurately distinguished
and the correct word used. The possible cause of a phenomenon
should be recorded as ‘‘suggested.” Subsequent tests may prove
the “suggestion’’ to have been wrong and indicate a more probable
cause. The purpose of confirmatory tests is to turn “‘indications”
into ‘“proofs.”

Consider the following examples:

1. A student is given a blue solution as an unknown. The color
“suggests” to him copper. On analysis he is unable to detect any
copper. But the blue color might have been due to Ni(NH;)++
or to a mixture of green and yellow ions. The “suggestion” {urns
out to have been quite wrong. The blue color was important and
later must be accounted for in one way or another.

2. An unknown consisting of a not too intimate mixture of
litharge (PbO, yellow), minium (Pb;04 red), and lead dioxide
(PbO,, brown) “suggests’ by the three colors readily observable
the presence of three different compounds. Analysis shows present
only Pb*t+ and no anions. The student, by making correct use of
the ‘“‘suggestion,” will after a little reading become confident that
three oxides of lead are to be reported as found.

3. A small white precipitate in Group I which dissolves when
more acid is added may have “‘suggested’”’ first silver and later
bismuth. However it may be due to antimony. Its dissolution in
more HCI strongly ““indicates” but does not “prove’ bismuth or
antimony, or both.

It is of the utmost importance after completing an analysis to
review the notebook rccord and be certain that all the observed
facts are accounted for. Many important discoveries have resulted
from noticing that certain observations were not explainable.

THE NOTEBOOK IN QUALITATIVE ANALYSIS

In the analytical laboratory a proper combination of essential
completeness and brevity must be sought. An undue proportion
of time must not be given to recording experiments. Much time is
saved by regular use of the abbreviations listed in Table 8, page 195.
"The laboratory work consists of three distinct parts.

(1) Characteristic reactions of ions.

(2) Analysis of known solutions.

(3) Analysis of unknown mixtures.
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The essentials of a good notebook, completeness and brevity, are the
same in cach of these parts of the work. Desirable forms of records
for each of these divisions are suggested and discussed below.

Characteristic Reactions

The purpose of this form of notebook is to prepare for later study
brief but sufficiently complete statements of the principal reactions
of the various ions studied. As a rule these are best stated in the
form of balanced ionic equations. Ions present in the solution but
taking no part in the reaction should not be recorded, since they
only distract attention from the essentials. In this preliminary
work the student is familiarizing himself with the valences of the
ions, the colors of colored compounds and ions, the solubilities of
compounds, and the physical form characteristic of each: in short
all those properties which furnish means of identifying the ions.

Use of signs. Discriminating use should be made of the signs
—, =, and €. Kach of these signs has its own meaning, and
they should not be carelessly interchanged. Their meanings are
as follows:

The sign — (read, “tends to form’) indicates no more than that
the reaction in question tends to take place in the direction indicated
by the arrow, for example,

Agt + Vet — Ag + Tets,

This expression should be read, “ferrous ion tends to reduce silver ion
to the metal.” It indicates nothing as to the amount of reaction
which may take place. In notcbook writing this sign should be
rather infrequently used. ’

The sign = (read, ‘““forms quantitatively”) means that the
reaction is sufficiently complete to be used for quantitative analyses.
It is to be understood that no reaction is absolutely complete but
many reactions proceed so nearly to completion that, practically,
they may be considered quantitative. Such equations as

Batt 4+ SO~ = E,_S_O}, and
Agt + Cl- = AgCl

are permissible because BaSO, and AgCl are so extremely insoluble
in water that for all practical purposes the removal of one of the two
ions in each of the equations may be considered to be complete.
The sign = (read, ‘“forms an equilibrium with’’) indicates that
the reaction is reversible. The products of the reaction are able to
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react with each other to reform the original reactants. Such reac-
tions can be made quantitative only by exact control of conditions.
For example, the reaction

AlO* + NH; + H,0 = AIOOH + NH,* (1)

is commonly used for the quantitative determination of Al. The
determination, however, is satisfactorily accurate only when an
indicator which changes color at pH 6.4 is present, since at this Cy+
aluminum hydroxide (aluminic acid) possesses its minimum solu-
bility. If alarge excess of NH;is added, precipitation isincomplete.
To write

(pH
AlO+ + NH; + H,0

6.4)
AIOOH + NH,* 2)

I

is to imply that at the end of the reaction the pH of the solution was
known to be very close to 6.4.

Expression (1) implies nothing as to the excess of NHy added
and, in conscquence, the amount of AlIO* remaining unprecipitated
or the amount of AI(OH),~ formed by an excess of the reagent, since

HAIO; + NH; + 2H,0 .= NH + A(OH),~-  (3)

The lengths of the arrows indicate on which side the equjlibrium
point lies. In (3) this is on the left.  Only a very high Cyu, will
form much AI(OH),.

Essential facts to be recorded are:

1. The reagents which give reactions useful for identifying the
ion studied.

2. Solubilities of slightly soluble compounds of this ion and
their physical appearance.

3. Colors and color shades of colored compounds.

4. Formulas and valences of ions, both simple and complex,
formed under various conditions.

Balanced ionic equations for each reaction will usually record all
the information nccessary for later study, provided that carc is
exercised to comply with all the following requirements.

1. The electrical charges of ions are an essential part of their
formulas, (for example, Ca*tt+, SO~).

2. All solids, whether reactants in or products of a reaction,
should be underlined (for example, Fe;03).

3. All gaseous products should be overlined (for example, COy3).

4. The signs —, =, and = are not interchangeable. Each
should be used exactly and with understanding of its meaning.
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5. Weak acids, for example, HBO., AcOH, and the three little-
ionized salts, HgCl,, Hg(CN). and (AcO).Pb, should be written as
molecules and not as ions.

Physical appearance. Solids are either crystalline or amorphous.
The following terms are frequently used to describe the appearance
of a precipitate not clearly crystalline. A typical example or two of
each term is given.

1. Powdery. BaS0, or CaC,0,.

2. Granular. SnQ; (from hot conc. HNOj).

3. Flocculent, separating in small flocks. Cu(HS),.

4. Gelatinous, jelly like. AIOOH.

5. Curdy, descriptive of precipitates usually flocculent when
first precipitated but gathering into large clots or curds when
vigorously shaken.

Many powdery precipitates and some granular ones appear more
or less crystalline. Ilocculent, gelatinous, and curdy precipitates
always appear amorphous.

Crystalline precipitates frequently reflect light from the faces of
even minute crystals. Usually the form of erystals is not recog-
nizable because they are too small.  Occasionally precipitation has
been slow enough for larger erystals to form. Typical forms are the
needles, in which PbCl; deposits when its hot saturated solution cools
slowly, and the lustrous scales or plates of Pbl, formed under the
same conditions. Some amorphous precipitates quickly become
crystalline when left to stand in contact with the warm solution
from which they were precipitated. An excellent example is the
carbonates of Cat+t, Srt+, and Bat+. '

Recommended Notebook Form

John Smith
Sept. 18, 19—

Reactions oF Group III CArioNs

Characteristic Reactions of Aluminum ton

EXPERIMENT
No.
(1) Action of ammonia solution.
Al*3 4+ NH; 4+ H;0 < AIOOH + NH*

white
tinous)
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(2) Action of strong bases.
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AlOOH + OH- + H.0 < Al(OH),~
(3) Action of ammonium salts on aluminate ton.
Al(OH),~ + NH,* (heated) =2 AIOOH + NH,; + 2H,0

(large
concen.)

Characteristic Reactions of Ferrous Ion

(1) Action of ammonia solution.
Fe++ + 2NH3 + 2H20 = FG(OH)z + 2NH4+

(The precipitate is first white or pale green, then darker
reen, then black, and finally red brown due to oxidation

¥y atmospheric oxygen.)

(2) Action of air on ferrous hydrozxide.
(2a) Fe(OH); + OH~ =2 FeOOH + H;0 + ¢~

(2b) O; 4 2H,0 + 4e— = 40H-

- (oxidation of reductant)
(reduction of oxidant)

(2¢) TFe(OH); + O; & 4Fe00H + 2H;0

(balanced total equation)

TABLE 8
ABBREVIATIONS
To secure brevity and to save time in writing notebooks or lecture
notes, the following abbreviations should be used. They are official for

Chemical Abstracts.

abs., absolute

addn., addition

alk., alkaline (not alkali)

amor., amorphous

anhyd., anhydrous

amt., amount

app., apparatus

approx., approximate, -ly

aq., aqueous, hydrated [aq. soln.;
CuS0,(aq.)]

aq. reg., aqua regia

at., atomic

atm., atmosphere(s), -ic

cale., caled., calen., calculate, -ed,
-tion

ce., cubic centimeter(s) (also cm?)

compd., compound

compn., composition

conc., concentrated (adj.)

concn., concentration

const., constant.

N

cryst., crystalline

erystd., crystallized

crystn., crystallization

deliq., deliquescent

dil., dild., diln., dilute, -ed, -tion

e-, electron(s)

efll., efflorescent

equil., equilibrium

equiv., equivalent(s)

evap., evapd., evapn., evaporate,
-ed, -tion

expt., experiment

—, tends to form

=, forms quantitatively

2, forms incompletely or reversibly

floc., flocculent

v (gamma), 0.001 mg

gelat., gelatinous

g, gram(s)

insol., insoluble

1, liter(s)
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lab., laboratory

m.eq., milliequivalent(s)

mg, milligram(s)

ml, milliliter(s)

m.mol, millimol(s)

mixt., mixture

M, molal (of concns.)

mM, millimolal

mol, mole, molal, molecule

mol. wt., molecular weight

mv., millivolt(s)

N, normal (of concens.)

mN, millinormal, milliequivalent

no., number

p., pressure

ppt., pptd., pptg., pptn., precipi-
tate, -ed, -ing, -ion

SEMIMICRO TECHNIQUE
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prep., prepd., prepg., prepn., pre-
pare, -d, -ing, -ation

qual., qualitative (not quality)

quant., quantitative

sat, satd., satg., satn., saturate,
-d, -ing, -ion

sep., sepd., sepg., sepn., separate,
-d, -ing, -ion

sol., soln., soly., soluble, -ution,
-ubility

subl., sublimes

temp., temperature

v., volt(s)

vac., vacuum

vol., volume

wt., weight

Known Solutions

t
Here the essential requirement is that the notebook give a clear

picture of :

1. The reagents used to separate groups of ions from one another
or the ions of a single group from each other.

2. The solid compounds or the ions formed by each reagent,.

3. The reagent which is used for the final identification of each
ion and the formula of the compound formed by it, unless the
reagent is an organic compound, in which case formulas need not be

written.

Since it is known from the first what ions are present, the com-
pounds formed at each step should have been already learned.

In this kind of record no attempt is made to write equations nor
to mention any compounds other than those containing the ions

composing the group or groups.

Essentially, such a record is a flowsheet of the movements of ions

throughout an analysis.

Recommended Notebook Form

The following brief but adequate form for recording known
solutions was first proposed by William A. Noyes.
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John Smith
Oct. 8, 19—

K~NowN SovutioN—Group II-A
Known was a blue solution, acid to litmus

Precipi-
tate or Conclu-
Substance | Reagent | Result Residue | Solution sion
Pb++(1 mg) | Made 0.3 | Brown- Pb(HS) Tested for | Group 1I
Cut*(1 mg) | N in H*| black Cu(HS), complete | present.
Bi**+(1 mg) using ppt. Bl(HS)w pptn. and|
Cd*+ (1 mg)] M.M.O. od Hb“ discard-
Hg**+ (2mg)| and 3N _(__)J ed.
HCIL Hg(HS),
Satu- 6 mg
rated
with H,S.
Pb(HS). Washed | Converted| PbS Discarded.
Cu(HS), three hydro- | (S
Bi(HS), times sulfides BisS,
Cd(Hs with 6 to sul- cds
~_(_,‘)_ drops fides. i
Hg(HS), 03N HgS
| HCL e
PbS NaHSand PbS HgS,~ Group II-
CuS NaOH Cul (Bi?) A pres-
BiLS, heat. 1_?_@3 ent.
Cds CdSs
HgS (Hgs) 7
" HgS.~ 3N HCI. | Black LHgS | Discarded.| Indicates
ppt. (1-2 mg) Hg
Tested fomr complete extﬁzctxon Tﬁé ;gt;xixaﬂé;tr‘;é{a&hﬁfied gave a
little black ppt. The third gave only a little white S.

o' (HgS)?” indicates that all the mercury may not have oeen extracted in one operution.

Unknown Solutions or Mirtures

For recording analyses of ‘“unknowns,” a form of record is
recommended which in general resembles that for a4 known solution
but differs from it in many respects. In this record observations
and conclusions (suggestions, indications, proofs) are the important
matters. Greatest care should be taken that the columns ‘ Result”
and “Conclusion” be complete and accurate.
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Recommended Notebook Form

John Smith

Oct. 18, 19—
UnkNowN No. 4. Ions or Group II
Ppt. or
Residue
and Conclu-
Substance | Reagent Result Amount | Solution sion
Unknown Indicates
was a color- no large
less solu- amount
tion, acid Cu pres-
to litmus. : ent.
1 ml unkn., | Made 0.3 | Yellow Ppt. 1, Soln. 1 | Group II
soln. N H+ ppt. about Tested for | present;
using formed 3 mg. complete | suggests
M.M.O. | first pptn. As.
Satu- which and
rated gradually dis-
with H,S.| changed carded.
to green-
ish black.
Ppt. 1 Washed | No Residue 2.
3 times change.
with
03N
HCL
Residue 2 | NaHSand | All dis- Soln. 2 | IT-A ab-
NaOH solves. sent. II-
heat. B pres-
ent.
Black
color of
ppt. 1
now in-
dicates
Hg.
Solution 2 |3N HCl | Yellow Ppt. 3 Tested for | Hg
‘ and complete | present.
black pptn.
ppt. and dis-
carded.
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Since the ions present are entirely unknown, no formulas of
precipitates or ions in solutions can be written until the final
identification of the various ions. All precipitates and solutions
can be identified only by numbers and these should be consecutive
throughout the analysis. Precipitates should be numbered con-
secutively 1, 2, 3, and so on, and solutions likewise consecutively
1, 2, 3. Note that the centrifugate from a precipitate will not
necessarily have the same number as the precipitate (for example,
in consequence of operations without result, the centrifugate from
precipitate 7 might be solution 10).

The terms precipitate and residue should not be interchanged.
A “precipitate’ is a solid formed by the reaction of a reagent on a
solution. A “residue’” is the solid remaining after part of~a
‘‘precipitate” has been removed by an extracting agent.

REPORTS OF ANALYSIS

A form for reporting unknowns which is convenicent both for the
student and for the instructor’s records is shown in Figure 6. The

QUALITATIVE ANALYSIS REPORT i QUALITATIVE ANALYSIS REPORT
Name___ JobnSmith ¢ Name  _ JohnSmith
Unknown No._1 Date 9/20/.. Unknown No._ 1 Date 9/20/ .
Grade ' v Grade
. Quant. Quant. . Quant. Quant.
Anions Found Present Anions Found Present
Cations Cations
Na+ m i Nat m
NH,+ tr NH,+ tr

F16. 6. ForM FOR QUALITATIVE ANALYSIS REPORT.

form is filled out by the student in duplicate, excepting the columns
“Quantity Present,” and handed in intact. After all the reports
on a given unknown are in, they are graded and the student’s half
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of the duplicate returned to him. The instructor enters in the
column “Quantity Present”’ the ions given out and the quantity of
each in the volume or weight taken for analysis.

It is assumed that 2 ml of an unknown solution are used during
an analysis and that 40 mg of a soléd unknown (weighed out care-
fully) are used during the analysis of anions and another portion
of the same weight used during the analysis of cations.

In the column “Quantity Found” is reported the amount of
each ion found, or calculated, to be in 1 ml of solution or in 20 mg of
solid material. This is reported as (J)arge, (m)edium, (s)mall, or
(tr)ace. These terms represent the following amounts:

1, more than 3 mg of the ion in 1 ml of a solution or 20 mg of a
solid.

m, more than 1 mg but less than 3 mg of the ion in 1 ml of a solu-
tion or 20 mg of a solid.

s, 0.5 to 1 mg of the ion in 1 ml of a solution or 20 mg of a solid.

tr, less than 0.5 mg of the ion in 1 ml of a solution or 20 mg
of a solid.

Ions not found present should not be mentioned in the report.

Great care should be used to make sure that the report agrees
ezactly with the notebook record.



CHAPTER 13

PROPERTIES AND REACTIONS OF THE CATIONS
THE ALKALI-METAL IONS

No group reagent. Most salts of these cations are soluble in
water and colorless unless the anion is colored. The ions are
readily, and in fact best, detected by tests on solid salts at the
beginning of the systematic analysis. In the systematic analysis
for cations they remain in solution after all other cations have been
removed. On this basis they would constitute Group V, frequently
called the “soluble group.” Since we shall detect them at the
beginning of analyses and since they have no group reagent, it seems
unnecessary to assign them a group number. They will be referred
to hereafter as the Alkali-Metal Ions.

These ions form a very few salts which are not largely soluble in
water. The following list includes the most important, together
with their solubilities. ‘

' SOLUBILITY IN

MG PER ML

KCIOg. ..o oo 16'8 (20°) practically insoluble in
absolute alcohol con-
taining 0.29% HCIO,.

KoPtClo. ..o 7.4 (25°) practically insoluble in
809, aleohol.

K:NaCo(NO2)eH.O................ 0.7 (25°)

KHCHOs. ..o 4.3 (10°)

NHCIOq. ... 230.0 (20°)

(NH)PtCle....................... 5.0 (20°)

(NH,):NaCo(NOQ2)eH,0.. ..... ... 1.0(25°

NaSb(OH)e'....................... 3.3 (100°)

NaZn(UQ0;)3(AcO)g6H0........... Practically insol. in

. water or dilute AcOH.
Sodium

Occurrence. Sodium is one of the most widely distributed of
the elements. In order of abundance it is ranked in sixth place
1 According to L. Pauling this is the only sodium antimonate. Na8bOj-

8H:0 and Na,H:8b;07-H:0 both show identical X-ray patterns corresponding
to NaSb(OH)s.

201
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following calcium. It is believed to constitute about 2.59% of the
earth’s lithosphere and about the same fraction of sea water. Itis
a constituent of many silicates. Where deposits of sea water have
evaporated, enormous deposits of NaCl remain. In desert regions
deposits of soluble salts may occur, such as Chile saltpeter, NaNOys;
borax, Na;B,0710H;0; and trona, Na,COsNaHCO;-2H,0.

Dissolution of the metal. Sodium decomposes water vigorously
with liberation of H, and formation of a strongly basic solution.
The heat liberated is insufficient to inflame the H, (difference
from K). '

Reactions of Sodium Ion

1. Zinc uranyl acetate reagent? (I. M. Kolthoff, 1927) precipi-
tates NaZn(UO,)s(AcO)y-6H,0, small pale yellow crystals, less
soluble in 50 % ethyl alcohol than in water. The test is less sensitive
in the presence of most of the cations if they are present in con-
centrations greater than 5 mg per ml.

2. Flame color. All sodium salts when brought into the Bunsen
flame impart to it a brilliant yellow color. The brilliance and dura-
tion of this color are roughly proportional to the amount of sodium
present. Practically all matter contains at least a trace of sodium
salt. Reagents standing in glass bottles soon dissolve Na*+ out of
the glass in amounts sufficient to give.the yellow flame. Very
minute amounts give a bright momentary flash of yellow. With
larger amounts, flame persists much longer. The sodium flame
completely hides the violet flame of potassium salt. Two thicknesses
of blue glass completely absorb the sodium flame and permit the
potassium flame color to be seen.

Potassium

Occurrence. Potassium is only slightly less abundant than
sodium in the earth’s lithosphere. It forms less than 0.19, of sea
water because it is largely taken up by plant life as soon as it becomes
soluble. It is a constituent of many silicates, especially certain
feldspars and micas. Deposits from sea water contain sylvite,
KCI; carnallite, Mg(H,0)¢Cl,KCl; kainite, KoMg(SO,)2-3H;0, and
other salts. :

Dissolution of the metal. Potassium decomposes water more
violently than does sodium. The heat of reaction raises the Hy'

* A mixture of (AcO)sZn, (AcO)sUOs, and A¢OH. The formula of the

sodium salt suggests the existence in this mixture of an acid with complex
anions corresponding to the Na salt. However, this has not yet been proved.
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evolved to its combustion point and it burns with the pale lilac
flame characteristic of potassium.

Reactions of Potassium Ion

1, Sodium hexanitrocobaltiate, Na;Co(NO,)s, if prepared
according to specific directions, precipitates K;NaCo(NO,)eH,0
(yellow) insoluble in dilute acetic acid. The precipitate is decom-
posed by mineral acids with reduction of cobalt from 3* to 2+. The
corresponding salt (NH,;):Na[Co(NO;)¢]-H:0 is only slightly more
soluble than the potassium salt. As a result this reagent may not
be used to precipitate potassium ion until ammonium salts have been
carefully removed by ignition. KCl is slowly volatilized at low red
heat. K,SO, is not decomposed even at red heat.

2. Perchloric acid, HCIlO,, precipitates K+, but not Nat or
NH,*. This compound is considerably more soluble than the com-
plex nitro salt. It is, however, practically insoluble in ethyl
aleohol.

3. Flame color. Potassium salts impart, a pale lavender color
to the Bunsen flame. The color is obseured by even small amounts
of sodium. Two thicknesses of blue glass plate absorb the color
due to sodium and cause the color due to potassium to appear more
red. Many K+ salts, particularly KC], are very rapidly volatilized
in the flame. In order to detect a small amount of K+ it is abso-
lutely necessary to be looking at the flame through the blue glass
plates at the instant the salt is introduced into the flame. Ammo-
nium salts impart to the Bunsen flame an extremely pale yellow-
lavender tint which quickly vanishes. It is completely cut out by
blue glass. The red flame colors of Sr++ and Ca** are also absorbed
by blue glass.

Ammonium

Occurrence. Salts of the ion, NH*, occur infrequently in
rainless regions and there only in small amounts. Ammonia, NHj,
results from decomposition of nitrogenous organic material. Com-
mercial ammonium salts are all prepared by the absorption of NH,4
in acids. :

Dissolution of the metal. There is considerable evidence that
an amalgam of NH, can be prepared which resembles those of Na
and K. Like the latter, ammonium amglgam decomposes water
with liberation of H;. This, not undisputed, formation of an
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amalgam is about the only reason for considering NH, a metal. If
accepted as such, it must be considered an alkali metal which more
nearly resembles K than Na in its properties.
Reactions of Ammonium Ion
1. Effect of heat. All ammonium salts are decomposed at or
below red heat.
NH,Cl — NH,Cl* —» NH,Cl
NH,NO; — N:0 + 2H,0
(NH,Cri0r — Ns + Crs0s + 4H,0
2MgNH,PO,6H.0 — Mg:P:0; + 2NH; + 13H,0

2. Strong bases—KOH, NaOH, or Ba(OH);—decompose
ammonium salts with formation of water and NH,.

NH;+ + OH- = H,0 + NH;4 (1)
NH,* is a very weak acid. The constant for the reaction
NH,* + H,0 = H;0+ 4 NH; 2

is about 5.6 X 10~ at 25°. A large concentration of OH—, such as is
furnished by any strong base, eventually will drive reaction (1) to
the right. NHjis extremely soluble in water. If the gas be driven
out of the test solution and brought into contact with a strip of
moist red litmus paper, reaction (1) will be forced to the left and
OH- will turn litmus blue. This is the most commonly used test
for NH,t.

3. Iodomercurate ion, Hgl,~, in strongly alkaline solution,
forms with NH; red-brown aquobasic ammonobasic mercuric
jodide H,N—Hg—O—Hg—I1. (See ammonobasic salts of Hg,
page 220.)

NH, + 2Hgl,~ + 30H- = H,NHgOHgI + 2H.0 + 7I~

With minute quantities of NH,* a yellow solution is formed. The
reagent is.almost too sensitive for use where traces of NH; may be
in the air (for example, when one’s neighbor may be volatilizing
NH; from a solution or solid salt mixture).

"31f NH; and HC! are formed, they recombine quantitatively as soon as
their temperature decreases.
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Sodium hexanitrocobaltiate with ammonium ion forms a
yellow salt, (NH,),NaCo(NO,)s, differing little in appearance and
color from the corresponding potassium salt. (Compare reaction 1,
potassium ion.)

THE IONS OF CATION GROUP I

[Silver, Agt; Mercurous, Hg,*+; Lead, Pb*+ (if present in large
concentration)]

Group reagent, Cl- in acid solution. This group includes the
two ions which form extremely insoluble chlorides. (For their
solubility products consult Table 5, page 109.) PDbCl,is considerably
more soluble and in semimicro analysis Pbt++ is rarely precipitated
in this group. The basic chlorides, BiOCl and SbOCI, occasionally
precipitate in Group I but are dissolved when the group precipitate
is washed with HCL. Very large Cu~ tends to form complex
anions such as [AgCls]=, [Hg,Cls]=, so that a large excess of precipi-
tant should be avoided.

Silver

Occurrence. Silver, like gold, is found as free metal in the
carth’s lithosphere. It nearly always accompanies gold. It is also
found combined with S= as argentite, ‘Ag,S, and with Cl~ as horn
silver, AgCl. It is usually present to a greater or less extent in
copper, zinc, and lead ores and is recovered from the slimes in
clectrolytic refining.

Dissolution of the metal. Silver dissolves best in 8 N HNO;
and this is the usual solvent. It dissolves in hot 36 N H,SO, with
evolution of SO, This reaction scerves to extract silver from its
alloy with Au and Pt. Silver is not strongly attacked by fused
NaOH or KOH and crucibles of this metal are often used for such
fusions.

The most insoluble salt of silver is the black sulfide, Ag,S. This
dissolves in hot 16 N HNOj; and in concentrated solutions of alkali
cyanide.

Ag,S + 4H* 4+ 2NOs~ = S + 2NO; + 2Ag* + 2H,0 -
AgsS + 6CN- = 24g(CN)s~ + 8~

The halides, except AgF, are highly insoluble. Their solubility
decreases in the order AgCl, AgBr, Agl. Insoluble also are the
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“pseudohalides,” cyanide, AgCN or Ag[Ag(CN).]; thiocyanate,
AgNCS; and azide, AgN;. The acetate, chlorate, nitrite, and sul-
fate are only sparingly soluble. Of the common salts only the
nitrate and fluoride are largely soluble in water.

Several of the silver salts are colored. This fact in connection
with their varying solubilities is of great importance in the detection
of anions. Of the colored silver salts, AgBr (slightly yellowish
white), Agl (yellow), Ag.,S (black), Ag:Fe(CN)s (orange) are
insoluble in dilute HNQs. AgsAsO; (yellow), AgsPO4 (yellow),
AgsAsOy (red brown), and Ag,CrOy4 (erimson) are insoluble in water
but soluble in dilute HNQj;. Ag,S;0; is white and insoluble in
water but decomposes very rapidly to yellow brown mixtures and
finally to Ag.S black.

Reactions of Silver Ion

1. Chloride ion, from HCI or a soluble chloride, precipitates
AgCl, white, curdy, darkening on exposure to light presumably
because of formation of colloidal Ag®.

2AgCl — 2Ag° + Cl,

AgCl is somewhat soluble in concentrated HCI and in concentrated
alkali chloride solutions because of formation of complex anions such
as [AgClg]=. It is readily soluble in ammonia solution because of
formation of Ag(NHj;),t. All silver salts, including even- the
extremely insoluble Ag,S, dissolve in sufficient Ccn~ because
of formation of very stable complex ions such as [Ag(CN)i]-,
[Ag(CN);]=, and the like. Both AgCl and AgBr dissolve in Na;S,0s
solution because of formation of complexes such as [Ag(S:0s)s]~3,
[Aga(S:03)s]™4, and the like. This reaction is made use of in
photography to dissolve unchanged AgBr off the photographic
plate or film.

2. Strong bases—NaOH or KOH—oprecipitate, from solutions
containing Agt, Ag,O (brown), insoluble in excess of OH— but
readily soluble in NH; solution.

3. Ammonia solution, if very dilute, precipitates from solutions
containing Agt, AgOH (white), rapidly turning brown because of
formation of Ag,0, which is soluble in excess of the reagent with
formation of [Ag(NHs).]*. AgOH is a very strong base. AgBr
and AgNCS are sparingly soluble in NH; Agl is practically
insoluble.



Crar. 13] CATION PROPERTIES AND REACTIONS 207

4. Hydrogen sulfide and alkali sulfides precipitate, from solu-
tions containing Ag*, Ag.S (black), insoluble in cold dilute acids, in
alkali hydroxides and alkali sulfides and in dilute CN— because of its
extremely small solubility in' water. The K,, of AgsS is reported
to be 1 X 10-3%. All compounds of complex ions of Ag™ can be
converted into Ag.S. Ag:S dissolves in hot moderately concen-
trated nitric acid with formation of S and NO.

3Ag:S + 2NO;~ + 8H* = 6Ag+ + 3S + 2NO + 4H.0
AgsS also dissolves in very concentrated CN-,

Ag:S + 6CN- = 2[Ag(CN)s]~ + S,
Cast X Clox=

CA((CN)a—

sufficiently great, C%,* X Cs~ may become actually less than

1 X 10~%! and the extremely insoluble Ag.S is forced to dissolve.
B. Metals which stand above silver in the electromotive series

will reduce Ag* to Ag®. In analysis this fact is utilized to bring the

extremely insoluble halides into solution so that Ag* and the anion

of the salt can be detected.

2AgCl + 2Zn° + 2H+ = 2Ag" + 2Zn++ + 2C1- + H,

because =8 X 103, If Ccn~ in the solution is

Practice EXEBRCISE

Balance the following equations for important reactions of Ag*
(consult Chapter 5).

1. Ag + H+ + NOy~ = Ag* + NO + H,0

AgCl + CI- = [AgCly]-

. AgCl + NH; 2 [Ag(NH,)qJ*

. AgCl + 8,05~ 2 [Ag(8:04),]

. AgCl + CN- =2 [Ag(CN),}-

AgsS + CN— 2 [Ag(CN)]~ + 8=

AgsS + H+ + NO;~ = 8 + NO + H,0 + Ag*
AgCl + He? = Ag® + He,Cla

. Ag* + Fe (Cuy, Zn) — Ag + Fet* (Cutt, Zn++)
. 2Ag0H — Ag:0

® ® NP e s oW N

[y
[=]
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Mercury

For occurrence and dissolution of metal see page 219.

Reactions of Mercurous Ion

The mercurous ion, Hg.**, is complex, [Hg % Hg]++, each Hgt
furnishing one clectron of the bond. Characteristic of the mer-
curous salts is the rcadiness with which they spontancously decom-
pose into Hg*+ and Hg®. Mercurous salts greatly resemble in
solubility those of silver. Only the nitrate and chlorate are largely
soluble in water. All mercurous salts are readily changed into
mercuric salts by oxidants.

1. Chloride ion from HCI or soluble chlorides precipitates from
Hg2(NOj3): solution Hg,Cl, (white), insoluble in water and in cold
dilute HNO;. Hg:Br, and Hg.I, are even more insoluble than the
chloride. :

2. Strong bases—NaOH or KOH—precipitate from solutions of
Hg,(NO3), black Hg,0, insoluble in excess of the reagent.

3. Ammonia solution instantly changes Hg.Cl; into a mixture
of white ammonobasic mercuric chloride, HgNH,Cl, and Hg®. The
finely divided Hg® causes the mixture to appear black. This reac-
tion is so sensitive that no further confirmation of Hg,** is necessary
than the insolubility of its chloride in dilute H* and the blackening
of the latter by NHs.

ng++ + 2CI- = ngclz

(For a discussion of ammonobasic salts, see “ Reactions of Mercuric
Ion,” page 220.)

4. Hydrogen sulfide gives with solutions containing Hg,** a
black mixture of HgS and Hg. Presumably Hg,S is formed first
but quickly decomposes.

PracTICE EXERCISE

Balance the following equations for important reactions of
Hg2++. -

1. Hg,++ — Hg® 4+ Hg**
2. Hg,++ 4+ NO;~ + H,0 — Hg,OHNO; + H+
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. Hg,Cl, + NH; — HgNH,Cl + Hg® + NH{'

. HgNH,Cl + NH,* < HgCl, + NH,

. Hg® + HCl 4+ NOy~ — [HgCly- + NO + H,0

. Hgo** + OH- — Hg,0 +

. Hg,Cl; + [SnCly}~ — Hg° + [SnCle]~

. Hgs* + NO;~ + NH; + H,0 — H.NHgOHgNO, + NH*

(Aquobasic ammonobasic
mercuric nitrate)

W =3 O o B W

+ Hg’
Lead

For reactions of lead ion see Group I11.

THE IONS OF CATION GROUP II
(Pb*+, BiO+, Cu*+, Cd++; HAsO,, SbO*, Sn*4, and Hg*+)
[ ]

Group reagent, H.S in 0.3 N H*. This group includes all those
cations except Agt and Hg,t* which are precipitated (probably as
hydrosulfides) in 0.3 N H*.

In the periodic arrangement of the elements the members of the
Analytical Group II are rather widely scattered: Cu in Group I-B,
Cd and Hg in Group II-B, Sn and b in Group IV-B, As, Sb and Bi
in Group V-B.

The sulfides of As, Sb, and Sn** are amphoteric like the oxides
and soluble in alkali sulfide solution. Hg** forms a stable complex
anion with S~ of sufficient concentration. For that reason it
dissolves in Na,S solution but not in (NH,).S (see Chapter 9). The
sulfides of the other ions of the group are insoluble in alkali sulfide
solution except that a little Bi.S; occasionally dissolves.*  On this
basis of solubility or nonsolubility in alkali sulfide, the group will
be divided into two subgroups: II-A, including Pb*+, BiO*, Cutt,
and Cd*t; and II-B, including Hg++, As*3, SbO*, and Snt4,

Stannous ion is not included for two reasons. (1) While chlorostan-
nous acid, H;SnCl,, is a frequently used reagent, tin occurs usually in
quadrivalent condition in materials actually analyzed. This is because

4+ The cause of the occasional, but not invariable, slight dissolution of
BisS; has not been found. In some cases insufficient washing of the H,8
precipitate (Bi(SH); — BisS;?) was clearly responsible. In other cases only
modification of physical state, due to presence of other ions or to conditions of
precipitation, seemed probable.
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strong oxidants like HNO; or aqua regia are usually wed to bring the
metal or its compounds into solution. For this reason Sn+*+ is infre-
quently encountered except as it may be put into student unknown
solutions. Moreover, even in acid solution, Sn++ is rapidly oxidized by air.
(2) The mixture of NaHS and NaOH used to separate the “ B’’ subgroup
from the “A’ subgroup always becomes somewhat yellow during the
process of separation, because of oxidation by air. The persulfide ions so
formed suffice to sulfurize any SnS present and dissolve it as [SnS;]=.

Sn8 + 8, = [SnS,]-

Lead

Occurrence. Lead occurs in the earth’s lithosphere chiefly as
galena, PbS, but also as the weathered products cerussite, PhCOy,
and anglesite, PbSO,. Occasionally it occurs as phosphate, arse-
nate, chromate, molybdate, or tungstate.

Dissolution of the metal. Likg Al, the metal tarnishes in air
because of the formation of a film of oxide. Hot dilute HNOj is the
best solvent. Concentrated HNO; forms a protective film of
Pb(NO3), insoluble in the concentrated acid.

In general, cold acids whose Pb salts are insoluble in water will
form similar protective films. ILead vessels were formerly used for
reactions with HF. The synthetic resin, bakelite, has largely
replaced them.

Hot concentrated HCl and H,S0, dissolve lead, the former by
formation of [PbCly]=, the latter because Pb(HSO,), is soluble.

Valences. Like the other elements of Periodic Group IV-B,
lead shows valences of 2 and 4. In addition to the oxides
litharge, PbO, and lead dioxide, PbO,, it forms a so-called oxide,
PbsO4, minium, which is more probably a salt. Litharge is yellow;
minium, bright red; lead dioxide, violet brown.

PbO,is the anhydride of a weak unstable plumbic acid. Because
dilute HNO; dissolves 4 of the Pb in PbsO4 as Pbt+t leaving 4 as
PbO,, it has been suggested that this ‘““oxide” may be a salt,
PhoPbO,, plumbous plumbate. Plumbates of Na, K, and Ca are
formed only by fusion and are completely decomposed by water,
with formation of PbO,. The unstable plumbic acid might be
formulated [Pb(OH)(H:0),] or H,Pb(OH)s, analogous to [Sn(OH),-
(H;0).] or HsSn(OH)e. Both acids are gels insoluble in water. A
yellow unstable chloroplumbate, (NH,);PbCls, is not difficult to
prepare. Since PbO, is the only compound of 4-valent lead
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encountered in analysis, it is customary to speak of the ion Pb++ as
lead ion and not as plumbous ion.

Reactions of Lead Ion

1. Chloride ion (Group I reagent) precipitates some PbCl,
from solutions containing a large Cpy*+. All lead halides except
PbF; are much more soluble at 100° than at room temperature and
crystallize out when hot saturated solutions are cooled.

SOLUBILITIES IN MG PER ML OF Leap HaLIDEs

Temp. PbF, PbCl, PbBr. Pbl,
25° 1.0 11 9.7 0.7
100° 33 45.5 4.2

Lead will therefore be precipitated in Group I as chloride if it is
present in unusually large concentration. In semimicro analysis
it usually will be found only in Group 1I.

A small excess of Cl~ decreases the solubility of PbCl; (common-
ion effect) but a large excess renders it more soluble because of
formation of complex anions such as [PbCls]~ or [PbCly]=.

2. Sulfate ion precipitates white PbSOy, practically insoluble in
water (0.04 mg/ml at 25°) and still less soluble in dilute SO~
(common-ion effect) but soluble in concentrated H,S0,, because of
formation of HSO4 . For the same reason PbSOQ, is distinctly
soluble in dilute HNOs.

PbSO, + H* = Pb++ + HSO, .

PbSO, dissolves in alkali acetate solution, probably because of
both of the following reactions:

PbSO, + 2Ac0~ = (AcO),Pb + 804~ and 3)
PbSO, + 4AcO~ 2 [Pb(AcO).]= + SO~ .4

These reactions are readily reversible, Addition of a small Cgo.~ to
a solution of (AcO),Pb causes precipitation of PbSO,.

The dissolution of PbSO, in moderately concentrated alkali acetate
solution apparently arises from two different causes: (1) (AcO).Pb is
much less ionized than other acetates of bivalent cations; (2) formation of
complex anions such as [Pb(AcO),]~. It is to be remembered that no very
large amount of Pb++ enters Group II, since if originally large, it would
have been partially precipitated as PbCl; in Group I. In equilibrium
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(3) both of the right hand members are therefore rather small, while at the
same time the Ca.o— is relatively large. If (AcO),Pb is ionized to an
extent exceptionally small for a salt (25% in 0.1 N solution according to
A. A. Noyes) the common-ion effect of the large Cxo— may force Pb++
into unionized (AcO).Ph to such an extent that, considering the small
Cgo,~ present, the ion product, Ce,t+ X Cso,~, becomes less than the
solubility product of PhSQs, and the salt dissolves. Addition of a little
S04~ to the solution will cause PbSO, to reprecipitate. On the other hand
there is evidence that reaction (4) also takes place to some extent.

3. Strong bases—KOH or NaOH—precipitate white Pb(OH).
or, more probably, a gel which might be formulated as [Pb(OH),-
(H;0)4. The gel is soluble in excess of the reagent, forming solu-
tions containing biplumbite ions such as [HPb(OH),]~ analogous to
[HSn(OH)~. The dissolution of the gel in alkali

[Pb(OH).(H,0).] + OH~ = [HPb(OH).]~ + 3H.0

would be precisely like that of aluminum oxide gel (see page 237).

4, Ammonia solution precipitates white basic salts, PbOHX,
where X is the anion of the lead salt. Such basic salts may be
mistaken in analysis for BIOOH unless a confirmation test is made.

b. Chromate or dichromate ion precipitates PbCrO, (yellow),
more insoluble (7 X 10~5 mg/ml at 20°) than PbSO,. Itisinsoluble
in AcOH but soluble in mineral acids because of formation of
HCrO,4~ and Cr,0~. PbCrQ;, is also soluble in strong bases because
of formation of anions such as [HPb(OH)4]~.

.2PbCr0; + 2H* & Cr,0~ + H,0 + 2Pb++
PbCrO, + 30H- + H:0 <2 [HPb(OH)J~ + CrO

From ammonium acetate solution of lead sulfate, CrO~ ‘“ quantita-
tively” precipitates PbCrO,.

(AcO):Pb + CrO~ = PbCrO, + 2Ac0-

6. Hydrogen sulfide precipitates from solutions containing Pb++
or [HPb(OH),]-, Pb(HS); or PbS black.

Pb*++ + 2H,S = Pb(HS), + 2H*
[HPb(OH)4]~ + 3H.S = Pb(HS); + 4H,;0 + HS~

Infrequently, from solutions more concentrated in H+ than
0.3 N, a brown-red chlorosulfide, PbCl;-PbS, is obtained.

Lead sulfide is one of the most soluble of Group II sulfides. If
Cat is much greater than 0.3 N, lead ion may be only partially
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precipitated by H:S or even escape precipitation altogether if the
amount is very small. Lead sulfide is not attacked by alkali sulfide
but dissolves readily in hot 3N HNO; with formation of sulfur
and NO.

3PbS + 8H* 4 2NO;~ = 3Pb** 4+ S 4 2NO + 4H.0
Concentrated HNO; on PbS forms PbSO, and NO,. |
PbS + 8NO;~ + 8H* = PbSO, + 8NO, + 4H.0

The insolubility of Pb(HS), makes H;S one of the most sensitive
reagents for the detection of Ph*+. It is said that in neutral solu-
tion 1 part of Pb*+in 100,000 parts of water can be detected by H.S.

PracTicE EXERCISE

Balance the following equations for important reactions of Pb++.
1. PbCl, + H,0 (100°) & Pb*+ + CI-

. Pb*+ + Cry07~ 22 PbCrO,

. PbCrO, + OH- = [HPb(OH) ]~ + CrO~

. Pb*+ + 80~ 2 PbSO, N

. PbSOs+ + Hs804 (36 N) & HSO,~ + Pb*+

. PbSO4 + AcO~ 2 (AcO),Pb

. PbSO4 + AcO~ 22 [Pb(AcO)4]~

. PbSO4 + H* + NO;~ 2 Pht+ + HSO,~

. PbS + H¥ + NOs~ = 8 + NO + Pb++

. PbS + H* 4+ NO;~ — H80,~ + NO, + Pb*+

. [HPb(OH),J- 4+ H,S = Pb(HS),

. Pb*+ + HSO,~ + NH; — Pb,(OH),80,

O 0 3 O O = W N

e
D = O

Bismuth

Occurrence. Bismuth occurs in the earth’s lithosphere occa-
sionally as the metal but chiefly as the sulfide Bi;S;, bismuthinite.
It is not a widely distributed element. The principal mines are in
Bolivia and Tasmania.
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Dissolution of the metal. Bismuth does not oxidize H* to H,
and hence cannot dissolve in nonoxidizing solvents. It dissolves in
hot 36 N H,SO, with evolution of SO,. The best solvent is HNO;.

Valences. Bismuth forms the oxide Bi;O; (pale yellow) and a
higher oxide, or mixture, of brown-red color varying between BiO,
and BiO;. The so called ““sodium bismuthate’ is of variable
composition and doubtfully a true salt. In most of its compounds
the metal shows the valence three.

Bismuth is an important component of fusible alloys. An alloy
of 15 parts of Bi, 8 parts Pb, 4 parts Sn, and 3 parts Cd melts
at 60°. Bismuth is also used in the preparation of cosmetics and
pharmaceuticals.

Aqueous solutions of bismuth salts contain the ion BiO+ or, if
strongly acid, anions such as [BiCls]~, [Bi(NOs)4™, and the like.
From aqueous solutions basie salts, such as BiOCl, BiONO;, and
(Bi0),80,, are precipitated on dilution. Anhydrous BiCl; melts
at 232° fumes in moist air, and, like AlICl;, is not a true salt but a
coordination compound. Bi(NOj);-5H,0 crystallizes from HNO,
but on heating decomposes into BIONO;. It is decomposed by
water with precipitation of BIONO; or more probably Bi(OH),NO;.
Bismuth tends to form complex anions, such as [BiCly}~. In all
bismuth solutions, therefore, the following equilibria are present:

Bi+? + H,0 2 BiO* 4 2H*, and
Bit? + 4X— = [BiX ]~

Reactions of Bismuthyl Ion

1. Strong bases—NaOH or KOH—and also ammonia solution
precipitate BIOOH, or basic salts, insoluble in excess of either reagent
but tending to become colloidal in high Cou-.

2. Alkali bistannite instantly reduces BiOOH to Bi° (black).

BiOOH + HO + 3¢~ = Bi® + 30H~
[HSn(OH),]~ + 30H~ < [Sn(OH)e]~ + 2¢~ + H.O

This constitutes a sensitive test for BiO+.

8. Hydrogen sulfide precipitates, from solutions containing
BiO+* and not too great Cyu+, dark brown Bi(HS)s or Bi,S; soluble
in 3N HNO; with formation of sulfur and NO. The sulfide is
insoluble in NaHSand NaOH. Asstated on page 209, under certain
conditions as much as 0.5 mg occasionally dissolves in this reagent.
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4. Anhydrous Bi;(SO,.); is insoluble in concentrated H,SO,,
more soluble in moderately dilute H,SO, because of hydration and
ionization but decomposed by much water into insoluble (Bi0),SO..

These facts are important in the analytical separation of Pb and Bi
by HgSO4.

Pracrice ExXErcIsE

Balance the following equations for important reactions of BiO+.
. Bi(OH),Cl + H,S =2 Bi(HS);

. BiO* + HSO04~ — Biy(804)s

- BiO* + H804~ + H,0 — (Bi0),80,

. BiO* + NH; + H,0 2 BiOOH

BiOOH + [HSn(OH)4J~ <2 Bi® + [Sn(OH)4]~

. BiO* + H+ 4 Cl- 2 [BiCl]~

(Bi0):804 + AcO~ < [Bi(AcO)q 3

(Bi0),Cr,07 + OH~ = BiOOH

© O N, W DR

\J

Copper

Occurrence. Copper occurs in the earth’s lithosphere as the
metal; the oxide Cu,0O, cuprite; the sulfides CusS, chalcocite, and
CuFeS,, chalcopyrite; and as basic carbonates, Cuy(OH),COs,
malachite, and Cuz(OH),(COjy),, azurite.

Dissolution of the metal. Since copper stands below hydrogen
in the electromotive series it can not displace hydrogen from acid
but it is readily dissolved by oxidizing acids such as HNOj; or hot
concentrated H,SO,.

Cu® =2 Cutt + 2¢~
NO;~ + 4H* + 3¢~ =2 NO + 2H,0 (dilute)
NO;~ + 2H* + ¢~ & NO; + H,0 (12-16N)

Cu® + 2H:80, — CuS0, + SO, + 2H,0

Valences. Copper forms two ions, Cu* (colorless) and Cu** (in
dilute aqueous solution Cu(H,0)+) blue green.
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Cuprous salts, except in their instability toward oxygen, resem-
ble very closely in appearance and in chemical properties the
corresponding salts of silver. The halides, CuCl, CuBr, Cul,
CuCN, CuNCS8, like the silver halides, are all colorless and insoluble
in water and dilute acids. Like them they tend strongly to forma-
tion of complex anions, such as [CuCl;]=, [Cu(CN),]=, and the like.
Cu,S, CuS, and CuO are black. CusO is red. Because cuprous
salts are oxidized by air, the only cuprous compounds met in
analysis are [Cu(CN);]™ and possibly Cu,S.

Reactions of Cupric Ion

1. Strong bases—NaOH or KOH-—precipitate Cu(OH); (pale
blue), very slightly soluble in high Couy~ because of formation of
[Cu(OH) 4]~ (deep blue).

2. Na,CO; solutions, especially on boiling, dissolve more
Cu(OH), than does NaOH of the same normality. This is because
of formation of complex anions such as [Cu(COj3),]=.

3. Ammonia solution, if very dilute, precipitates basic salts,
CuOHX (pale blue), readily soluble in excess of NHs, or in NH,+
salts, with formation of [Cu(NHj)]*+ (deep blue).

CuOHX + NH,* 4 3NH; « [Cu(NHs) ]t + H.O + X-

As little as 0.5 mg of Cu*t as [Cu(NH;),J*  in 1 ml of dilute
NH; solution gives a clearly visible blue color. This constitutes a
fairly sensitive test for Cutt.

4. Hydrogen sulfide precipitates from solutions containing
Cutt g black precipitate said to be CuS but much more probably a
mixture of Cu(HS),; and CuHS, since H,S can reduce Cut+ to Cu*.

Calculation from the molar potentials shows that at equilibrium

CzCu+ X C’H*‘ _
Clutt X Crgs

In a solution 0.3N in H* and saturated with HoS (Cms = C.1 molar),
Cout/Cout+ = 1 approx., since 0.09/0.1 = 1 nearly. Since Cu,S is
nearly as insoluble as CuS, it appears that it should precipitate.

Evidence that the precipitate is a hydrosulfide rather than a sulfide is
that the fresh unwashed precipitate is easily soluble in dilute CN -~ but much
less soluble after being repeatedly washed. The sulfide is insoluble in
dilute OH- and in NaHS. It is dissolved hy hot 3 N HNO; with formation
of 8 and NO,
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6. Alkali cyanide reduces blue [Cu(NH,)J+* to colorless
[Cu(CN),]= (distinction from Cd(NH;)+).

[Cu(NH,)J+*"+ 3CN- + ¢~ 2 [Cu(CN)4]~ + 4NH,4 .
CN- + 20H- 2 NCO~ + H,0 + 2¢~

6. Coprecipitation of Cu[Hg(NCS),] with Zn[Hg(NCS),]. If to
a solution containing Cu*+ in too minute concentration to show any
blue color with NHj, a drop of 1% (AcO).Zn solution and a drop of
K [Hg(NCS),] is added and the mixture stirred with a glass rod for
a few seconds, Zn[Hg(NCS),], colored distinctly red-violet by
coprecipitated CuHg(NCS),4, is formed. This test is said to be
capable of detecting 0.0001 mg of copper or 1 part in 500,000 parts
of water. Cd** does not interfere. This test is to be used for pos-
sible traces of Cut+ too small to give any blue color of [Cu(NHj)]*+.

Coprecipitation. Many instances have been found of decided changes
of physical properties of salts through inclusion or occlusion of foreign
ions. This phenomenon has been extensively investigated by I. M.
Kolthoff. The extraordinarily sensitive tests for traces of Cu*+ below and
for Zn++, page 260, are interesting and valuable applications of this phe-
nomenon. While Zn[Hg(NCS8),] tends strongly to form supersaturated
solutions and can be made to crystallize only after prolonged vigorous
stirring, in presence of a trace of either Cu++ or Co+* distinctively colored
precipitates are formed within 15 seconds. In the detection of Zn the
trace of Co*+ used is but a minute fraction of that required to form the
deep blue Co[Hg(NCS)4. The amount of Cu*t or of Co*+* required to
completely modify both the color and the crystallizing power of Zn[Hg-
(NCS),] is unbelievably small. So far as we know this phenomenon is not
yet adequately explained.

Detection of traces of Cutt. In a dcpression of a spot plate
place 1 drop of 6 N acetic acid and 1 drop of the colorless ammonia
solution which may contain-a trace of [Cu(NH,),]**, along with
[CA(NH;)J++. Then add 1 drop of 19 (AcO).Zn solution and 1
drop of K,[Hg(NCS8)4] reagent. Stir with a glass rod for a few
seconds. Red-violet precipitate proves Cutt present.

7. Flame color. CuCl,or, in general, cupric salts moistened with
12N HCI] impart a blue and green color to a flame. This is not
particularly sensitive as a test for Cutt.

PracTIiCcE EXERCISE

Balance the following equations for important reactions of
Cu(H.0),++
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1. CuS + H* + NO;~ = 8 + NO
2. Cutt + NH; 2 [Cu(NHs)J* .
3."[Cu(NH,)J*+ + CN- 4 H;0 = Cu(CN)s~ + CNO-

4. [CuCly~ + Cu® (boiled) = [CuCls]~
6. [CuCls]~ = CuCl + 2CI~-

6. Cut+ 4 COjz~ (conc. hot) = [Cu(COs);]~

(deep blue)

}(Sandmeyer reaction)

7. Cu(OH), (boiled) = Cu0
8. Cu(OH); + OH- = [Cu(OH) -

Cadmium

Occurrence. The free metal is not found in the earth’s litho-
sphere. Pure cadmium compounds are also extremely rare. The
chief occurrence of cadmium is in the zinc ores, particularly the
sulfide which almost always contains more or less cadmium. CdO
is more volatile than ZnO and concentrates in the flue dust during
the smelting of zinc ores.

Dissolution of the metal. Dilute HNO; is the best solvent.
Dilute HCI or H,S0, dissolves it slowly.

Valence. Cadmium is bivalent in all its compounds.

Reactions of Cadmium Ion

1. Strong bases—NaOH or KOH—precipitate Cd(OH), (white),
insoluble in excess of reagent (difference from Zn).

2. Ammonia solution precipitates basic CAOHX, soluble in large
excess of NHj, or in much smaller excess if NH,* salts are present,
due to formation of [Cd(NHs)*t+. This ion appears to be much
less stable than [Zn(NHs)**+. Its K. has been reported to be
1 X 1077,

3. Hydrogen sulfide precipitates from solutions containing not
too great Cu+ bright yellow Cd(HS); or CdS. According to the
conditions of precipitation, temperature, Cx*, rate of admission of
H,S, and so on, the color varies from pale yellow to orange red. It
is completely precipitated in solutions in which Cy*is 0.3N. CdS
is insoluble in NaHS solution. It dissolves readily in hot 3 N HNOs
with formation of S and NO.
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4. Alkali cyanide with solutions containing [Cd(NH,)]++ forms
[CA(CN)4]=, much less stable than [Cu(CN);]~. If to a mixture
of the two ions which contains a small excess of CN— a little HS— is
added, yellow Cd(HS), precipitates but no black Cu,S or CuHS
results (detection of Cd*+t).

PrACTICE EXERCISE

Balance the following equations for important reactions of Cd++.

1. CdS + H+ + NOy~ = S + NO + H,0 + Cd+*

2. Cd++ 4+ NH; & [CA(NH;)J++
3. [Cd(NH,)J++ + CN— = [Cd(CN)J~
4. [Cd(CN) - + HS- = CdS

Mercury

Occurrence. Mercury occurs in the earth’s lithosphere usually
as the sulfide HgS, cinnabar (dark red). It is unique among the
metallic elements in its low melting point, —38.9°. In this respect
it is approached only by the element gallium which melts at 429.75°,

Dissolution of the metal. The metal is scarcely attacked by
dilute H,80, and HCI but is readily dissolved by oxidizing acids
such as HNO; or hot 36 N H,SO,. Hot concentrated HNOj; forms
mercuric nitrate, Hg(NO;).. Cold dilute HNOs with an excess
of the metal forms mercurous nitrate, Hgo(NOj3)..

Valences. Mercury forms mercurous ion Hg,**, and mercuric
ion, Hg**. The former is complex [Hg % Hg]**, each atom losing
one electron and contributing one to the covalent bond. Hg,Cl; is
insoluble in water and Hgst+ therefore belongs in analytical Group I
of cations. HgCl; is soluble in water and in consequence Hgt+
belongs in Group II.

Properties of the salts. Most mercuric salts are insoluble in
water. The exceptions are Hg(NO;);, HgCl,, HgBr,, Hg(CN),,
Hg(ClOs),, and (AcO).Hg. All the soluble salts of strong acids
tend to take up OH~ from water with formation of insoluble basic
salts. As a result their solutions are more or less acid.

HgX. + H,O0 2 HgOHX + H+ + X~ 6)
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Hg*+ is a notable complex former. The following values of
the instability constants of some of the complex ions have been
determined.

[HgCls] 1.1 X 106, [HgBry]~ 2.2 X 102, [Hg(NCS),]~ 1.0
X 1022, [Hgl,J= 5.3 X 103, [Hg(CN),|= 4 X 10,

Because of this complex formation most mercuric salt solutions are
extremely poor conductors of electricity. HgCl; is less ionized in
water than (AcO),Pb or CdCl,. It is soluble in water only to the
extent of 67 mg per ml at 20°. In HCI or soluble chloride solution
it is much more soluble because of the formation of [HgCls]~. HgCl,
is the extremely poisonous antiseptic commonly known as corrosive
sublimate.

Hg(CN), in water is almost a nonconductor. As a result it does
not show many of the reactions of either Hg*+ or CN*. H,S
decomposes it with formation of HgS and HCN. Hg(CN); is not
decomposed by boiling 3N Na,CO;. It gives a test for CN— only
after it has been decomposed by H.S.

Reactions of Mercuric Ion

1. Strong bases—KOH or NaOH—precipitate a reddish brown
basic salt changing to HgO yellow, insoluble in OH—.

2. Ammonia solution precipitates ammonobasic salts such as
H,NHgCl or aquobasic ammonobasic salts such as H:NHgOHgNOjs.

HgCl; + 2NH; = HgNH,Cl + NH+ + Cl-  (6)
9Hg+ + NOs~ + 4NH; + H;0 = H,NHgOHgNO; + 3NH+  (7)

Ammonobasic salts appear in water solution only in the cases of Hg*+
and Hg.**+. Their formation in the case of mercury alone has been
explained by E. C. Franklin as due to their extraordinary insolubility.

Like water NHj; is slightly ionized.

2H,0 = H;0+ + OH~
2NH; = NH,* + NH,~

NH.~ and NH* are therefore the OH- and H+ of an ammono system of
chemistry in liquid NHj as solvent. Just as HgOHCI formed by hydrolysis
is aquobasic mercuric chloride, so HgNH,Cl formed by ammonolysis is
ammonobasic mercuric chloride. In liquid ammonia ammonobasic salts
are formed by many cations but, with the exception of those of mercury,
all are instantly decomposed by water. In the case of mercury the
ammonobasic salts are so extremely insoluble that they can exist undecom-
posed in the presence of water. In aqueous ammonia solution it is not
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surprising that mixed basic salts of mercury are known, such as the nitrate
above and the precipitate, H:NHgOHgl, formed with NH; by Nessler’s
reagent. It is to be noted that in such formulas —O— is the residue from
2 OH- from which water has split off. Since NH,* + NH.~ =2 NII;,
ammonobasic salts dissolve readily in excess of NHy*+ salts (reverse of
equation (6) above). This is completely analogous to the dissolution of
aquobasic salts in acid (H;0)* solution (reverse of equation (5) above).

3. Hydrogen sulfide may form, depending upon Cy+ precipitates
which are first white, then yellow, then brown, and finally black.
From cold 12N HCI solution about 509, of the Hg*+ present is
precipitated as white HgCl,-2HgS. From hot 12 N HCI no precipi-
tate is formed (difference from As). The black precipitate is HgS
or, more probably when first formed, Hg(I18).. The white or
yellowish precipitate appears to be a mixed salt whose composition
corresponds to 2HgS-HgX, where X~ is the anion of the Hg salt.
In the coordinated threc-dimensional lattice the arrangement
(looking along a line) probably is X—Hg—S-—Hg—S—Hg—X.
It is striking that the black HgS becomes nearly colorless when thus
coordinated.

HgS is one of the most insoluble sulfides of Group II, being
exceeded in this respect only by the sulfides of As. It isinsoluble in
HCl and in hot dilute HNOj;, an important difference from the
sulfides of Pbt*, Bi*3 Cu*+, and Cd*t. When black HgS is
treated with hot concentrated HNQOj;, white Hg(NO;).-2HgS is
formed. It is readily soluble in NaHS containing OH—,

HgS + HS~ + OH- = [HgS:]- + H:0

The freshly precipitated and unwashed sulfide is readily soluble
in NaOH, apparent evidence that it is Hg(HS).. After washing it
becomes insoluble in NaOH alone. HgS is readily dissolved by
aqua regia, Br,, or Cl, because of the formation of complex ions such
as [HgCly]= and because of oxidation of S~ to S or SO,4~.

3HgS + 12CI- + 2NO;~ + 8H+ = 3[HgClL]~ + 2NO

+ 38 + 4H,0
_HL§§ + 4Bl'2 + 4H20 = [HgBu]"’ + SO~
+ 4Br— 4 8H*

4, Stannous chloridé, probably for the most part [SnCly™, in
HCI, reduces Hg** to white Hg,Cl, insoluble'in water.

2HgCl, + [SnCl]~ < Hg,Cl; 4 [SnCl¢]-
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Excess of [SnCl]~ further reduces Hg;Cl, to black Hg?.
Hg.Cl; 4+ [SnClL]~ = 2Hg® + [SnClq)~

This constitutes a fairly sensitive test for mercuric ion. Since
the second of the above reactions can begin before the first is com-
pleted, a gray mixture of Hg,Cl, and Hg® is usually obtained in the
test.

6. Iodide ion precipitates scarlet Hgl,, soluble in excess of the
reagent due to formation of the very stable [Hgl,]=. A mixture of
this complex ion and NaOH is the Nessler’s reagent used for detec-
tion of traces of NH,*.

PracTicE ExErcIse
Balance the following equations for important reactions of Hg++.

1. [HgCly~ (in cold 12N HCI) + H,S =
2. [HgCly~ (in hot 12N HCI) + H,S —
3. HgS + H+ + NO;~ —
4. HgS + H+* + Cl~ + NOy~ = [HgCLJ~ + 8 (or SO4~) + NO
6. HgCl; + NH; = HgNH,Cl + NH,+
6. HgCl; + OH~ — HgO ~
7. HgS + OH- + HS- = [HgS,|~
8. Hg(HS), + OH- = [HgS,]~
9. Hgt+ + I~ = [Hgl]~
10. HgCl; + [SnCL]~ = Hg,Cl, + [SnCl]~
11. NH,*+ + [HgL]~ + OH- = H,NHgOHgl
(Nessler reaction)

Arsenic

In the “B” family of Periodic Group V arsenic stands between
phosphorus, an obvious nonmetal, and antimony which has dis-
tinctly metallic properties. On the whole, arsenic resembles phos-
phorus much more than it does antimony and should be considered
a nonmetal or acid-forming element. Arsenic is usually steel-gray,
brittle, and easily powdered; and when heated it sublimes without
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melting. At 650° the density of the vapor indicates a molecular
weight corresponding to As,. In the neighborhood of 1800°
dissociation, As,; &2 2As,, is nearly complete. The element burns
in air when heated to 180°, forming As,Qs.

Occurrence. In the earth’s lithosphere arsenic is very widely
distributed. It occurs combined with many metals, particularly
Fe, Co, and Ni, as arsenides. Nearly all sulfide minerals contain
a small amount of arsenic. Arsenic occurs combined with sulfur in
two forms: realgar, As Sy (red); and orpiment, As,S; (yellow). Very
probably the lattice unit is As,Ss, since that of stibnite has been
found to be SbsSg. That AsgSe is yellow, although the ions of both
elements are colorless, is probably because of deformation of the
larger S atoms as compared with oxygen atoms in As4Og, which is
colorless.

Dissolution of the metal. Arsenic is dissolved by oxidizing
acids. Boiling 36 N H,S0, forms As4O¢ and SO.,

Asq + 8H,S0, = As,0q + 680, + 6H,0.
Hot dilute HNO; forms arsenious acid, HAsO.,
As, + 4NOs~ + 4H+ — 4HAsO, + 4NO.
Hot 16 N HNO; forms arsenic acid,
Ass + 20NO;~ + 20H* — £H,AS0, + 20NO, + 4H,0.
Hot concentrated KOH or NaOH dissolves arsenic,
As® + 20H™ + 6H:0 — 2As(OH)~ + 2AsH,.
Compare

P, + 30H- + 3H,0 — 3H,PO,~ + PH,.

(hypophosphite)

HALIDES OF ARSENIC

CoMPOUND PHYSICAL STATE M. P. B.P.
AsF, Colorless liquid -8.5° +63°
AsFy Colorless gas —80 —53
AsCl, Colorless liquid -16.0 130.2
AsBr; Colorless prisms +32.8 221
Asl, Red plates 146 ca. 400
Asl; Brown crystalline mass 70 decomps,

AsCl; and AsBr; have not been prepared.
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The low melting and boiling points’show that these halides arc
coordination compounds and not salts. The arsenic in them has no
more the function of a cation than has C in CCly or P in PCl; or
PCl;.  All these halides are largely decomposed by water with
formation of corresponding acids of arsenic. When HAsQO, is
evaporated with 12N HCI most of it will be volatilized as AsCls.

On account of the extremely small solubility of the sulfides,
arsenites in dilute or concentrated acid solution (particularly HCI)
are decomposed by H,S with precipitation of As,Ss. Arsenates in
hot 12 N HCI form with H,S a mixture of As:S;, AssSs and S. For
this reason arsenic, although occurring almost entirely in anions,
must be considered a member of Cation Group II. Compare in this
respect chromates and permanganates, which because of reduction
by H,S cause Cr*?* and Mn*+ to appear as cations in Group III.
The properties of arsenious and arsenic acids and their salts are
considered among the anions. In this place only the properties
of the sulfides and halides need be considered.

X-ray examination shows that arscnious oxide consists of a
molecular lattice of AsOs units. Each As is covalently bound to
three oxygen atoms and each oxygen to two arsenic atoms. At 25°
crystalline As,QOs is soluble in water to the extent of 21.3 mg per ml.
A saturated aqueous solution at 25° is therefore very nearly 0.1 M.
As4Og is much more soluble in HCI than in water, probably because
of formation of anions such as [AsCl4]~.

Reactions of Arsenious and Arsenic Acids

1. Hydrogen sulfide. From solutions of arsenious acid con-
taining a strong acid (best HCI), hydrogen sulfide precipitates
yellow As(HS);. The color may vary with conditions of precipita-
tion. When precipitated from cold 0.3 N HCIl the sulfide is buff
yellow, from a hot solution perceptibly brighter yellow. From cold
or hot 12N HCI the precipitate is bright canary yellow. Ocecasion-
ally a red form is obtained. Thesc variations may be due only to
particle size, although two native sulfides occur, orpiment, As,Sy
(yellow) and realgar [As:S,], (red), suggesting that red precipitates
may contain less sulfide.

Precipitation of the hydrosulfide (or sulfide) is most rapid in
12N HCl. That this may be due to increased concentration of
AsO+ in strongly acid solution appears from consideration of the
equilibrium constants involved.
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As an ampholyte HAsO; is said to have the following ionization
constants:

 Ca* X Casop

L= G =6 X 101, (8)
HAs02
Ky = 9‘%}1—%‘——5"’” ~ 5 X 105, ©)

Dividing (8) by (9), and substituting 10~14/Cyu+ for Cogn-,
CA.o,‘ . 1.2 X 10"’9.

Cuot Coyt

Equation (10) indicates that a large Cu+ should favor rapid pre-
cipitation of As(HS); by increasing Caso*.

The freshly precipitated, centrifuged, but unwashed hydrosulfide
dissolves readily and completely in hot 12N HCI containing no
H,S. After washing it becomes practically insoluble in this
medium.

2. Action of hydrogen sulfide on arsenic acid. Inhot 0.3 N HCI
H;As0, is decomposed by H.S extremely slowly. In this system of
analysis arsenate is detected as an anion. Its presence does not
interfere with the analysis of Cation Groups III and IV. For these
reasons no attempt is made to decompose it in Group II. However,
the student should be familiar with its behavior to H,S as given
under ‘‘Arsenate Ion,” page 358. ¥

3. Bases, even weak ones, dissolve AsiS; and AszSs to form
various more or less sulfurized arsenite or arsenate ion. For
example,

(10)

As S + 120H- 2 2[As0S.]* + 2[As0,S]~2 + 6H,0,
58485 + 6HS— + 60H~ = 4[ASSa]*3 + 6H20

4. Decomposition of thioarsenite and thioarsenate by acids. All
acids, even COy,, cause reprecipitation of the sulfides from the thio-
anions. TFor example,

[AsS;] -+ 3H+ = As(SH), (11)
6[ASOS,]-* + 18H* == 4As(SH); + 2HAsO, + 2H.0  (12)
[ASO.S]= + 2HS- + 5H+ = As(SH), 4 2H,0 (13)

Equation (12) shows why excess HS~ must be in the solution when
Group II-B is reprecipitated after dissolution of the sulfides in
NaSH and NaOH.
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The sulfides of arsenic are separated from those of antimony and Sn+*
by their insolubility in 12 N HCI saturated with H,S. They are separated
from HgS by their solubility in 15N NH; solution.

b. Detection of minute amounts of arsenic. This is a frequent
problem of toxicologists. Many of the various methods devised
are based on the so-called Marsh test, which involves the formation
of gaseous AsHj, analogous to NHj;, PH;, SbHa.

6. The Bettendorf test is based on the fact that in 12 N HC],
SnCl, will reduce all arsenic compounds to As°.

2[{AsCL]~ + 3[SnClL]~ = 2As® + 3[SnCle~ + 2CI-

The test is carried out as follows. Half fill a micro test tube with
SnCl,-2H,0 crystals and cover with 12N HCl. Add a few drops
of the solution to be tested for arsenic and heat moderately. A
brown or black suspension of colloidal As® will be formed slowly and
within times depending upon the amount present. The test is said
to be able to detect 0.03 mg As in arsenites and 0.06 mg in arsenates.
Compounds of Hg, Ag, and Bi are also reduced to the metals and
must be absent. Sb does not interfere.

PrACTICE EXERCISE

Balance the following equations for important reactions of HAsQO ,
1. AsOs + H:0 — HAsO,

2. HAsO, 4+ H:S — As(SH),

3. AsSs + OH~ + HS~ — [AsSs]®

4. AsSs + NH; + Hy0 — [AsOS,]~ + [AsO,S]®

6. AsiSs + H* + NOs~ (16 N) - HsAs04 + NO; + 8 (or SO,7)
6. H3AsO + [SnCl]= — As,°

7. HAsOz + [SnCl]= — Ass® + [SnClé]~

8. [AsOS,]—® 4+ HS + H* — As(SH);

Antimony

Occurrence. Antimony occurs in the earth’s lithosphere chiefly
as stibnite, SbSs (black) but also as thioantimonites of other
metals, for example, pyrargyrite, AgsSbS;, similar to proustite,
AgsAsSs. It occurs frequently in lead, copper, and silver ores along
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with arsenic. Antimony is an important component of many
alloys. It hardens soft metals such as tin and lead and hence is used
in type metal. Antimony alloys expand on cooling and take the
pattern of a mold very exactly. For this reason they are much used
for cheap ornamental objects. Much Sb,S¢ is now used in the
processing of rubber.

Dissolution of the metal. Since antimony is below hydrogen in
the electromotive series, it will not set frec Hy from reducing acids.
Hence antimony will not dissolve in HCI or H,S0,.

Hot dilute HNO3 forms SbyOs, nearly insoluble in the acid.
Sb40s dissolves in 12 N HCI because of formation of anions such as
[SbCle]*. Hot concentrated HNOj; forms yellowish (Shq05), which
dissolves only slowly in 12N HCL

The most rapidly acting solvent is 12 N HCI to which a little
16 N HNO; is added occasionally. Anions such as [SbClg- or
[SbClg]? arc formed. Probably when excess of Cl; is removed from

such solutions nearly all [SbCle]~ spontaneously decomposes to
[SbClg]-% and Cl,.

~ [SbCle~ + 2CI~ 2 [SbCle— 4 Cly

Halogen compounds. SbCl;, sometimes called butter of
antimony, is a soft, colorless, fuming semicrystalline substance
which melts at 73.4°. SbCl;, formed by chlorinating SbCls, is a
colorless liquid which freezes at 2.8°. * Like AsCls, these chlorides
are coordination compounds and not truc salts. Both are decom-
posed by water with precipitation of basic chlorides, and both
dissolve in concentrated hydrochloric acid beeause of formation of
complex anions such as [SbhCly]—, [SbCle]=3, [SbClg)-.

An equimolecular mixture of SbCl; and ShCl; forms a dark
brown solution, although both components are colorless. Addition
of the alkali chlorides to this mixture gives Rbo[ShCls] or Cs,[ShCle]
(dark violet), isomorphous with the corresponding salts of [PbClg]~,
[SnClg]=, [PtClg]=. When either 8b,04 or Sb,Os is ignited in air,
Sbz04 (white), insoluble in water, is formed. The antimony in
these compounds would seem to have a valence of 4.

Reactions of Antimonyl Ion

1. Water. Like the halides of Bi*? the halides of Sb*? are
largely decomposed by water with formation of insoluble basic salts,
SbOX. The reaction is reversible.

SbXs + H.O 2 8b0X + 2H* + 2X-
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These insoluble basic salts are changed by H,S into the correspond-
ing sulfides. In hydrochloric acid solution it is to be assumed that
various ions are in equilibrium, such as Sb*5, 8bO+, [SbCl-, in
proportions depending upon Cx™.

2. Strong bases—NaOH or KOH—precipitate, from solutions
of SbCls, 8b(OH),Cl, soluble in excess of reagent, forming [Sh(OH),]~
or [Sb(OH)¢"*. As an acid H[Sb(OH),] is extremely weak like
H[Al(OH),] and antimonites exist only in strongly basic solution.

3. Ammonia solution precipitates from ShCl; solution
Sb(OH),Cl, insoluble in excess of the reagent.

4. Hydrogen sulfide precipitates from solutions containing
Sb*%, SbO+, [SbCl]-, or suspensions of basic salts, SbsSs (red-
orange), soluble in 6 N HCl. It is also soluble in alkali sulfides and
hydrosulfides, including (NH,).S, but distinctly less rapidly than
As:S;.  From such solutions H* in excess reprecipitates the sulfide.
The mechanism of sulfide precipitation and dissolution is probably
about like that suggested for As,S,.

6. Phosphomolybdic acid is reduced to molybdenum blue nupon
gentle warming by [SbCly]~ salts. [SnClg]~ does not interfere. For
directions for carrying out the test sec ““Tin,” page-297.

Reactions of Antimonic Compounds

Antimonates are very infrequently met in analysis. Best
known is the so-called acid ‘‘pyroantimonate,” K,H,Sb,07-6H,0,
used as a reagent for Nat. It is prepared by fusing Sh,O; with
excess KOH and is rapidly decomposed by water with precipitation
of yellowish Sb,O;zH,0. Various sodium antimonates, mcta-,
ortho-, and pyro- sodium antimonates, NaSbQ;, NazSbO,, NayH,-
Sb:0;, are described in the literature, but Linus Pauling has shown
that all these have the same structure corresponding to Na[Sb(OH)s.

In the system of analysis used here 5-valent antimony need not
be considered, since it'is readily reduced by H.S to Sb+3. Reduction
of Sb** to the metal is readily accomplished in acid solution by
metals which stand above antimony in the clectromotive series.
Zn, Sn, Fe, and Al or Mg are frequently used for this purpose.

PracTicE EXERCISE

Balance the following equations for important reactions of ShO-

1. [SbCL]~ + H.O = Sb(OH),Cl
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. 8b° 4+ H¥ + NOs~ = Sb,0;

+ 8b® + HNO; (16 N) = Sb;052H:0 + NO,
. 8bO*+ + H,S = Sb(HS),

- Sb(OH)Cl + HiS = Sb(HS)

. [SbClel~ 4+ I~ = [SbCle* + I,

. 8biSs + H* + Cl- = [ShCl]~

. [SbClg—* + Mg = Sh" + Mgt+

. [(H:0)Sb(OH)s] + H* 4 CI- = [SbCle]-

. 8baSs + HS~ + OII = [Sb(HS) (™

- [SLHS)e] ™ + H* = Sh(HS)4

. [SbCL]* + H,CoO4 — [Sb(C204)s]

- [8b(C100)s] 7 + Ha$ = Sb(HS),

© O 9 O O B W N

-
= O

=
W

Tin

Occurrence. 'Tinisfound occasionally as the metal in the earth’s
lithosphere but most commonly as the oxide SnQ,, cassiterite.

Dissolution of the metal. The megal dissolves in HCI to form
SnCly and Ha.  Dilute HyS0, slowly dissolves it to form SnSO, and
Hs. Hot concentrated H,SO0, rapidly dissolves it with formation
of Sn(S0y), aud S0, Cold 1N HNO; dissolves Sn slowly with
formation of Sn*+ and NHy " Concentrated nitric acid oxidizes
tin to white insoluble SnO,.rH,O (similarity to antimony). With
aqua regia tin forms chlorostannie acid, H,SnCl,,

Reactions of Stannous Ion

The only common commercial salt is SnCl,2H,0, colorless
crystals decomposed by water to SnOHCI, which is redissolved only
by large excess of HCL A solution of SnCl, in HCI (H48nCly) is
rapidly oxidized by air to HySnCls. The reaction is prevented by
presence of the metal. For this reason the laboratory reagent
must always be kept in contact with a considerable amount of tin
in the form of foil or granules.

1. Strong bases, ammonia solution and Na,CO; precipitate
from solutions containing Sn*+ white Sn(OH). or basic salts soluble
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in excess of OH-, with formation of [HSn(OH),]~ (resemblance
to Pb*+).

2. Hydrogen sulfide precipitates from solutions 0.3 N in H+ con-
taining Sn*+ dark brown SnS, insoluble in alkali sulfide or hydro-
sulfide (difference from SnS,). Yellow persulfide ions S,= oxidize
and dissolve SnS.

SnS + 8,~ = [SnSil~

3. Phosphomolybdic acid and ammonium phosphomolybdate are
both reduced by Sn++ in HCI solution to molybdenum blue. The
ammonium salt is not reduced by Sb*%. The reduction of phospho-
molybdic acid is said to be produced by 0.0003 mg of Snt+.

4. Mercuric chloride in cxcess is reduced by SnCl; to white
insoluble Hg,Cls, Sn** being oxidized to [SnClg]™ (reverse of test
for Hg*t).

Reactions of Stannic Compounds

1. Stannic acid, probably [(H:0):Sn(OH),l., is formed when tin
is treated with hot 8 N nitric acid (alloy analysis). This is fre-
quently known as B-stannic acid or as metastannic acid. It is
insoluble in acids but if boiled for a time with 12 N HCI passes into
solution when water is added. The stannic acid known as a-stannic
acid is a gel formed by the action of NaOH on H,SnCl; solution.
This form is readily soluble in both acids and bases for the same
reason as is [(H:0);Al(OH)sl,. It has bcen shown that «- and
B-stannic acids differ only in size of particles. Those of B-acid are
much larger and therefore less reactive. Laboratory solutions of
H,SnCls, unless recently prepared, contain colloidal stannic acid
which does not react with H,S. Freshly prepared solutions of
H.SnClg appear to contain very little colloidal SnOg-zH,0.

2. Hydrogen sulfide precipitates, from solutions containing not
much over 0.3 N HCI, buff yellow SnS,, which may contain some
SnO.-zH-0.

3. SnS; as an ampholyte dissolves in moderately concentrated
solutions of both acids and bases,

SnS; + 4H+ + 6Cl- & [SnClg]~ + 2H.S,
Sn8; + 20H- + 2H,0 = [Sn(HS),(0H)~;

and in alkali sulfide or hydrosulfide solutions,
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SnS; 4+ S= = [SnS,]~,
SnS; + HS- 4+ OH~- = [SnSs]~ + H.O.

Aged SnO,-zH 0 is not dissolved by NaOH or NaHS and in analysis
passes into Group II-A where it is troublesome.

4. Oxalic acid prevents precipitation of SnS, by H,S probably due
to formation of complex ions such as [Sn(Cy04)s]=. The solution
must be saturated with H,C,0, (separation from Sb*?).

b. Reduction of stannic compounds. In acid solution all com-
pounds of Sn*4 are rapidly reduced to Sn*+ by metals high in the
electromotive series, such as Fe, Zn, Mg, Al

PrAcTICE EXERCISE

Balance the following equations for important reactions of
Tin+4,

1. Sn 4 H* + NOy~ (1N) = NH* 4 Sn++
2. Sn + HNOj; (16 N) = SnOzH,0 + NO,
3. Sn (excess) + H* + Cl~ = [SnCl|~ + H,
4. [(H:0):8n(0H);] + OH~ = [HSn(OH)]-
5. [(H:0):Sn(0H),] + OH- = [Sn(OH)~
6. [SnCL]~ + Oy + H* + Cl- 2 [SnCly~
7. $u8; + H* + CI- (6N) = [SnCl]-
8. [SnClel~ + H,S = Sn(HS);
9. Sn(HS), = $nS; + H,S
10. [SnClel~ + H,C:04 2 [Sn(C:04)s]~

CATION GROUP III
(A1, Cr#3, e, Fet+, Mn++, Cot+, Ni++, Zn++)

This might well be called the Steel Group. All the elements
except Zn are important in steel making. Vanadium, which
immediately precedes chromium in the periodic arrangement of the
elements, is equally important in steel making. Cr, Mn, Fe, Co, Ni,
are ‘“A”-family elements, ‘‘transition elements,” of Period 4
(K to Kr) in Groups VI, VII, and VIII. These transition elements
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are characterized by variable valence and by the strong colors of
many of their ions.

All members of this third analytical group have sulfides (or
hydrosulfides) too soluble to be precipitated by H,.S in 0.3 N Ht.
As a result they escape precipitation in Group I1.

Actions of the group reagent. The following equations show that
the group reagent may act in several different ways.

NH; + H,0 = NH,* + OH- K, = 1.8 X 10~ (14)
NH,* = NH; + H*+ K, = 5.6 X 10~ (15)

Cut X Con- = K, = 1.10~% (25°) ' (16)
H,S @ H+ 4 HS- K, =115 X 10" a7

HS- = H* + 8~ K, =1X10"% (18)

HS- + H,O = H,S + OH- (19)

By combining algebraically the equilibrium ratios and constants
of certain of the above equations, it is possible to calculate approxi-
mately the concentrations of the various ions in the group reagent.®
For comparison the concentrations of certain of the ions in the
Group II reagent are given.

1N NHHS 0.3 N H* saturated with H,S

Cus~ 0.92 M 4 X107 M
Cs 9.2 X 108 ¢ 1.3 X 1022 ¢
Chas 0.08 “ 0.1 “
Cou~ 1 X108
Cyxust 0.95 “
CNI{; 0.05 ¢

Whether hydroxides, hydrosulfides, or sulfides will be formed by
this reagent, with the ions of Group I1I will depend upon the relative
solubility products of these compounds.

The hydroxides of the Group III ions are more insoluble than is
Mg(OH),;. Those of tervalent ions, Al*} Cr*? Fetd are much
more insoluble than those of the bivalent ions. The bivalent
hydroxides are not precipitated by NHj in a solution which has been
nearly saturated with NH,Cl. The tervalent hydroxides are com-
pletely precipitated from such solution. The nonprecipitation
of the bivalent hydroxides by NHjs is due to two different cguses.

1. Equations (14)-(16) show that in aqueous solutions contain-
ing ammonia and ammonium salts large Cxu,* tends to reduce Con-

$ For method of calculation see Chapter 9, p. 134.
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and - to increase Cy+, but always within the limit imposed by
equation (16). The solubility products of the bivalent hydroxides
of Group III, Cae++ X C2ou—, may all be considered to be of the order
10—'* as compared with that of Mg(OH),, 10-*1. These hydroxides
are therefore about onc tenth as soluble as Mg(OH). and experiment
shows that a larger Cyu+ will prevent their precipitation by NHj,
provided, in the cases of Fet+ and Mn*+, that oxidation by air to
the much more insoluble FeOOH and MnOOH or MnO(OH):; is
prevented.

2. A quite different cause also operates to prevent precipitation
of the hydroxides of Co**, Ni++ and Zn*+. These ions, in contrast
with Fet+ and Mnt+, form moderately stable complex ions with
NH;, such as [Ni(NHy) tt, [Zn(NH;),*t, [C6(NHy)ett. For
[Zn(NH;) ]t 2 Zntt + 4NH,, the equilibrium constant,

Czatt X Clyn,

++

= 9.8 X 10710

CZn(NHa) 4

has been reported; for that of [Co(NHjs)e¢*+, 1.25 X 1075, Since
ammonium salts tend to decrease the decomposition of water by
NH; [equation (14)], they will favor strongly the formation of the
complex ions rather than the hydroxides. Salts of the complex ions
are very soluble in water.

It follows then that if to a solution containing all the ions of the
group a large Cu,* then NHj in moderate excess were added, the
hydroxides of Al*3 Cr*3 and Fet® should be completely precipi-
tated, while the other ions should remain in solution as Fett,
Mnt++, [Ni(NHs)e*+, [Co(NHs)el*+, [Zn(NH;),J*+. In alkaline
solution air rapidly oxidizes Fett, Mnt+, and [Co(NH;)¢tt as
will be discussed later.

The sulfides. The sulfides or hydrosulfides of all these ions are
too soluble to be precipitated by the reagent of Group II, H,S in
0.3N Ht. As already shown (page 232), NH,HS contains a much
higher Cus— and Cg= than does 0.3 N H* saturated with H,S, and so
the larger solubility products of these sulfides or hydrosulfides can
be exceeded.

Since the hydroxides of Al*?* and Cr*? are much more insoluble
than the sulfides, the OH~ of the reagent NH,HS will precipitate
the hydroxides. If prepared in absence of water the sulfides are
rapidly and completely decomposed when thrown into water, for
example,

AlS; + 4H,0 = 2A100H + 3H,S.
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Fe(HS)s is more insoluble than Fe(OH); and so NH,HS precipitates
the former.
Fet$in 0.3 N H+ is completely reduced by H,S in Group II,

2Fe* + HyS = 8 + 2Fet+ + 2HY,

and therefore in systematic analysis always comes to Group III as
Fet+ unless reoxidized by air.

Zn(HS), is insoluble in dilute AcOH; Fe(HS),, Co(HS)., and.
Ni(HS), are nearly insoluble in buffered AcOH. The pink sulfide
of Mn*+ (probably basic hydrosulfide, HO—Mn—SH) is soluble
in buffered AcOH. This shows that Zn(HS), is much more insolu-
ble than the hydrosulfides of Fet+, Cot+, Nitt, which, in turn, are
much more insoluble than HO—Mn—SH. The washed (aged)
sulfides of Co*+ and Nit* are more insoluble than ZnS. A green
sulfide of Mn*+, said to be MnS, is infrequently seen in analysis.

Valence. All the ions of Group III, except Al*? and Zn++, show
variable valence. Manganese forms compounds in five different
valences, chromium in three, iron and cobalt in at least three, and
nickel in at least two. Knowing what reagents will change these
ions from one valence to another is an important part of a chemist’s
equipment. Hence, special attention must be paid to oxidation-
reduction equations in this group of cations.

Aluminum

Occurrence. Aluminum is one of the most abundant of the
elements in the earth’s lithosphere, being exceeded only by oxygen
and silicon. It occurs in enormous quantity in aluminosilicates,
such as feldspars and micas, and in the clays which result from
these by the weathering action of water and CO..

It also occurs as the oxide corundum, Al;O;.  The gems sapphire
and ruby are corundums colored by minute amounts of Tit® in
sapphire and Cr+3in ruby. These gems are now made synthetically
by fusing ammonium alum, NH,A1(SO,).12H,0, in the oxyhydro-
gen flame. Emerald is a beryllium aluminosilicate (beryl) in which
the green color is due to replacement of some of the Al atoms by Cr.

The important ores are bauxite, Al:O;2HsO and ecryolite
NasAlF,,

Dissolution of the metal. Hydrohalic acids dissolve the metal
slowly when cold but rapidly when hot. Cold dilute H,SO, has
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little effect but the hot concentrated acid dissolves the metal readily
with evolution of SO..

2Al + 8HSO,~ + 9H* = 350, + 6H:0 + 2AI¥

Nitric acid renders the metal ““passive’”” and insoluble, a phenome-
non observed with several other metals, notably Cr and Fe. Pas-
sivity has been explained as due to the outwardly directed valence
forces of the surface layer of aluminum atoms attracting oxygen
atoms furnished by strong oxidants but without actual compound
formation that would detach these Al atoms from the others. In
this way a protective layer only one atom thick would be formed.

In air the metal is quickly covered by a ‘““skin” of AIOOH or
Al;O3, which protects it from further oxidation. This is a case of
compound formation and not related to ‘“passivity.”” If the surface
of Al foil is rubbed with HgCl,, an amalgam is formed in which the
oxide does not dissolve. The free atoms of Al arc then able to
release He even from water.

The metal dissolves readily in strong bases with evolution of
H,. Water in this case acts as the acid after OH~ has removed
the protective layer.

ALOs + 20H- + 3H,0 = 2[A(OH)]~
Then ’
2A1° + 6H+ = 3H, + 2Al* (20)

because, from the potentials

Cats X Ciy,

O = 107 = Kau,

even the minute Cyu+ in NaOH or KOH will be reduced.
Accumulation of Al*3 which would stop the reaction is prevented
by the formation of the very stable [AI(OH),]~.
2A1+ 4+ 80H~ = [2A1(OH),]~ (21)

Adding (20) and (21) and considering that 6H* 4+ 60H~ = 6H,0
we obtain

2A1° 4+ 6H,0 + 20H- = 2[Al(OH),]- + 3H.
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Reactions of Aluminum Ion’

1. Ammonia. From solutions of aluminum salts ammonia
precipitates aluminum oxide gels of variable composition, depending
on the temperature and concentration of the solution. They may
be represented by the indefinite formula Al;Q;2zH;O. These gels
are amphoteric and are dissolved by both H* and OH~. The gels
begin to precipitate at Cy+ = 5 X 1073 and precipitation is com-
plete at Cu+ =7 X 10-7. The gel begins to dissolve at Cog-
= 2.5 X 107 To simplify writing of equations we shall formulate
the gel as AIOOH.

If the gel precipitated at room temperature is extracted with
acetone as long as water is removed, the composition is reported to
approximate Al(OH); fairly closely. Gels precipitated from hot
solution when similarly treated finally reach a composition approxi-
mating AIOOH. Wahile the former, when examined by X rays, are
entirely amorphous, the latter show to some extent the structure
characteristic of the mineral bauxite, Al,Oz-2H,0O. All these gels
in contact with their saturated solutions undergo rearrangement
of the atoms into erystalline forms. The end product of these
rearrangements is reported to be AIOOH. Several months are
required to reach the final structure.

2. Strong bases—NaOH or KOH—precipitate Al;O03-2H.0 gel
or, more simply, ALOOH. The gel is soluble in both strong acids
and strong bases. It is a typical representative of the class of
compounds called ampholytes. Its dissolution in both acids and
bases has been accounted for in two ways:

1. The older theory assumes that the gel can furnish to water two sets

of ions,
AIOOH

)
AlO* + OH- = AIOOH = AlO,~ + H*.

In water, “aluminum hydroxide” has very small solubility. Its
saturated aqueous solution contains only a minute concentration of the
molecules. If acid is added to the water, the reaction H+ + OH- = H.0,
by removing OH-, leaves AlO* in water; the water is no longer saturated
with AIOOH; and more solid must dissolve. If a base is added to the
water, AIOOH must give up H+ to form water, leaving AlQ.~ in solution.

¢ Crystalline salts of Al appear to contain the ion AI(H;0)¢*3. It will be
permissible in writing equations to represent this ion by Al*3 in solutions
rather strongly acid with HNO; or HaSO4 (not halide acids with which it forms
complex anions). In slightly acid solutions (including the halide acids) AlO*
would be more probable.
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A few known crystalline aluminates contain the anion AO. s
salts of the extremely weak acid HAIO,, these salts are largely decomposed
by water, for example,

2. The more modern theory does not admit that aluminum hydroxide
(aluminie acid) can ionize but ascribes the dissolution of the gel in both
acids and bases to the presence in it of both O~ and coordinated water
molecules. For example, if we formulate” the gel as [AI(OH){(H.0)4),
in acid solution H+ should extract OH~ to form H.Q which by coordination
would replace the OH- removed.

[AI(OH)s(H:0)s] + H* = [AI(OH)(H:0)4]!
[AI(OH)2(H,0)4]* + H* == [AI(OH) (H0)g] +*
[AI(OH) (H.0):]*+ + H* = [AI(H.0)]*3

In basic solution OH- should withdraw a H'* from a water molecule,
the coordination position of which would then be filled by OH-.

[AI(OH),(H:0),] + OH- = [AI(OH),(H,0).]- + H.0

[AI(OH),(H,0):]- + OH- = [Al(OH);H.0]- + H,0
[AI(OH)H.0]~ + OH- =*[Al(OH)y]-* + H,0

Thus, either a sufficiently high Cy+ or a sufficiently high Con~ would
cause the gel to dissolve.

Note that [AI(OH);(H:0)4] is formally merely a more highly hydrated
form of AIOOH or 1IAIlO..

AIOOH + 11,0 = Al(OH),
AL(OH); + 3H0 = [AI{OH)4(H:0)4]

v

Thus, the decomposition of KAIO. by water could be written
KAIO: + SH:O = [AIOH);(IL.0), + OH- + K+

3. Alkali sulfides and hydrosulfides precipitate from solutions of
aluminum salts, Al,O32H,0 gel.  This is because the oxide gel is
more insoluble in water than is the sulfide. As the salt of an
extremely weak acid, H,S, and an extremely weak and also insoluble
base, AIOOH, Al;S; will be completely hydrolyzed.

AlO* 4 8= 4 H.0 == AIOOH + HS-
AlO* + HS- + H;0 = AIOOH + H,S
ALS; + 4H,0 = 2A100H + 3H,S

7 Wildinan, J. Chem. Ed., 12, 11 (1935).
8 Whether Al*3 coordinates in this case 4 or 6 OH~ is uncertain. Neither
Al(OH)«~ nor AI(OH)¢? is improbable,
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For the same reason alkali salts of all very weak acids such as
HCN, H,COs, precipitale Al;O3zH,O rather than cyanide or
carbonate.

4. Alkali phosphate precipitates from solutions of aluminum salts
gelatinous AlPO,xH,0, soluble in mineral acids and in NaOH but
insoluble in buffered AcOH.

AlO+ + HPOy~= AlPO,2H,0 + OH-

AlPO4 + 2H+ = AlF + H,PO,-
AE)Q.; + 40H- = [AI(OH)ﬂl]_ -+ PO{‘3

6. Alkali acetate. If alkali acetate is added to a neutral or
slightly acid solution of aluminum salt, and the solution then largely
diluted and boiled, Al;O3:2H,0 is precipitated.

AlO* + AcO~ + H:0 = AIOOH + AcOH

The high Caw- prevents the AcOH from giving up H* which would
reverse the reaction.

6. Aluminon, the trade name for the dye ammonium aurin tri-
carboxylate, forms a brilliant scarlet lake?® with aluminum hydroxide,
which is not decomposed by (NH,),CO;. Be(OH), behaves
similarly. Some other white hydroxides, such as ZrO(OH), and
SiO(OH);, form lakes with the dye, which are decolorized if warmed
with (NH4):COs solution. FeOOH and CrOOH form lakes, but
not in the presence of (NH¢).COs.  Aluminon is thus as valuable in
distinguishing AIOOH from other white hydroxides (except Be(OH),)
as S and O reagent is for Mg(OH)..

Pracrice ExXERcISE
Balance the following equations for important reactions of Al+3,
. Al*® (or AlO*) + OH~ (strong bases) & AlOOH + H,0
. HAIO; + OH~ (excess) =2 [AI(OH),]~
- [AI(OH),]~ + NH,* = AIOOH + NH;

[Al(OH),]~ 4 CO, = AIOOH + HCO;~ + H;0
Al 4+ NH; + H;0 = AIOOH -+ NH,*

" For definition of ‘“lake,” see under Magnesium, p. 268.

gn!pws:u
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8. Al¥ + HS- + H,0 = AIOOH + H,S
7. Al* + AcO~ + H,0 = AIOOH + AcOH
8. Al 4 HCOs~ + H,0 = AIOOH + CO; + H;0
9. AI¥ + CN- + H:0 = _A_@_; HCN

Chromium

Occurrence. The principal oreis chromite, CroFeO,. Consider-
able deposits occur in Canada, the United States, Sweden, and
Russia. Crocoite, PbCrO,, occurs in moderate quantity in some
localities. Cr** replaces Al*? to a small extent in aluminosilicates;
and, hence, traces of it occur in many minerals.

Dissolution of the Metal. Chromium dissolves in the hydrohalic
acids, and in dilute H,;80,. Like aluminum it is made ‘‘ passive”
and not dissolved by HNOs.

Valences. Chromium forms chromous ion, Cr*+, and chromic
ion, Cr*. The former is blue like Cutt, the latter green. In its
highest valence of 6, chromium is always in anions, for example,
CrO4=, Cry07~, CriO4~, CrO;5~. The colors of these ions shift
toward longer wave lengths at each successive polymerization in
accordance with what appears to be a general phenomenon.  CrO¢~
is yellow, Cr;07~ orange, Cr;0,~ red, Cr 0,5~ brown. The last
two exist only under special conditions and require no consideration
analytically.

Chromous zon, Cr++ (blue), is obtained by reducing Cr+? by means
of zinc and HCI with exclusion of air. It is an extremely powerful
reductant and rapidly reduces atmospheric oxygen, changing into
Crt3,

4Cr++ 4 0, 4 4H* = 4Cr* + 2H,0

In consequence of this property it is not met in analysis.

Complex ions. Chromic ion, like Co*? and Rh+3, is a notable
former of complexes, both cations with NH; and water, and anions
with halides. Typical. examples are [Cr(NH,)q*® (yellow), [Cr-
(H;0)e]** (violet), and [Cr(NCS)¢]~? (red). Many of the complex
salts are very stable. The colors depend more on the structure
of the complex than on the nature of the metal, salts of [Co(NHjs)e]*™*
having nearly the same yellow tint as those of [Cr(NH;)e]*®. The
chrome alums are violet because they contain [Cr(H,0)4]*3.
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There are three different chromic chlorides all having the formula
CrCl;6H.0. One is violet, two are green. The structures have been
proved to be (1) [Cr(Hgo)s]Cl,,, (2) [Cr(H,0);ClClH:O; and (3)
[Cr(1.0),Cl ,JCI'2H,0O. From freshly made solutions Ag* precipitates all
the chloride from the first, # from the second, and only % from the third.
In a dessicator over conc. H.8O, the first Ioses no water, the second } of
its water, the third 3. Accordingly the structures given above were
assigned to the three salts. .This kind of isomerism is known as hydrate
isomerism. Moderately dilute chromic chloride solutions frequently show
a mixture of violet and green because

[Cr(H10)6]Cl; = [Cr(H0)4ClCl + 2H.0.

(violet) (green)

More concentrated solutions show more green color, more dilute
solutions appear more violet. The partial dissolution of chromic “ hydrox-
ide”” in large Cyu, is due to formation of [Cr(NHs)sH.0]** (rose color).

The chromate-dichromate equilibrium. All chromate solutions
contain three ions in proportions determined by the Cy+ as shown
by the reactions

CI'207=' -+ H20 s 2HCI‘O4— frad 2CI‘O4" -+ 2H+

(orange) (yellow)

The constants involved and method for calculating cquilibrium
concentrations in CrO= 2 Cry0;™ solutions can be found in Chapter
7, page 93.

All dichromates except (BiO).CrsQ; are largely soluble in water.
Hence alkali dichromate solutions can precipitate only chromates.
Whether or not a given chromate is precipitated depends chiefly
on the Cy+ in the solution.

Valence changes—oxidation of Crt+3,—reduction of Cr,O.;~.

Study thoroughly the rules for balancing redox equations,
Chapter 5, pages 56-58.

It should be noted that in gencral H* (acid solution) favors
reduction (gain of electrons) while OH~ (basic solution) favors
oxidation (loss of electrons).

Reactions of Chromic Ion'®

1. Ammonia forms a gel, Cr;03-2H;0, or more simply CrOOH.
The gel is bluish violet when precipitated from violet solutions
containing chiefly [Cr(H.0)e]*, grayish green when precipitated
from green solutions containing chiefly [Cr(H,0).Cl,]*. In pres-

710 Cr(H;0)6*?, and the like may be represented in writing equations by
Cr*? or CrO* as stated for Al1(H,0)s*? (footnote, p. 236).
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ence of very large excess of NHj; precipitation is incomplete, owing
to formation of [Cr(NH;)sH;0]*® (rose colored). Very long boiling
is required to decompose this ion and to precipitate CrOOH.
Ammonia does not precipitate chromic ion in the presence of a
large Caco. '

2. Strong bases precipitate CrOOH, soluble in excess of OH-.
It is not yet settled whether the CrOOH is merely dispersed to a
colloidal suspension or whether ions such as Cr(OH),~ arc formed.
When the solution or dispersion is boiled, CrOOH precipitates.
This difference in the behavior of aluminate solutions and ‘“chro-
mite” solutions is an argument for the dispersion view. On the
whole the evidence seems to indicate that both chemical reaction
and dispersion take place.

3. Alkali sulfides and hydrosulfides, carbonates, and the like,
precipitate CrOOH for the reasons stated under ‘“ Aluminum ion”
(page 237).

4. Sodium peroxide or H:0.in alkaline solution oxidizes CrOOH
to CrO,~. 1!

Na0; + H;0 — HO,~ + OH~ + 2Nat (at 0°)
2CrOOH + 3HO.~ + OH~ = 2CrO + 3H,0

6. Alkali phosphate precipitates green CrPO,-2H,0, insoluble in
buffered AcOH but readily soluble in mineral acids and moderately
concentrated AcOH.

6. Alkali acetate. If alkali acetate is added to a neutral or
slightly acid solution of a chromic salt, and the solution then largely
diluted and boiled, CrOOH is not precipitated. If, however, a large
amount of Fet® is present, the precipitate of FeOOH carries down
with it most of the chromic ion probably as CrOOH.

7. Reaction of Cr,0;~ with H;0,. If to a solution containing
even a trace of CrO4~ a little H,0, is added and the solution acidi-
fied, a flash of blue color is momentarily seen which disappears
almost instantly. If the solution has been previously shaken with
enough ether so that an ether layer and a water layer separate, on
acidifying and immediately shaking, the blue color passes into the
ether layer, having been stabilized by forming an etherate. "The
blue compound is usually considered to be peroxochromic acid,

11 At higher temperatures HO;~ decomposes considerably:
2HO,~ +5 O 4+ 20H".
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H3CrOs. According to R. Schwarz,!'? however, it is diperoxo-

0—0
: . |/
chromic anhydride, O=Cr .

—0

. Pracrice EXERCISE
Balance the following equations for important reactions of Cr+3,

1. Cr** 4+ OH- (small concentration) <2 CrOOH
(gray green)

2. CrOOH + large OH~ — colloidal CrOOH and probably also
[Cr(OH).]~

3. Cr#® 4+ NH; + H,0 = CrOOH + NH,*+

4. CrOOH or [Cr(OH)4]~ + Na:0; + H:0 = CrO~ + OH-

6. CrO,~ 4+ H* =2 HCrO4~ = Cr0,~ 4+ H,0

(yellow) (orange)
6. CI’207" -+ HzOz + H+ — OS(CblI’(?z)z + H.0 (CI‘O:, forms

an etherate)

A 7. ()(z‘l'l(o)z)z + H,0; + H+* =2 Crt? 4- 0O, + H,0
8. Crt® 4 excess NH; + H;0 — [Cr(NH;):H.0]*® (pink soln.)
9. Cr;07~ + HeS + Hr 2 Cr™® + 8 + H.0

10. Cr®* + HS- + OH- =

Iron

Occurrence. In order of abundance iron is fourth among the
elements. The core of the carth is presumed to consist of an Fe-Ni
alloy. The principal ores are the oxides, Fe;O3 (hematite), FeOOH
(limonite), and Fe;O4 (magnetite), and the carbonate, FeCOs
(siderite). The most widely distributed compounds are the sulfides,
pyrite and marecasite, FeS,, and pyrrhotite, approximately FeS.

Dissolution of the metal. Dilute HCI and H,SO, dissolve iron
readily, forming Fet+ and H,. Cold concentrated H280O, does not
attack it but the hot acid forms Fet® and SO,. Cold very dilute
HNO; forms Fe**+ and NH,* or N,O according to conditions. Hot
dilute HNOj; forms Fet® and NO.

12 Ber., 65, 871 (1932).
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Valence. Fett and Fet® both form many salts. Fet® is
slightly amphoteric. The freshly precipitated ‘“hydroxide” dis-
solves somewhat in hot concentrated NaOH and KOH; and crystal-
line NaFcO, and KFeO,, ferrites, have been obtained from such
solutions. Neither ‘“hydroxide’ is perceptibly peptized or dis-
solved by moderate Con- (difference from Al and Cr+%). If iron
filings are heated with solid KNO; to red heat, the cooled melt
dissolves in water to a bright violet solution from which Bat+%
precipitates unstable BaFeO,H,O (crimson red). This barium
Jerrate contains 6-valent iron and is analogous to BaCrO, and
BaSO,. It is an even stronger oxidant than KMnO,.

FeO~ 4+ 8H* + 3¢~ = Fet3 4+ 4H,0 +1.7 v.
MnO,~ 4+ 8H* + 5e~ = Mntt+ 4 4H,0 +1.52 v.

Reactions of Ferrous Ion

FeSO7H,0, iron vitriol,® and (NH,).Fe(SO,).:6H,0, Mohr’s
salt, are the commonest compounds.

1. Ammonia in absence of a large Cyu t precipitates incom-
pletely white gelatinous Fe(OH),.

Fett + 2NH3 + 2H20 =4 1“8(01‘{22 + 2NH4+

If a sufficient Cnu,* is present, a precipitate may not form immediately.
The solubility product of ferrous hydroxide is of the order 10~ and the
common-ion effect of a large Cnu,+ can reduce the concentration of
hydroxyl ion to so small a value that Cyp.*+ X C%y~ remains less than the
K,p. Tor the same reason NH; cannot precipitate Fe++ completely, since
the increasing Cnu* constantly decreases Cou~ and the product

Creot+ X C?on~
hecomes equal to the K, ;. before all the Fe t* has precipitated.

2. Atmospheric oxygen rapidly oxidizes Fet+ to Fet?® in alkaline
solution. In consequence, precipitated Fe(OH). is rarely pure
white. It usually is pale green. On exposure to the air it becomes
darker green, then black and, when it will absorb no more O,,
shows the red-brown color of FeOOH. The black stage is said to
show the X-ray pattern of magnetite, a spinel, Feo[FeQ,).

The electrode potential of the reaction Fet+ = Fet3 4 ¢~ requires
that the Cp.** in ferric solutions and the Cg,*? in ferrous solutions should
be greater than zero.

13 The structure of iron vitriol is described on p. 37.
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3. Strong bases precipitate completely Fe(OH)., insoluble
in excess of the reagent.

4. Hydrogen sulfide in 0.3 N H* forms no precipitate. When
the gas is passed into a solution of FeSO,7H,O (green vitriol), a
minute amount of black FeS is visible. In buffered AcOH solution
a considerable, although far from complete, precipitation takes
place. The precipitation is complete in alkaline solution.

6. Alkali hydrosulfide or sulfide precipitates ferrous ion com-
pletely, probably as Fe(HS), which during washing becomes less
soluble, presumably due to change into FeS. ‘

Fet+ 4+ 2HS~ = Fe(HS),
Fe(HS), — FeS + H.S8

FeS dissolves readily in cold 1 N HCl. FeS when moist oxidizes
in air rather rapidly to basic ferric sulfate. Alkali sulfide solutions
are sometimes green owing to colloidal FeS. Such green solutions
are occasionally seen in Group II. The trace of ferrous ion may
have entered the acid solutions from Fe** in some reagent.

6. Sodium carbonate precipitates white FeCO; which may be
more or less yellow because of FcOOH if the Fet+ solution containg
Fetd, FeCOj; is soluble in HyCOj3 (water containing COy).

FeCO; 4+ H,CO;3 =2 Fett 4 2(HCO3)~

This reaction accounts for the presence of iron in ground water.
7. Potassium cyanoferroate (ferrocyanide) forms either

K:Fe[Fe(CN)g] or Fey[Fe(CN)g]
according to the relative proportions of Fet* and reagent.

Fet+ 4 2K+ 4 [Fe(CN)s]~* = K:Fe[Fe(CN)]

Both precipitates, if perfectly pure, are white but they usually
appear more or less blue because of the presence of some Fet3, which
forms Prussian blue. The white or light blue precipitates, on
standing in air, are completely oxidized to dark blue Prussian blue.
The precipitates are insoluble in dilute HCI but are decomposed by
solutions of strong bases, with formation of Fe(OH),.

8. Potassium cyanoferriate (ferricyanide) forms a dark blue
precipitate which is usually formulated as Feg[Fe(CN)g); and known
as Turnbull’s blue. '

3Fet+ + 2[Fe(CN)g]~® < Fes[Fe(CN)els
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The precipitate is insoluble in HCI but is decomposed by alkali with
formation of Fe(OH)..

For a more probable formulation of Turnbull's blue as ferrous
““berlinate” see Chapter 10 (page 152).

9. Thiocyanate ion, NCS—, does not react with Fe*+, but ferrous
solutions usually give at least a faint pink tint due to [Fe(NCS)e]—*

10. Oxidants. In alkaline solution Fe*+ is oxidized to Fet3 by
even mild oxidants such as atmospheric oxygen. In acid solution
stronger oxidants such as HNOj;, KCIO;, or Br, are required.

PrACTICE EXERCISE

Balance the following equations for important reactions of Fet+.
1. Fe*t+ + large OH~ = Fe(OH),

2. Fe(OH); + Oz + H20 — black Fe;O42H:0
— FeOOH (red brown)

3. Fet+ 4 H,O 4+ NHz —
(Similarity to Mn*+ and Mg*¥)

4. Fett 4 [Fe(CN)eJ~® + K+ — KFe[Fe(CN)elels
(Turnbull’s blue or K ferrous berlinate).

6. Fett 4 K+ + [Fe(CN)¢™* — K-;Fe[Fe(CN)_gj
7. Fet+ + Br; & Fe** + Br-

8. Fet++ + H* + NOy~ — Fe* 4 NO + H,0
9. Fe(OH),; 4+ Na;0: = FeOOH 4 OH~- 4 Na*

Reactions of Ferric Ion'*

1. Ammonia, even in solutions saturated with NH,* salts, pre-
cipitates completely red-brown Fe O3 2H:0 gel. The precipitate is
insoluble in excess of NHj.

2. Strong bases precipitate Fe,03;-2H,0 gel, insoluble in excess
of OH~. The gel dissolves somewhat in hot extremely concentrated
KOH or NaOH and from such solutions erystalline ferrites such as
NaFeO; and KFeO; have been obtained. This indicates that the

14 For Fe(H:0)s*3 it is permissible to write Ie*? or FeO+*. Solutions of
ferric chloride contain colloidal FeOOH, [FeCls]~2 and H*,
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gel has a very small ability to give up protons and form anions.
However, compared with the amphoteric properties of the gels of
Al*® and Cr*?, ability to dissolve in hydroxy! ion is negligible.

3. Hydrogen sulfide reduces Fet® to Fett, but no FeS is pre-
cipitated in 0.3 N H+.

2Fet® + HoS < 2Fe** + § + 2H*

4. Alkali hydrosulfide or sulfide precipitates probably Fe(HS);
(black) which changes into FesS; on washing. The sulfide is soluble
in 1N HCL

Feasa + 4H+ = 2Fet+ + 2st + §

(See, however, note 2, page 321.)

6. Sodium carbonate precipitates Fe,03-2H,O gel and not a
carbonate for the reason stated for Aluminum (page 238).

6. Potassium cyanoferroate precipitates dark blue ferric cyano-
ferroate, usually formulated Fe,Fe(CN)g]s, but more probably a
high polymer of ferric “berlinate’” (Fe[Fe(CN)¢Fels),, Prussian
blue (see Chapter 10, page 152). A colloidal suspension of this
blue is obtained when the cyanoferroate is in very large excess. This
may be a polymer of potassium “berlinate” (IK[Fe(CN)¢Fe))..
Prussian blue is insoluble in dilute HCI but is decomposed by strong
bases.

FeFe(CN)als + 120H - = 4Fe(OH); + 3[Fe(CN)q-*

[Fe(CN)e]—* is a sensitive reagent for Fet®. When very small Fe¥y
is present and an excess of [Fe(CN)¢]~* is used, a green solution may
be obtained, which results from the small amount of blue in the
presence of the yellow of the reagent ion.

7. Potassium cyanoferriate does not precipitate Fet3, but a dark
brown solution is formed, probably because of unionized Fe[Fe(CN)g].

8. Thiocyanate ion, NCS—, forms a deep red solution, because of
[Fe(NCS)e]2. The color is more intense in the presence of moder-
ately concentrated HCl. The red compound is more soluble in
ether or a mixture of ether and amyl alcohol than in water, pre-
sumably because of etherate formation with Hy[Fe(INCS)g].

9. Action of hydrohalic acids. HF instantly decolorizes ferric
solutions because of formation of the very stable [FeFg¢—*. Solu-
tions of FeCls:6H .0 vary in color from red-brown to yellow, according
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to the amount of Fet3 and the concentration of HCl in the solu-
tion. In solutions high in HCI only such ions as [FeCl,]~, [FeClg]™,
and [FeClg]~® can exist. In solutions only slightly acid the reddish
brown color is due mostly to Fc.032H:0 dispersed in a solution
containing [FeCly]—, and the like. HBr and bromide ions form
complex ions similar to those with Cl-. HI and soluble iodides
reduce Fet? practically completely to Fett. Tor this reason no
ferric iodides or iodoferriates are possible.

10. Alkali secondary phosphates precipitate FePO, or
Feo(HPO,)s, but incompletely unless ionization of H,PO,~ is
repressed by buffering the solution.

Fet + 2HPO,~ = FePO, + HyPO~

FePO, is insoluble in buffered AcOH. One method of removing the
interference in cation analysis caused by HPO,~ is to precipitate it
as FePO, or Fe,(HPO,); before precipitating Group III cations.

11. Alkali acetate, if very concentrated, forms with ferric ion
red solutions somewhat resembling those containing [Fe(NCS)ql .
The color is probably due to formation of & complex anion such as
[Fe(AcO)e~*. This complex is little stable. If a known solution
containing it is buffered with alkali acetate and then largely diluted
and boiled all the iron precipitates as Fe,05-2H,0 gel.

12. Alkali cyanides precipitate Fe,03-2H,0 gel soluble in excess
of the reagent to form [Fe(CN)g 2. '

Fet 4 3CN~ 4 2H.0 = FeOOH + 3HCN

FeOOH + 6CN- + H,0 = [Fe(CN) o= + 3HH-

13. Oxalate ion forms a very stable complex anion, [F'e(Ca04)a] %

PracTicE EXERCISE
Balance the following equations for important reactions of Fet?
1. Fets + HoS = Fet+ + 8 + H*
2. Fet® + (large) Cou~ = FeOOH
3. Fe*® 4 (small) Con~ (NH,* + NH;) & FeOOH

4. FeOOH + Nas0; + H:0 — PeOOH + HO~
+ OH- + Nat
6. Fet? + NCS— = [Fe(I(\’S)S)s]"" (difference from Fet+)
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6. Fet? 4 AcO~ =2 [Fe(AcO)e]? (difference from Fet+)
7. Fe*® + [Fe(CN)g|~* — Fe[Fe(CN)sFe[s

(Prussian blue or ferric berlinate)
8. [Fe(NCS)e]* + H,S0; (Nas80; in HCI) + H,O
= HSO,~ + H+ 4+ NCS— +4 Fet+

9. Fet? 4+ HS— = Fe(HS), A
(black)

10. Fel[Fe(CN)gls + OH- 2 FeOOH + [Fe(CN)J~

Manganese

Occurrence. Manganese occurs in the earth’s lithosphere
chiefly as pyrolusite, MnO,, less abundantly as the carbonate,
MnCO; (rhodochrosite), bright pink and as the silicate MnSiOs,
rhodonite, dull pink. Manganese and iron are close companions.
Nearly all iron ores contain manganese; nearly all manganese ores
contain iron.

Preparation and dissolution of the metal. The metal is usually
obtained by reduction of MnO, by aluminum (Goldschmidt).

The metal dissolves readily in the hydrohalic acids with evolu-
tion of H,. Cold 36 N H,SO, scarcely attacks it. Above 100°
solution is rapid with evolution of SO,. HNO; dissolves it with
evolution of NO.

Valence. * Manganese forms compounds in the valences 1, 2, 3,
4,6,and 7. Compounds in which manganese has a valence of 1 or 3
have, for the most part, little stability and the clement is usually in
a complex anion. Some of the more stable of these are the following.

Mn+ K;Mn(CN)s, white powder.

Mnt* [MnClg]-® (dark brown), [Mn(PO,).]=* (violet), CsMn-
(S04)212H,0 (dark red), [Mn(CN)g® (dark red), [Mn(C,-
04)s]™® (dark red-black), [MnF;]= (dark red), (AcO)sMn-
-2H,0 (brown).

Mnt¢ MnO,zH;0 appears to be the only definite stable com-
pound. A very few salts containing Mnt4 such as Mn-
(80,)2 (black), KoMnCl, (dark red), KoMnFs (yellow) have
been made but only under special conditions. None of them
are very stable. So-called ‘“‘manganites,” for example,
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CaMnOs;, MnMnOj, are decidedly variable in composition.
They are best regarded as adsorption compounds and not
true salts.

MnO,~ is stable only in a high concentration of OH-. Even
. CO, decomposes it into MnO, and MnO,~.

MnO,~ is very easily reduced to MnO, in neutral or alkaline
solution and to Mnt*+ in acid solution.

For analytical purposes the three important stable valences of
manganese are 2, 4, and 7 in Mn*+, MnOzzH,0, and MnO,~.

Reactions of Manganous Ion

1. Strong bases, NaOH or KOH, precipitate Mn(OH); (white),
rapidly oxidized by air to MnO»-zH:0 (dark brown). Very probably
Mn(OH)s, also brown, is formed as an intermediate state. Mn(OH),
is soluble in concentrated NH,* salt solution. MnO,zH:0 and
Mn(OH)s, which are much more insoluble in water than is Mn(OH),,
are insoluble in NH,*.

2. Ammonia incompletely precipitates Mn** from solutions con-
taining not too much NH,* as white Mn(OH)..

Mnt+ + 2NH3 + 2H20 = M_H(OH)z + 2NH4+

As discussed on page 233, Mn(OH). is not precipitated by NH;from
a solution nearly saturated with NH,* salt. On standing, MnO,-
2#H,0 and Mn(OH); gradually precipitate, since these compounds
are much more insoluble than Mn(OH),. A yellow modification of
Mn(OH); occasionally is formed.

3. Ammonium hydrosulfide or sulfide precipitates salmon pink
hydrated manganese sulfide which may be a basic hydrosulfide,
HS—Mn—OH. This sulfide is soluble in acetic acid (difference
from ZnS) and is not precipitated by H2S even in strongly buffered
acetic acid. It is slowly oxidized by air to MnO,-zH:0.

A green manganese sulfide, said to be (Mn8)s-H:0, is infre-
quently met in analysis.

4. Sodium bismuthate (frequently formulated as NaBiOs but
more probably a mixture of Bi:O4 and Bi,0s, containing much
adsorbed Na*) in cold dilute HNO; oxidizes Mn*+ to permanganate
ion MnO4~ (purple red). PbO: in hot dilute H,80, acts similarly.

6. Potassium chlorate, KCIOs, in hot concentrated nitric acid
oxidizes Mn++ to MnO,. This reaction separates manganese from
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nearly all other cations. In alkaline solution Na,0,, H,0,, BrO-,
and ClO- oxidize Mn*+ to MnO.-zH,0.

6. MnO..zH:0 is the most important compound of manganese
in its valence of 4. It is often said to be amphoteric. On fusion
with a strong base, NaOH or Ca(OH),, it may form manganites, for
example, Na;MnOj; CaMnOj, and the like. These, however, are
immediately decomposed by water with precipitation of MnO,2H0
and are not formed in presence of water.

When MnO; is treated with concentrated HCI, [MnClg]~ brown
probably forms but quickly decomposes to [MnClg]—?, also brown.

2[MnClg]~ + 2C1- & 2[MnClg* + Cl,

7. Manganate ion (green) is stable only in basic solutions. It is
formed in the dry way by fusion of a Mn** salt with NaOH or
Na,COj; with an oxidant such as NaNO; or KClO;. It is decom-
posed to MnOz-zH,0 and MnO,~ by even very weak acids such as
H,CO:s.

Formation of green MnO,s~ in a NayCO; bead is a sensitive test
for Mn. In a small loop of the platinum wire a bead of fused
Na,COj; is formed. If a very minute quantity of any Mn compound
is taken up in the bead and the latter rcheated in the oxidizing
Bunsen flame, the bead takes on a distinet green tint. Too much
Mn spoils the test since only brown MnO, is formed.

Mn*t 4 4C0O;3= == MnO,~ + 4CO, + 4e—
0, + 2CO, + 4e— = 2C0O;~

Mn++ + 0, 4+ 2C05~ = MnO,~ + 2CO,

8. Permanganate ion (purple) is onc of the strongest oxidants
and is reduced by nearly all reductants. In neutral or alkaline
solution it is reduced to MnOy2H,0. In acid solution it is reduced
to Mn+t+,

In strongly basic solution MnO,~ is reduced to green MnQ,~. This is
probably caused by presence of a little colloidal MnO. in permanganate
solutions.

9. Potassium cyanoferroate with Mn** forms white, or very
slightly pink, Mn,[Fe(CN)g], insoluble in dilute HCI.
Reactions of Manganous Ion as Reductant

Mn**t 4+ 30H- & Mn(OH); + ¢~
Mnt+t 4+ 40H- 2 MnOy2H0 + 2¢—
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Mn++ + 2H;0 e MnO; + 4H* + 2¢-
Mn*+ + SOH- <2 MnO,= (green) + 4H,0 + 4e—
Mn*++ + 4H,0 & MnO,~ (purple) + 8H+* + 5¢~
Mn++ 4 4C0O;~ & MnO4~ + 4CO; + 4e~ (fusion)

Reduction of Oxidants Commonly Used with Mn*+

NaBiOs + 6H* + 2¢~ = Bi*? + 3H.,0 + Nat
or possibly
BiO; + 4H* + ¢ 32 Bi¥® + 2H,0,
PbO; + HSO,~ + 3H*t + 2¢~ 2 PbSO, + 2H,0,
HO,~ (NagOs, or HiO + OH-) + H:0 + 2¢~ =2 30H",
ClOs~ in 16 N HNO;: HCIO5 + H* + ¢~ 2 ClOs + H,0.

Pracrice EXERCISE

Balance the following equations for important reactions of
manganese.

1. Mn** + large OH~ = Mn(OH).

Mn++ + (small) OH- (NH4+ + NH;) —
Mn*++ + HOy~ + OH~ = MnO,'H;0
Mnt++ + HS- = HO—Mn—SH

(I)ink)
. Mut+ 4 NagOs + B0 = MuOyH,0

RS Sl S

. MnO,~ 4+ NOs~ 4+ OH~ — MnO,= + NO;~
10. MnO,~ + Ht e I}@}_(_)g;{liz_(? + MnO4—

© ® = o
&
ol
+
Z
I
=
&
+
fasf
+
+
=)
i)
=
"
+
=
<

See electron partial equations above.  Follow rules for balancing
redox reactions, page 56.

Cobalt and Nickel

Occurrence. Both elements occur as the metal in iron meteor-
ites. In the earth’s lithosphere they are usually associated with
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Fe and S or As. Some minerals are smaltite, CoAs,; cobaltite,
CoAsS; Co-Ni pyrite, (Co, Fe, Ni,)S;; millerite, NiS; pentlandite,
NiS(FeS).; gersdorffite, NiAsS.

These two elements stand in the periodic arrangement between
iron and copper. They always accompany each other in ores.
Most commercial cobalt salts contain some nickel. Nickel salts
usually are much freer from cobalt.

The ions of cobalt resemble in their reactions those of iron.
Nit++ resembles Cu* in its reactions rather more than it does Cot+
and Fet+,

Dissolution of the metals. Both cobalt and nickel, if pure,
dissolve more slowly in dilute hydrohalic and sulfuric acids than
does iron. They dissolve readily in dilute HNO; but are made
“pagsive’” by the concentrated acid. They are not dissolved by
strong bases in aqueous solution.

Valences. Cobalt forms both Cot+ and Co*s. Cot** forms a’
vitriol, [Co(H,0)eS04+H;0. Cot* forms alums, Ks(Rb, Cs) Co-
(8042 12H,0, all dark blue.

Nickel forms ordinarily only [Ni(H.0) ]t (for brevity, Nit++).
A black dioxide, NiOy2H,0 is formed by powerful oxidants in
alkaline solution.

Most hydrated Co** salts are red because of [Co(H;0)e]*.
When dehydrated, they become blue. ‘“Sympathetic ink”’ is CoCl,
solution. The writing is ordinarily invisible but turns blue when
the paper is warmed. '

All simple salts of Co*? decompose water with liberation of Os.
Very insoluble compounds such as Co(OH); can exist in presence of
water.

Co(OH);, unlike Fe(OH)s, dissolves in dilute HCI to form Cot++
and Clp; in dilute HNO; or HsSO4 to form Cot* and Q.. In the
latter acids probably H20; is formed first.

2H,;0 + 2Co+ — H;0, + 2Co++ + 2H+
200"'3 + HzOz g 2CO++ + 02 + 2H+

Very powerful oxidants such as BrO— in alkaline solution oxidize
Cott .and Nitt+ to CoOzxzH:0 and NiOyzH.0 (both black),
resembling MnO; in their properties.

Reactions of Cobaltous Ion

1. Strong bases, NaOH or KOH, precipitate from cold solutions
of Cott a blue basic salt which is changed, by excess of alkali and by
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warming, to pink Cq(OH).. In contact with air Co(OH), becomes
green and then brow;. The green form is stated to be a hydrate of
Co304, analogous ty FesO4 The brown form is Co(OH)s or
CoOOH. Note in ¢hese reactions the resemblance of Co(OH), to
Fe(OH): and Mn(OH): and its difference from Ni(OH),, which is
not oxidized by ajr. Both Co(OH): and Co(OH); are soluble in
concentrated solutions of ammonium salts containing NHs.

Co(OH); + aNH* + 4NH, = [Co(NHy)sl+* + 2H,0
ZCO(OH):; + 4NH4+ + 4NH3 = [()Oz(N'I'Ix)3(011)2]’*'4 + 4H20

2. Ammonig in the absence of NH,* salt precipitates blue basic
salts which do not change to Co(OH), (differcnce from fixed
alkali). In the presence of sufficient NH,*, ammonia forms no
precipitate but the pink solution of Co(NH;)stt is rapidly oxidized
by air to a brpwn solution because of the formation of

1T 4

(H,-,I\)4( ',()\ (:O(NI‘I;;).:

N
s
\

“
I
H

The broken bond-lines indicate coordination through an electron-
pair donated by the oxygen atom.

On standing, this brown solution slowly decomposes with forma-
tion of a red ion such as [Co(NH;);ClJ*t* if NH,Cl was used.

[Co2(NH;)s(OH) J** + 2NH,* + 2Cl-
— 2[Co(NHy)ClI**+ + 2H,0

3. Hydrogen sulfide forms no precipitate either in 0.3 N H* or
in acetic acid solution. In strongly buffered acetic acid Cott is
partially precipitated, probably as Co(HS)..

4. Ammonium hydrosulfide or sulfide with neutral solutions of
Co*t, or with basic solutions containing complex ions such as
[Co(NHj3)g]Ht, [Cos(NH;)s(OH).J*, forms probably black Co(HS),.
The fresh unwashed precipitate is somewhat soluble in 1 N HCI but
becomes nearly insoluble after repeated washing. This may be due
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to change of Co(HS); into CoS. CoS is rpadily soluble in hot
HNOs, in HCI + HNOj; or in HCl 4+ KCIOs.

5. Cyanide ion. From a neutral solution. f Co**+ cyanide ion
precipitates Co(CN); red-brown, readily solubje in excess of CN~
with formation of brown cyanocobaltoate ion, [Co(CN)e] ™, anal-
ogous to cyanoferroate ion. Unlike the latter, cyanocobaltoate
ion is rapidly oxidized by air in warm solution to form the much
more stable yellow cyanocobaltiate ion [Co(CN)e=* This is so
stable that neither cobalt nor cyanide can be detected in it until the
complex has been destroyed by powerful reagents (Difference from
[Ni(CN)4J").

6. Potassium nitrite, in excess, precipitates from concentrated
solutions of cobaltous ion in acectic acid yellow crystalline potassium
hexanitrocobaltiate, commonly called potassium cobaltinitrite,
K3[Co(NO;)63H0 (difference from nickel).

7. Alpha-nitroso beta-naphthol in 509 acetic acid forms a
bright brick-red precipitate containing Co*3. This is an extremely
sensitive test for Cot+ in the absence of Fet? which forms a black
precipitate with the reagent. Nickel gives no precipitate. ‘

8. Alkali thiocyanates in moderately concentrated HCl form
[Co(NCS)4= (deep blue). (Compare [Fe(NCS)e®, deep red.)
The free acid of the complex ion is much more soluble in ether
(better, a mixture of one part of ether and two parts amyl alcohol)
than in water. A little Co** is added to a solution of any alkali
thiocyanate (Kt, Nat, NH*), and then 1 ml of a mixture of amyl
alcohol and ether added and the solution shaken to saturate mutually
the two solutions. If the mixture is now made strongly acid with
HCI and Vlgorously shaken, a blue color will be seen in the ether-
alcohol layer, the depth of color depending upon the amount of
Cott in the solution.

If Fet3 is present, the cther-alecohol will be purple red instead of
blue. In this case if a tiny crystal of Na,S;0; is added and the
mixture again shaken vigorously, Fet? is reduced to TFe*t*+ and
the blue color can bhe seen. This is an extremely delicate test for
Cot+t. o

This test was proposed by Treadwell in 1901.7% Neither he nor certain
authors who have recommended the test seem to have understood it

entirely since they state that the test must be made in neutral solution.
Treadwell used NH,NCS. (NH,).Co(NCS),is somewhat soluble in ether.

15 7. anorg. Chem., 26, 105.
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The corresponding K+ and Na* salts arc entirely insoluble in ether. When
ammonium thiocyanate is used in neutral or only slightly ac¢id solution,
sufficiently large concentrations of Co*+ will indeed give a blue color in the
ether layer, but small amounts of cobalt can not be detected in this way
because most of the cobalt remains in the water layer. If the solution
used is made strongly acid with HCl and again shaken, nearly all the cobalt
passes into the ether layer. This is probably due to formation of a covalent
etherate by the unionized complex acid. The test is capable of detecting
minute amounts of Co** only when a high concentration of IHCl is present
to form II){Co(NCS),). With this high Cy* present, KNCS, NaNCs, and
NHNCS behave identically.

9. Thiocyanatomercurate ion precipitates deep blue crystalline
Co[Hg(NCS)g. Two drops of a 0.05 mg/ml solution (0.005 mg
Cott) on a spot plate with 1 drop of 0.3 formal I [Hg(NCS),]
solution give a distinct precipitate after stirring about one minute.

10. Cyanoferroate ion precipitates green CoofFe(CN)e] nearly
insoluble in dilute HCL

Pracrics Exercise
Balance the following equations for important reactions of Co*+.
1. Cot* 4+ OH~ + X~ — CoOHX (cold soln.) — Co(OH).

(bfue) (mnk)
2. CoOHX + O, + O~ — Co(OH)s (cf. Fett, Mnt+)
(btown) )
3. Cott + NHs + HyO + X~ +» CoOHX
(blue)
4, CoOHX 4 NH,* -+ NH; & Co(NHj)¢tt
- (pink)
b. Cott -+ NH,*+ (large) + NH; 2 Co(NH;)et*
6. Co** 4 Nas0, + H,0 = Co(OH)s (cf. Fett)
7. Cott -+ HS— = 99_@1_5)2 (cf. Fett) — LOS + H.S
8. Cot* 4+ CN~ — [Co(CN)e]™* (cf. I‘c**)
9. [Co(CN)]* + Oy + H30 = [Co(CN)e]™®
(difference from Fe, Ni).
10. Cott 4 NCS— + Ht 2 Hg[Co(I\CS)4] (cf. Hg[F(‘(NCS)s]

(blue)

Reactions of Nickel Ion

1. Strong Bases, depending on their concentration, preclpxtate
either a basic salt or Ni(OH),, both light green and readily soluble
in NH,* and NH;, forming probably [Ni(NH;)(H:0).J** blue.
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Ni(OH); is not oxidized by air [difference from Cr(OH);, Mn(OH)s,,
Fe(OH),; and Co(OH);. Resemblance to Cu(OH),].

2. Ammonia solution, if quite dilute, precipitates green basic
salts such as Ni(OH)CI, which, like Ni(OH),, are readily soluble in
excess of NH; or in NH,+. More concentrated solutions of NHj
form the complex ion at once.

3. Hydrogen sulfide forms no precipitate in solutions of Ni++ in
0.3N H+*. From strongly . buffered acetic acid solution Ni++ is
partially precipitated, probably as Ni(HS), (black).

4. Ammonium hydrosulfide or sulfide, from neutral solutions of
Ni++ or basic solutions containing [Ni(NH;),*++, precipitates
probably Ni(HS).. Like Co(HS), the fresh unwashed precipitate
is somewhat soluble in'cold 1N HCl. After repeated washing it
dissolves only very slowly (separation of Co*t and Nit* from
Zn**). This decrease of solubility is probably owing in part at
least to Ni(HS); — NiS + H,S. However NiS has several different
forms, change from one of which into another is accompanied by
decrease of solubility. Ni(HS), very readily forms brown colloidal
suspensions. Their formation scems to be favored by (1) large
concentration of NH; and (2) yellow persulfide ions such as S,=,
Ss=, and the like. To prevent formation of colloidal Ni(HS), the
NH,HS reagent should always be colorless. Like CoS, NiS is
readily dissolved by hot nitric acid or by HCl and KClO; with
formation of sulfur. '

Moist sulfides of cobalt, nickel, and zinc are rapidly oxidized by
air to sulfates and for this reason should always be dissolved as soon
as washed.

6. Cyanide ion forms a green precipitate of Ni(CN)s,, readily
soluble in excess of CN— with formation of [Ni(CN),= (compare
with [Co(CN)e™*). Tetracyanonickeloate ion is not oxidized by
air and is much less stable than is [Co(CN)g].

6. Nitrous acid (NO,~ and AcOH) does not oxidize Ni+*+ and
forms no precipitate with it except in very concentrated solutions of
Nit+ (difference from Co*+).

7. Dimethylglyoxime in alcoholic solution forms with Ni++a
voluminous brilliant scarlet precipitate of nickel glyoximine, an
“inner complex”’ salt:16

718 Structure according to P. Pfeiffer, Ber. 63, 1811-1816 (1930); C. A., 24,

5723 (1930); and Brady and Muers, J. Chem. Soc. (1930), 1599; C. A., 24, 5296
(1930).
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H;C—C=NOH

2 + Ni++
- HC—C=NOH
0---H—0
I |
H;C—C=N =C—CH,
N
= ’Ni + 2H+
AN
H;C—C=N N=C—CH;
| I
O0—H-0

Nickel glyoximine (frequently written Ni(In),) is amphoteric
and should be precipitated in buffered acetic acil or buffered
ammonia to prevent accumulation of H* which would reverse the
reaction. It is also soluble in OH~.

The reagent is said to be capable of detecting 1 part of Nit+
in 400,000 parts of water. Co**+ forms brown solutions with this
reagent. When it is present, more reagent must be added than is
equivalent to the Co*+ present before Nit+ begins to precipitate.

Unbelievably small amounts of nickel in cobalt salts can be detected
with dimethyglyoxime by the following procedure.

To 1 ml of cobaltous salt solution CN-gs added until the precipitate
of Co(CN). just redissolves. The solution is warmed and stirred for two
or three minutes. It now contains the extremely stable [Co(CN)4]-3 and
the much less stable [Ni(CN)4]=. The solution is diluted with two or three
volumes of water. To about 1 ml of the diluted solution a drop of dimethyl-
glyoxime solution is added and then AgNO; dropwise with constant stirring
until a permanent precipitate of Ag[Ag(CN).] or Ag;[Co(CN)] forms.
The white precipitate is colored more or less deeply pink if any nickel is
present. The silver precipitate evidently adsorbs the colloidal nickel
glyoximine.

The solution contains a large Ccoonyy~3, & very minute Cyicony,~ and
a moderate Con—. Ni(Dn). cannot form in spite of its great insolubility

Crit+ 4N~ . .
because Onitt X Clon = Kequi the relatively large Con— and the minute
Criconyg™

Cnicvy,~ make Cnit+ vanishing small so that even the extremely small
K., of Ni(Dn), is not reached. The ion Ag(CN),~ is very stable and its
silver salt Ag[Ag(CN),] is very slightly soluble. When Ag* is added to the
mixture of CN- and cyano-anions, it reacts with CN- to form AgCN,
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which redissolves on stirring or shaking due to formation of [Ag(CN).]-.
When Ccn— in this way becomes sufficiently small, the moderately stable
[Ni(CN),]~ decomposes into Ni+* and CN~and the latter forms [Ag(CN),]~
which, when Ca.* is made large enough, precipitates as Ag[Ag(C'N).].
Even when all the Nit+ is released from [Ni(CN)4]=, its concentration may
be far too small to form flocculent Ni(IDn).. Adsorption of the red colloid
on the white surface of Ag[Ag(CN):] or Ags[Co(CN)g], causes these precipi-
tates to appear pink or scarlet according to the amount of Ni*+ present.

However, this may be another instance of coprecipitation.

TaABLE 9
COMPARISON OF THE BEHAVIOR OF Cott AND Nit* TOWARD
VARIOUS REAGENTS
REAGENT Co*+ Ni++

OH- (KOH, NaOH)
OH~ (cxcess)

OH- (NH; + H:0)

OH- (NH,* + NH,)
HS—

HO.~ [Na,0, (or NH-

+ H.0,)]
OH~ + Brzor Cl; (BrO~

or ClO")
CN-

HNO; + NO,~
Dimethylglyoxime
NCS~ + large H*

a-Nitroso g-naphthol

Blue CoOHX  (X-anion
of salt)
Pink Co(OH), 4- air

= Co(OH); (brown)

Blue CoOHX + air

~ Co(OI); (hrown)
Co(NHy)et* (pink) -+ air
— brown complex ion

Co(HS)., (black)

-» CoS (on washing)

9393 (black)
L
Brown Co(CN): — brown

[Co(CN)g)™ + air

— [Co(CN)g] ™3 yellow
KA(Co(NOu)] (yellow)
Brown solution

H,[{Co(NCS)4) blue forms
etherate

Brown-crimson pre-
cipitate

Green Nl()I{:Y

Gireen E\' LO_UB

stable to air
Green NIOHX

to air
Rlue [Ni(NHg) ]+t

Black Ni(HS).

. XEYSD washing)
Ni(OTs (green)

NiO. (black)

(NI(CN) ™

(green)
stable to air

NICN)

T(green)

No reaction
‘v:N_"i_(Dn)z (scarlet)
No reaction

No reaction

PrACTICE EXERCISE

Balance the following equations for important reactions of Nit+.
1. Ni** + OH~ = Ni(OH). (insoluble in excess)
2. Nit+ 4+ NH,* + NH; & [Ni(NHs) )+t (cf. Znt¥)
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3. Nit+ 4- HS~ = Ni(HS).
4. Ni*+ + Nas0, + H.0 = Ni(OH), + HO:~ + Na*
. (difference from Co*+)
6. Nitt 4+ CN— = Ni(CN)~ (difference from Co**)
6. Nit* + HDn (dimethylglyoxime) 2 Ni(Dn), + H*

Zinc

Occurrence. Zinc occurs in the earth’s lithosphere chiefly as
ZnS, sphalerite. It also occurs as smithsonite, ZnCOs; willemite,
7mySi0y4; and zincite, ZnO. In the periodie arrangement of the
elements it constitutes, together with cadmium and mercury, the
II-B family.

Dissolution of the metal. Commercial zine dissolves readily in
dilute mineral acids, but very pure zine does not beeause of ““hydro-
gen overvoltage.” Zinc reduces HNO; to NI+, N2O, NO, or NO,
according to the concentration of acid. Zinc dissolves also in
strong bases with liberation of H,.

Reactions of Zinc Ion

1. Strong bases precipitate white Zn(OH). gel, possibly
[Zn(OH),(H20),], soluble in excess of base forming [HZn(OH)]~.
The amphoterism of zinc hydroxide is explainable on the same
grounds as that of [AI(OH)s(H0)s].

[Zn(OH),(H,0),] + OH~ & [HZn(OH).]~ 4 H,0

2. Ammonia, if dilute, precipitates incompletely Zn(OH), gel,
readily soluble in excess of the reagent or in NH+ salts with forma-
tion of {Zn(NHj) ™+ (similarity to Nit*; diffcrence from aluminum,
chromium, iron, manganese). Hydrogen sulfide does not precipi-
tate Zn(HS), from solutions 0.3N in H*. Zn(HS), is completely
precipitated by H.S from AcOH solutions. In this respect it differs
from all the elements of Cation Group ITL

3. Ammonium hydrosulfide or sulfide precipitates white Zn(HS),
from solutions containing Zn*+, [HZn(OH),~ or [Zn(NH,),]*.
Like Ni(HS), it has a considerable tendency to form colloidal
suspensions. To prevent this, precipitates which may contain
Zn(HS). should be washed with hot water containing AcONH, or
NH,NO;.

4. Rinmann’s green. Zn** is distinguished in analysis by its
white sulfide precipitated by H,S from 6 N AcOH solution. One
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confirmatory test formerly much used consists of formation of a
green compound, CoZnO;, or a solid solution of CoO and ZnO,
known as Rinmann’s green. To obtain the green color, neither
oxide may be in large excess over the other. The test is most
delicate when a piece of filter paper impregnated with Ks[Co(CN)s]
is spotted with a drop containing not too high concentration of
Zn*+ and the paper then gently heated to charring in a crucible. A
green color will appear on the spotted portion.

6. Caprecipitation of cobalt thiocyanatomercurate with zinc
thiocyanatomercurate. Zn[Hg(NCS), white, crystalline, is only
very slowly precipitated because of super-saturation. In presence
of a trace of Cot*, however, pale blue mixed crystals of Zn[Hg-
(NCS),] and Co[Hg(NCS)4] are rather quickly precipitated (usually
within 15 seconds).

The test is performed as follows. In a depression of a spot plate
place 1 drop of the solution to be tested for Zn**+ and 1 drop of
0.029% Cot**+in 0.5 N HCL. Place a drop of the Co*+ solution in an
adjacent depression. To each add 1 drop of 0.3 formal K,[Hg-
(NCS)4. Stir each with a glass rod for 15 seconds. If the test
solution contains Zn**, a blue precipitate will appear in less than
2 minutes, usually in less than 30 seconds. In the solution con-
taining only Cot+ a blue precipitate will not appear within 3 minutes.
This test is said to deteet 0.5y (= 0.0005 mg) per drop, or 1 part of
Zn++ in 100,000 parts of water. Fet3 if present would form red
[Fe(NCS)¢=3. Addition of 1 to 2 mg of an alkali fluoride removes
the interference by forming colorless [FeFg] 3.

Pracrice EXERCISE
Balance the following equations for important reactions of Zn*+.
1. Zn*+ 4 OH~ (small) — Zn(OH),
2. Zn(OH), + OH~ (large) = [HZn(OH)4]~ (cf. Al**, Cr*?)
3. Zn++ 4 NH; & [Zn(NH,) ]t
4. Zntt + H,S (in AcOH) = Zn(HS); — ZnS + H.S
6. [Zn(NH;) "+ + HS~ = Zn(HS), + NH,

CATION GROUP IV
(Batt, Srtt+, Catt, and Mgt+)
Barium
Occurrence. Barium occurs most commonly as barite, BaSQO,,
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and witherite, BaCOs. It is much less abundant than calcium and
magnesium but it is considerably more abundant than strontium.

Dissolution of the metal. Until recently the metal was almost
unknown, but its use in alloys and in vacuum tubes has produced a
demand. In the form of an alloy with nickel, it is also used in
ignition systems of gasoline engines. It closely resembles the alkali
metals in appearance and like them decomposes water.

Reactions of Barium Ion

1. Strong bases—KOH and NaOH-—if free from carbonate,
give no precipitate. These reagents have usually absorbed CO,
from the air and give a turbidity of BaCO;. Alkaline solutions con-
taining Batt rapidly absorb CO; and become turbid. Consult the
table on page 264 and note the large solubility of Ba(OH). as
indicated there.

2. Ammonia solution, if frece from carbonate, gives no
precipitate.

3. Ammonium sulfide, (NH,)HS, if free from carbonate, gives
no precipitate because Ba8, like the sulfides of Al and Cr, is com-
pletely hydrolyzed in aqueous solution.

4. Alkali carbonates precipitate white, flocculent BaCOj, which
becomes crystalline on standing or heating. Precipitation by
(NH,):CO; is somewhat incomplete because NH,* is an acid
(Kion = 5.6 X 10719) and forces the reaetion

NH,* + CO;= = NH; + HCO;~

to the right. Bicarbonates of alkaline earth ions are soluble in
water. In consequence of the above reaction Cio,~ becomes too
small to precipitate the last of the Bat+. Sinece H,CO; (K; = 10-7;
K, = 10-11) is a weaker acid than AcOH, BaCQ; is readily soluble in
mineral acid and in AcOH.

BaCO; + H+ & Ba++ + HCO4~
HCO;~ + H+ & H,CO3 = H,0 + CO;

6. Sulfate ion, from dilute H.SO4 or any soluble sulfate, pre-
cipitates white, powdery BaSO,, the most insoluble compound of
Bat+. It is practically insoluble in water and in dilute HCl and
HNOs. It is less soluble in dilute H,SO, than in water due to the
common ion effect. It dissolves somewhat in concentrated HCI or
HNOs, because of formation of HSO4~ (bisulfates are soluble), and
to a considerable extent in hot concentrated H,SO, for the same
reason. When boiled with Na;COj; solution (3 N or more) barium
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sulfate is sufficiently transposed into BaCOj; so that SO~ can be
detected in the solution. The transposition is much more complete
when BaSOQy is fused with Na;COj; in a crucible.

6. Chromate ion forms pale yellow BaCrQ,, practically insolu-
ble in water and in strongly buffered AcOH but soluble in mineral
acids and slightly soluble in unbuffered AcOH. The different
behavior of BaSO4 and BaCrO, toward H+ is due to the large
difference in the ionization of HSO,~ (Km = 1.2 X 1072) and
HCrO4~ (Ko = 3.2 X 1077). Furthermore for

2HCI‘O4_ = (31'2(:)7m + H20
Keauil. = “0—0227; = 44

Cucroe~ .
The values of the constants show that even a small Cy+ must dis-
solve some BaCrO4 by forming HCrO4~ and Cr;0;~. Both barium
chromate and barium sulfate should be precipitated in boiling solu-
tion so as to obtain a crystalline precipitate which is more rapidly
washed free from contaminating ions.

7. Oxalate ion forms white BaC.04H,0 slightly soluble in
water and soluble in hot AcOH (difference from CaC,0y,).

8. Secondary phosphate ion, HPO,=, precipitates from neutral
solutions white flocculent BaHPOQ,. In strongly alkaline solutions
mostly Bas(PO4), probably is formed. Both are readily soluble in
mineral acids and cven in AcOH because of formation of H,PO, -
(Kion = 6.2 X 10-8), the alkaline earth salts of which are soluble.

9. Flame color. DBarium salts impart to the Bunsen flame a
yellow-green color.

BaCl, is the most volatile of the salts. Even BaSO, and
BaCr0Q,, if moistened with concentrated HCI, color the flame. It
has been observed that, upon heating, Ba compounds tend to creep
up a platinum wire more rapidly than compounds of Sr. This
facilitates detection of Sr++ and Batt by flame tests in presence of
cach other.

10. Sodium rhodizonate, Na,CqQs, the Na salt of 3, 4, 5, 6-tetra-

O 0

[

ketocyclohexenediol, 0—@20 forms with Ba** in neutral

Na Na
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solution red-brown BaCgO¢, which becomes bright red when treated
with very dilute HCl. Because many heavy-metal ions interfere,
the reaction may be used only after removal of these ions. The
reaction is best used as a spot test as follows:

On a strip of filter paper place 1 drop of barium ion test solution,
then add a small drop of an aqueous solution of sodium rhodizonate.
If barium ion is present, a red-brown spot forms. The color is
darker the more Ba*+is present. If the spot is touched with a drop
of 0.3 N HCI the spot becomes bright red. TFeigl claims that this
test will detect 0.5y of Ba** in presence of fifty times as much Sr++.
The latter forms a precipitate of the same color which, however,
dissolves instantly to a colorless compound when touched with
0.3N HCL

Strontium

Occurrence. Except radium, strontium is the least abundant of
the alkaline earth elements. The principal minerals are cclestite,
SrS80,, and strontianite, SrCO;. Small amounts occur in some
calcium minerals.

Dissolution of the metal. - The metal at present is little more
than a curiosity. It decomposes water less vigorously than barium
but much more vigorously than calcium. Practically the only use
of this element is that of its salts for production of red light as in
fireworks, signal flares, and the like.

Reactions of Strontium Ion

1. Strong bases. Same as with barium ion.

2. Ammonia solution. Same as with barium ion.

3. Ammonium hydrosulfide. Same as with barium ion.

4. Alkali carbonates precipitate white SrCOj, the most insoluble
compound of strontium. NH;, salts tend to prevent prempltatlon
for the reason given in 4, barium ion, page 261.

6. Sulfate ion. Same as with barium ion. However, SrSQy, is
more soluble than BaSQ, but much less soluble than CaS0O,. Con-
sult the table on page 264. Because of its greater solubility, SrS0,
is almost completely transposed by boiling with 3N Na,COs.

6. Chromate ion precipitates SrCrO, only from rather con-
centrated neutral solutions. AcOH prevents the precipitation for
the reason given in 6, barium ion. SrCrO; is a deeper yellow than
BaCrO,.

7. Oxalate ion. Same as with barium ion.

8. Secondary phosphate ion. Same as with barium ion.
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9, Flame color. Strontium salts impart to the Bunsen flame a
carmine-red color. SrCl,is the most volatile salt. SrS80O, moistened
with 12N HCI gives the color readily. Unlike barium salts stron-
tium salts do not tend to creep up a platinum wire and the strontium
flame persists at the tip of the wire after a barium flame is no
longer visible there.

10. Sodium rhodizonate gives with Srt+ in neutral solution the
same red-brown precipitate, SrC¢Os, as with Batt. The precipitate
is readily soluble in 0.3 N HCI (difference from BaCgOs).

Feigl states that if a test paper is used which has been impregnated
with saturated K,CrO4 solution and then dried, 4y of Sr*+ can be detected

TasLE 10
APPROXIMATE SOLUBILITIES IN WATER OF ALKALINE LARTH
SALTS
_ mgsalt - mgsalt
Solid Phase |Temp.| 1000 mg water] Solid Phase |Temp.| 1000 mg water
Mg(OH), 18° 0.009 |MgC.0,2H;0 18° 0.151
Ca(OH), 20° 1.61 CaC:04,H,0 25° 0.0071
Sr(OH).-8H,0 20° 17.4 SrC,0,H:0 253° 0.057
Ba(OH),-8H.0 25° 87.0 BaC:0,H,0 25° 0.087
MgF 18° 0.087
MgSO.7H.0 | 20° | 710. Caty 180 0 016
CaSOQ 25° 2.09 S!.I,“2 27° 0.12
CaSO4'2HzO 25° 2.65 Ban 10° 1.7
SrS0, 30° 0.141 ’
BaS0, 25° 0.0025 |MgSO,-6H.0 | 15° 12.5
CaSOy2H,0 | 18° 0.043
MgCrO,7H,0 | 18° | 1280. 5505 1 0.33
a-CaCrO+2H,0| 20° | 186. BaSO, 20 0.2
ﬁ-C&Cf04'2HQO 20° 130.
SrCrO, 15° 1.2 M%Pg‘)r- cold 0.2
B 16° 0.0034 2 .
aCrO. 6 Cas(PO): g 0.02
Sr3(POy)2 “ insol.
MgCO, 19° 0.9 Ba;(POJ). “ insol.
CaCO, 25° 0.015
SrCO; 18° 0.011 MgNH,PO,--
BaCO; 18° 0.02 6H.0 0° 0.23

Nore: It must not be taken for granted that the solubilities of the freshly precipitated salts
are, even with close approximation, those listed io the table, The latter were determined in
pure water. When the salts are precipitated in analysis, rather large concentrations of soluble
electrolytes are usually present, and this ‘‘salt effect’’ may considerably change the soluhilities
of precipitated salts. It will usually be safe to assume that the order of solubility is correct and
that the salt effect will influence the solubility of similar salts, for example, the four oxalates, to
about the same extent.
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in presence of 84 times its weight of Bat+. We have never succeeded in
precipitating semimicro amounts of Ba*+ upon this paper so completely
that it did not react with Na.CqOs.

Calcium

Occurrence. Calcium ranks fifth among all the elements and
third among the metallic elements in order of abundance. It is
believed to constitute about 3.5% of the lithosphere. The most
important.of the minerals are CaCO; in many different forms, fluor-
spar, CalF,; gypsum, CaSO,2H.0, apatite, Cas(PO4)s(F,Cl),
and dolomite, (Ca,Mg)CO;. It occurs in many silicates and
aluminosilicates. !

Dissolution of the metal. The metal is now made in large
quantities by electrolysis and has many uses. It does not decom-
pose water very rapidly at room temperature. Like magnesium it
becomes coated with a protective film of oxide or basic carbonate
and thereafter unites with oxygen only when heated. As with
magnesium, the nitride, CasN,, as well as oxide, CaO, is formed as a
combustion product. The metal dissolves readily in dilute highly
ionized acids.

Reactions of Calcium Ion

1. Strong bases. Same as with barium ion.

2. Ammonia solution. Same as with barium ion.

3. Ammonium hydrosulfide. Same as with barium ion.

4. Alkali carbonates. Same as with barium ion.

b. Sulfate ion precipitates white CaSO42H:0 only from con-
centrated solutions. The solubility of CaSOy is increased by large
concentration of NH+ more than is that of SrSO,.

6. Potassium chromate does not precipitate CaCrO4 except
from very concentrated solutions.

7. Oxalate ion precipitates from neutral or alkaline solutions
white crystalline CaC;O4+H:0, the most insoluble compound of
Cat+. Unlike the oxalates of Bat+ and Srt+, CaC,0, is insoluble
in AcOH. It dissolves readily in mineral acids.

8. Secondary phosphate ion. Same as with barium ion.

9. Flame color. Calcium salts impart to the Bunsen flame a
color which is yellow-red at first’ but which becomes brick-red.
This flame is difficult for beginners to distinguish readily from the
carmine-red flame of Sr*+. If reliance is to be placed on the flame
tests for Ca++ and Sr*+ the flame given by the unknown must be
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compared with that given by known solutions of both a Cat+ salt
and a Sr++ salt.
10. Sodium rhodizonate gives no reaction with Cat+.

Magnesium

Occurrence. Magnesium is believed to constitute about 29, of
the earth’s lithosphere. It is as widely distributed as calcium.
Important mincrals are magnesite, MgCQj3, dolomite, (Mg,Ca)COs,
spinel, Al,MgO,, kieserite, Mg(H20)eSO4H0 (in the salt beds),
and a great number of silicates.

Dissolution of the metal. The metal, dissolves readily in dilute
acids with liberation of Hy.  Like Al it is superficially oxidized by
air and thus acquires a protective coating. When this coating has
been removed, the metal liberates H, from hot water. Like Ca it
burns readily in air when heated.  The products of combustion are

MgO and Mg;sN..
Reactions of Magnesium Ion

1. Strong bases, in abscnce of NH *, precipitate white, gelati-
nous Mg(OH)., insoluble in excess of the base. Mg(OH), is
readily soluble in ammonium salt solutions.

Mg(OH), + 2NH,* & Mg++ 4 2NH; + 2H:0

2. Ammonia precipitates from neutral solutions of Mg++ white,
gelatinous Mg(OH).. This reaction is only partial because forma-
tion of NH,tsoon produces equilibrium.

Mg+ + 2NH, 4 2H,0 = Mg(OH), + 2NH*

At equilibrium,

Cumett X Clop~ = 3.4 X 10~ and (22)
Q“Eﬁo.&c.'_o.‘i = 1.8 X 105, (23)
NH;

Combining (22) and (23) and eliminating Con-,

Coyu,* _ (1.8 X 10-9)?
C?ymy X Ot 3.4 X 10711

If NH;is added to a 0.1 M solution of Mg+t until Cyy, 18 0.1 M when

= 9.53. (24)
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Mg(OH), ceases to precipitate, we shall have in equation (24)

(22)*
0.1z X (0.1 — x)

whence z = 0.03833. Cu,*+ still unprecipitated, (0.1 — z) =
0.06167 M. Cyxu,* (= 2x) will be 0.07666 M. That is, when
equilibrium has been attained, less than 409, of the Mg+ originally
present will have been precipitated.?

3. Ammonium hydrosulfide, in absence of considerable other
NH,* salt, may precipitate some Mg(OH).. For this as well as
other reasons partial precipitation of Mgt+ in Group III must
always be expected (comparc page 320). MgS is completely decom-
posed by water,

MgS + 2H,0 = Mg(OH), + H;S

4. Ammonium carbonate does not precipitatec MgCO; whlch 1s
much more soluble than the carbonates of Bat*, Srt+, and Cat+.
In the presence of sufficient NH,* the reagent precipitates no
Mg(OH).,.

6. Sulfate ion produccs no precipitate.

6. Chromate ion produces no precipitate. MgCrQ;,is deliques-
cent. It is more orange-yellow than CaCrO,. The yellow color
of the alkaline carth chromates becomes paler in the order Mg, Ca,
Sr, Ba.

7. Oxalate ion precipitates white crystalline MgCs04-2H.0),
but it does so very slowly. This salt forms strongly supersaturated
solutions.

8. Secondary phosphate ion precipitates from neutral solutions
flocculent MgHPO,. From a solution which contains muech NII;
and some NH,* crystalline MgNH,PO,-6H-0 is precipitated. This
is the most insoluble compound of Mg*+. The precipitate is soluble
in mineral acids and in acetic acid due to formation of H,PO,~. In
the formation of MgNH,PO, the following equilibria are involved:

HPO,~ + OH- = H,0 + PO,
0, + Mg+ + NH,+ 2 MgNH,PO,

= 9.53,

In the absence of NH; the reaction would be
HPO,~ 4 Mg+t + NH,* & MgNH,PO, + H*,
"’?redholm, Z. anorg. Chem., 217, 203; 218, 169, 225, 235 (1934) has shown

that an ion [Mg(’\IH,)]"*, more probably [MgNH,;(H;0);5]*, is formed to the
extent of about 8 % in a solution in which Cmg = Cnu, = 0.1 M.
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and precipitation would be incomplete because H+ would reverse
the reaction. The presence of NH,* salts serves two purposes:
(1) to prevent precipitation of Mg(OH), when the solution is made
alkaline; (2) by the common-ion effect to make the precipitate more
insoluble. However, too large Cyu,* should prevent formation
of the crystalline precipitatc because of the reaction

NH,* + PO, = NH; 4+ HPO,~.

9. Flame color. Mg salts impart no color to the Bunsen flame.
10. Sodium rhodizonate does not react with Mg++.
11. O-p-dihydroxymonazo-p-nitrobenzene,

on = on

commonly called S. and O. reagent from Suitsu and Okuma who
first (1926) proposed its use, forms'® with Mg(OH), a sky-blue
lake." The dye is yellow in acid solution, even when the acidity
is due to NH . In basic solution it is violet. Ammonium salts
are said to interfere with the formation of the lake. Probably the
“interference” is due only to the nccessity of adding an unusually
large quantity of sodium hydroxide to convert the NH,+ to NH,.
Feigl states that the reagent will detect 0.5y of Mg+t when used as
a spot test. The dye forms a pale violet lake with Nit+ and Co*+.
718 Traces of other cations which had escaped precipitation in Groups I to
III may precipitate herc when the solution is made basic. For this reason the
solution should always be centrifuged and any precipitate washed. Washing
once or twice will not decompose the blue lake formed by Mg(OH),, MgHAsO,,
and MgHPO,.

1% A term used by dyers. Cotton fibers will not “take up’’ or absorb certain
dyes. They are then coated with a ‘“mordant,’”’ usually a metal oxide-hydrate

which will adsorb, or form a compound with, the dye. The combination of
mordant and dye is called a lake. Mg(OH), here would be a mordant.



CHAPTER 14
PREPARATION FOR THE LABORATORY WORK

Apparatus and reagents. Check on an apparatus list (a form
list is included in the appendix) the apparatus found in the locker.
Any cracked or missing articles should be called to the attention
of an instructor.

Thoroughly clean the bottles in the reagent kit (consult page
182). Also clean the fifteen small dropper pipets and cap the
flanged ends with the rubber bottle-nipples. Label as below.
Half fill each bottle with the proper reagent and insert the pipet
stopper. The Ca, Ba, and Cd acetates will not be needed for some
time. A suggested order for arranging bottles in the reagent block
is that below.

BN I M
H,S0, (Ac0),8a
G.S. G.S. G.S. G.S.v
01N
Ag N03

QG.8. = Guass Strorperep. Do Nor Use DropreRr PipETs IN THESE BorTLES.

Make at least four capillary pipets for removing centrifugates
from precipitates. These are made by holding in both hands a
piece of 7-mm soft glass tubing about 20 em (8 inches) long and
heating with micro burner the middle of the tubing. While the
tubing is being heated it should be constantly rotated slowly with
the fingers so that the middle is heated uniformly. When the glass
is soft enough that it appears ready to collapse, the tube is with-
drawn from the flame and while held in a horizontal position the
two ends are pulled apart to make a long capillary. After.cutting
at the middle of the capillary, the wide end of each tube is expanded
to a flange by heating to red heat and pressing the hot glass firmly
on a metal surface. The capillary end can be cut off at any length
to give an orifice having a diameter of 0.1-0.2 mm. Too large an
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orifice is likely to draw up precjpitates. Cap the flanged end with a
rubber nipple.

Calibration of dropper pipets. Calibrate in the following manner
the two dropper pipets not required for the reagent kit. Partly
fill a clean 10 ml graduated cylinder with distilled water so that the
bottom of the meniscus is exactly at any milliliter mark. Take up
some distilled water in the pipet and, holding it vertically, let the
drops fall freely, counting the number of drops required to bring
the miniscus to the next milliliter mark. Repeat until two trials
agree within one drop. Each pipet should deliver 18-22 drops per
ml. If outside these limits, widen or narrow slightly the tip after
softening in flame. Place an identifying mark on each pipet and
record the number of drops per milliliter delivered by each. You
will use them frequently for exact work. Xeep each one inserted
in a clean one-dram vial.

A preliminary experiment. Experience has shown that the
troubles and uncertaintics of beginners in analysis arise chiefly from
two sources. These are (1) failure to test for complete precipitation,
and (2) insufficient washing of precipitates.

After the cquipment has been prepared and cleaned as directed,
carcfully perform the following experiment. Its purpose ‘is to
demonstrate the importance of the two operations mentioned
above and also to teach the student the correct technique of washing
precipitates.

Place in a small centrifuge tube 4 drops of chromic chloride
(CrCl;) test solution (2 mg Cr*3), 4 drops of barium chloride test
solution (2 mg Ba**), and 12 drops of distilled water. Stir vigor-
ously with a glass rod. Add 1 drop of 6 N NHj solution and again
stir.  (After each addition of a reagent the solution should be
vigorously stirred.) Centrifuge and test for complete precipitation
by adding another drop of 6 N NHjs solution. Centrifuge out any
additional precipitate. Repeat the test for complete precipitation
until the addition of a drop of 6 N NH; produces no further pre-
cipitate. The precipitate is hydrated chromic oxide, Cr,OszH,0,
often written as Cr(OH)s;. The solution (hereafter called the
centrifugate) contains barium ions, Ba++ (Ba(OH). is soluble);
chloride ions, Cl~; ammonium ions, NH,*; hydroxide ions, OH—;
and ammonia, NHs.

Pipet off and discard the clear centrifugate. The precipitated
Cr:032H,0 in the centrifuge tube is washed by adding 4 drops of
distilled H,O and 1 drop 6 N NH; and stirring up the precipitate
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very thoroughly. Centrifuge and pipet off the centrifugate to a
clean test tube. To the clear centrifugate, made acid with HCl, add
one drop potassium sulfate solution. A white precipitate of barium
sulfate (BaSO,) proves that Bat* ion is being extracted from the
precipitate. Note its amount.

Repeat the washing operation, each time using fresh wash solu-
tion and centrifuging and adding K.,SO, to the centrifugate until
the washings give no precipitate or cloudiness upon addition of
sulfate ion. Record the number of times the precipitate has to be
washed until barium ion can no longer be detected in the washings.
Note and record the relative amount of BaSOy precipitated in each
successive portion of wash liquid. Finally dissolve the chromium
precipitate in 3 N HCI, dilute with an equal volume of water, and
add a drop of K.S80, Did a deteetable amount of Batt remain
in the washed precipitate? Is it conceivable that, if the chromium
precipitate had been insufficiently washed, the Ba*+ in it might have
interfered with some subsequent test?

Remember this experiment throughout your later work.



CHAPTER 15
INTRODUCTORY STUDY OF THE CATIONS

While the student is familiarizing himself with the characteristic
reactions of the individual cations, he should be looking forward
to the use which later will be made of most of these reactions in the
systematic separation and detection of these ions. To aid him in
discovering the various points of application, this chapter is accom-
panicd by flow sheets (Tables 11 to 14) which show what reagents
each cation encounters in the systematic analysis, and how it
behaves toward each reagent encountered.

ALKALI METAL IONS
Read pages 190-198 on “notebook records.”

Sodium Ion (Nat)

Study pages 201, 202.

*Experiment 1.! Action of zinc uranyl acetate reagent. Place
2 drops of Nat test solution in a test tube, add 2 drops of zinc uranyl
acetate, and stir vigorously to start crystallization. If a precipitate
forms, add more reagent, a drop at a time, as long as precipitate
seems to form. Write equation for the reaction.

For detection of very small amounts of Na* by this reagent the following
procedure is recommended. Place in a test tube 2 drops of the unknown
solution from which all ions of Groups I to IV have been removed. Add
10 drops of zinc uranyl acetate reagent and stir vigorously. A precipitate
will form with as little as 0.001 mg (1y) of Na*. This test should not be
applied directly to the water-soluble portion of a solid unknown.

Experiment 2. Flame tests. Carcfully clean the platinum wire
as directed on page 190. Take up a very little solid sodium car-
bonate (Na;COQj3) and bring into the flame as directed. Note color
and then reexamine the flame through a double thickness of blue
glass. Is the color absorbed?

UExperiments marked * may be omitted in shorter courses. The reactions
involved are not used in the system of analysis.
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Potassium Ion (K*)

Study pages 202, 203.

*Experiment 1. Action of hexanitrocobaltiate ion. Place 2
drops of Kt test solution in a test tube and dilute to 1 ml with
distilled water. Add 2 drops of sodium hexanitrocobaltiate
reagent, Nag[Co(NQOy)g. Stir thoroughly and record result.

Experiment 2. Flame tests. On a clean platinum wire bring a
little K,CO3 into the flame. Obscrve and record flame color, then
observe again through a double thickness of blue glass. Observe
carefully the changed appearance of the flame. Note that potas-
sium salts volatilize much more rapidly than sodium salts. When
present as KCl, K+ is rather easily missed. Be looking through the
blue glass at the instant the wire enters the flame.

Experiment 3. Repeat experiment 2, using a mixture of Na,COs
and K,COs State the function of the blue glass.

Ammonium Ion (NH.*)

Study pages 203-205.

*Experiment 1. Action of hexanitrocobaltiate ion. Place
2 drops of NH,* test solution in a test tube and dilute to 1 ml with
distilled water. Add 2 drops of sodium hexanitrocobaltiate
reagent, Nag[Co(NOy)e]. Stir thoroughly and record result.

Experiment 2. Flame tests. On a clean platinum wire bring a
little NH,Cl into the flame. Observe and record flame color, then
observe again through a double thickness of blue glass.

Experiment 3. Action of Nessler’s reagent. Place 1 drop of
NH* test solution in a test tube and dilute to 1 ml. Dilute one
drop of this solution to 1 ml and to the latter add one drop of
Ko[Hgl,] rcagent and 1 drop of NaOH. Stir thoroughly and
record results. Write equation for the reaction.

Experiment 4. Test for ammonium. Place 10 drops of NaOH
reagent in the Erlenmeyer flask. Do not let the solution or dropper
touch the walls of the flask. Insert a “wedge-point” pin into the
bottom of a No. 6 cork, which should fit the flask. In the loop of the
pin place a piece of red litmus paper about 4 inch long. ~ Moisten
the paper and insert the cork. Carefully warm the flask preferably
on a steam plate. The liquid must not be allowed to boil. Even a
trace of NH; will affect the test paper within 5 minutes. Paper
turning blue proves NH,* ¢n the reagent. If NH,* is present,



Cuar. 15) INTRODUCTORY STUDY OF THE CATIONS 275

remove the cork and heat the NaOH until a test with a fresh piece
of paper proves the NaOH free from NH,*.

To the NaOH free from NH,* add the tiniest possible fragment
of NH,Cl and proceed as directed above. Why was a “blank test”
made on the NaOH? Write equations: (1) for the action of OH~
on NH,* in the solution, (2) for the reaction (of the gas with the
water on the paper) which causes the litmus to change color.

Experiment 5. Volatility of ammonium salts. Place two or
three grains of solid NH,Cl in a 100 ml beaker and heat with the
free flame. Is all the salt volatilized? Similarly heat a small
crystal of (NH,):SO, and then one of NH,NOs. Arc both salts
completely volatilized? Does it appear that NHs can be driven
out, of ammonium salts by heating strongly?

Questions To Be Answered in the Notebook

1. How would you proceed to detect by flame test a little K+
in a large amount of Na*?

2. Outline a procedure to detect by precipitation a little K+ in a
large amount of NH,* salt. (Hint: Consider Experiment 1, K+;
Experiments 1 and 5, NH,*+.)

3. Using only the flame test, how would you distinguish between
a trace (less than 0.5 mg) of Na* an‘d a medium amount (2-3 mg)
of that ion?

Analysis of a Practice Unknown Solid Mixture

Procure from the instructor a solid unknown mixture containing
only alkali-metal ions. Analyze it as directed on page 308.

As soon as each ion is proved absent or present, check result with
laboratory instructor to learn whether you have correctly followed
‘and interpreted the systematic procedure. No grade will be given
on this exercise.

Analysis of Unknown Mixtures

Read pages 197-199.

Procure from the instructor three unknown solid mixtures which
may contain any or all of the three alkali metal jons. (Note: Other
jons giving colored flames may be present.) Analyze for alkali
metals only as directed on page 308. Report ions found and amount
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of each estimated to be in 20 mg of the unknown mixture. See
pages 199, 200 for directions for filling out unknown reports.

IONS OF CATION GROUP IV

Barium Ion (Batt)

Study pages 261-263.

Calculate the molar and normal concentration of the Bat+ test
solution.

Experiment 1. Action of sulfate ion. In a centrifuge tube
place 2 drops (how many mg of the ion?) of Ba*t test solution.
Add 1 drop 3N HCI and 16 drops of distilled water. Mix thor-
oughly; warm to a temperature of about 80°. Add dropwise, with
stirring, potassium sulfate (K.SO,) reagent until precipitation is
complete. Centrifuge and test for complete precipitation. Remove
centrifugate, wash precipitate twice with 4 drops of water each
time, removing washings as completely as possible. Use the
precipitate for the following experiment.

Experiment 2. Flame test. Moisten the BaSO, from experi-
ment 1 with 1 drop of 12N HCL. Stir vigorously. Dip a clean
platinum wire into the mixture and bring into the flame. Observe
very carefully the first and final color. Important. When flame is
no longer colored add a drop of 12N HCI to the wire and again
bring into the flame. Does the color reappear? Observe whether
Ba seems to creep up the wire.

*Experiment 3. Action of oxalate ion. In a centrifuge tube
place 2 drops of Ba*+ test solution. Add 18 drops of water. Stir
thoroughly, then add ammonium oxalate reagent until precipitation
is complete. Centrifuge and pipet off the clear liquid (centrifugate)
into a test tube. Add 1 drop of ammonium oxalate to the clear
golution to test for complete precipitation. Centrifuge out any
additional precipitate. To the solution from the Ba precipitate add
1 drop potassium sulfate and stir vigorously. Any precipitate?
Explain if one is visible. Consult Table 10, page 264.

Experiment 4. Action of sodium rhodizonate. On a strip of
filter paper place a capillary drop of sodium rhodizonate (Na;CsOs)
solution. To the spot add a drop of a solution made by diluting
one drop Ba*+ test solution to 1 ml. Note the color of the precipi-
tate. Place on it 1 drop of ethyl alecohol. Let stand for 1 minute.
Now touch the spot with 1 drop of 0.3N HCl. Note that the
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precipitate turns bright red. What fraction of a mg gave the test?
The red spot may disappear when no more than a trace of Bat+ is
present but not so rapidly that it cannot be seen. Sr rhodizonate
dissolves tnstantly when touched with HCI.

Strontium Ion (Sr+t)

Study pages 263-265.

Experiments 1-4. Repeat experiments 1-4, barium, using Sr++
test solution. Note that SrCeO4 has the same color as BaC4O4 and
that (unlike Ba) it dissolves instantly when touched with 0.3 N HCI.

Calcium Ion (Catt)

Study pages 265, 266.

Repeat experiment 1, barium, using 2 drops of Ca** test solution
but use no more than 2 drops of potassium sulfate reagent. If no
precipitate forms, add at once to the hot solution 1 drop of 6 N NH;
and then (NH,).C,O, reagent as long as precipitate continues to
form. Centrifuge. Wash precipitate twice with 4 drops of water,
each time removing washings as completely as possible. Treat the
washed CaC;04 with 1 drop of 12N HCI and apply flame test, after
making sure that the wire is clean.

Magnesium Ion, (Mg++)

Study page 266.

*Experiment 1. Action of sulfate ion. To 2 drops of the test
solution of Mg++ and 18 drops of water add 1 drop K,S0, reagent.
Mix thoroughly. Does any precipitate form? Use solution for
experiment 2.

*Experiment 2. Action of oxalate ion. To the solution from
experiment 1 add 1 drop of (NH,);Cs0, reagent. Does a precipi-
tate form? Use solution for experiment 3.

Experiment 3. S. and O. lake test. Make the solution from
experiment 2 acid to litmus with HCl and add 2 drops of 8. and O.
reagent. What is the color of the solution? Now add NaOH
dropwise with constant stirring until the dye changes to violet or
blue. Stir vigorously. Centrifuge and note that the Mg(OH); has
formed a lake and is now deep blue. Note for future comparisons
the volume occupied by 1 mg of Mg*+ as Mg(OH).. See footnotes
18, 19, page 268.
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Practice on Flame Tests

Make up the following mixtures:

(a) 4 drops of Batt test solution and 1 drop of Sr*+ test solution.

(b) 1 drop of Ba*+* test solution and 4 drops of Sr++ test solution.

Precipitate the mixture with K.S0, at 80°. Centrifuge, wash
twice. Moisten the residue with 1 drop of 12N HCl. Conduct
flame test as directed on page 189. Be sure that you can detect
Sr++in (a) and Bat+in (b).

Notice that a yecllow-green color appears first, quickly followed
by a deeper green which disappears and is followed by the red of Sr.
If, after Sr red appears at the tip of the wire, a higher portion of the
wire is brought into the flame, Ba green will appear.

Practice Analysis of an Unknown Solution Containing only Alkaline
Earth Ions

Procure a practice unknown solution from the instructor. Make
1 ml of it acid to litmus with HCI and proceed as directed in Table
19, (page 325).

As soon as cach lon is proved absent or present, check result with
laboratory instructor to determine whether you have correctly
followed and interpreted the systematic procedure.

Analyses of Unknown Solutions

Procure 2 unknown solutions which may contain any of the four
alkaline earth ions. Analyze and report results and amounts on
report forms.

IONS OF CATION GROUP III, THEE AMMONIUM
SULFIDE GROUP

Before performing the following experiments, the student should
read pages 231 to 234 in connection with the flow sheet, Table 12.

Ions of Aluminum

([A1(H,0)¢]** (for brevity Al*), AlO+, [AI(OH)*, [AICL]-,
and the like)

Study pages 234-239.

Experiment 1. Action of NH;. In a small centrifuge tube
place 2 drops of aluminum ion (Al**) test solution and 18 drops of
water. Stir the solution thoroughly. Add dropwise, with thorough
stirring after each drop, 3 drops of 6 N NH,. Centrifuge. Test
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for complete precipitation by adding 1 drop 6 N NH; If more
precipitate is formed, add 1 drop 6 N NH; stir thoroughly and
centrifuge again. Pipet off the centrifugate and discard. Use the
precipitate for experiment 2.

Experiment 2. Action of NaOH. To the precipitate? AIOOH
from experiment 1, add 3 drops of water and 3 drops of 6 N NaOH
and stir thoroughly until precipitate dissolves. Why did the
AlIOOH dissolve? Heat the mixture to boiling. Does any pre-
cipitate form? (Difference from ‘‘chromite’” solution.) Use the
solution for experiment 3.

Experiment 3. Action of NH,* on aluminate ion. To the solu-
tion (experiment 2) add solid NH,Cl until the solution is saturated.
Boil until the solution does not smell very strongly of NH;. What
happens? Kxplain, considering that NH,* is an acid. Write
equations for all reactions. Centrifuge, wash and use the precipi-
tate for experiment 4.

Experiment 4. Aluminon test. Dissolve the AIOOH (experi-
ment 3) in the least number of drops of warm 1 N HCI, add 3 drops
of 3 N ammonium acctate solution (AcONH,), 2 drops of aluminon
solution and stir. Then add NH; solution until, after stirring, the
mixture smells of it.  Stir vigorously and add 3 drops of ammonium
carbonate ((NH,).COj) solution and stir. Centrifuge and wash
the precipitate with (NH,)2COjs solution. The AIOOH should have
formed a brilliant red lake which did not change color when washed
with (NH,):COj; solution.

*Experiment 5. Action of hydrosulﬁde ion. Place 2 drops of
agluminum ion test solution in a test tube. Dilute to 1 ml with
distilled water. Now add ammonium hydrosulfide (NH/HS)
solution. Explain why the precipitate is not a hydrosulfide.
Write all equations.

Ions of Chromium

[Cr(H:0)¢tt, Cr(H:0)¢** (for brevity Crts), CrO+, Cr(OH)s3,
CrClg™ and the like, CrO4~, Cr;077]

Study pages 239-242.

Experiment 1. Action of NH;. To a mixture of 2 drops of
chromic ion test solution and 18 drops of water add 6 N NH; as

*The chemical properties of the gels formed with NH, by AlO*, CrO+,
FeOt, BiO*, and so on, are probably best shown by an ideal formula such as

(A1(OH).(H3s0)¢-.]},. For simplification these gels may be formulated in
equations as AlOOH, and so on, which appears to be the composition they



Crar. 15] INTRODUCTORY STUDY OF THE CATIONS 281

directed in experiment 1, aluminum. Formulate the gel as CrOOH.
Use the gel in experiment 2.

Experiment 2. Action of NaOH. To the precipitate from
experiment 1 add 3 drops of water and 3 drops of sodium hydroxide
and stir thoroughly until precipitate dissolves. Boil the solution.
What is the precipitate formed? Compare result with that in
experiment 2, aluminum. Centrifuge and use the precipitate in
experiment 3.

Experiment 3. Action of Na;0,. To the precipitate from
experiment 2 add a few grains of solid sodium peroxide (Nag0y,),
warm and stir until the precipitate dissolves. What color is the
solution?

Experiment 4. Confirmatory test for chromium. To 1 ml of
water add 1 drop of CrO,~ test solution and 5 or 6 drops of ether.
Shake vigorously to mutually saturate the two layers. Cool the
tube in a stream of tap water as much as possible. Then add 1
drop of hydrogen peroxide (H,0,) and 1 to 3 drops of 3N H.SO0,.
Shake quickly. A brilliant blue color in the ether layer is due to
diperoxochromic anhydride, OCr(0O;)., moderately stable in cther
but almost instantly decomposed in water.

Experiment 6. Action of H* on CrO,~. Acidify with3 N H,S0,
2 drops of CrO4~ test solution. Note the change of color. Make
the acid solution alkaline again with NaOH. Is the original color
restored? Is the reaction perfectly reversible? Study the equilib-
rium relations of CrO4~ = Cr;0;~, Chapter 7, page 93.

*Experiment 6. Action of hydrosulfide ion. To a mixture of
2 drops of Cr*® test solution and 18 drops of water, add NHHS
reagent as directed in experiment 5, aluminum.

Ions of Iron

[Fe(H:0)¢t+ (for brevity, Fett); Fe(H,0)s*? (for brevity, Fet3),
FeO+, [FeClg]~*, and the like]

Study pages 242-248.

Under different conditions iron can lose either two clectrons to
form ferrous ion (Fett) or three electrons to form ferric ion (Fet?).
In analysis either ion may be encountered. The behavior of the
two ions with respect to the same reagent should be compared.

ultimately reach when equilibrium is finally established (usually after months).
The subscript y, which in case of Al appears to be not smaller than 8 [Jander,
Kolloid Beihefte, 48, 312 (1936)}, indicates polymerization,
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Prepare a fresh solution of Fet* by dissolving in a test tube a
little Mohr’s salt, (NH,).Fe(SO,),-6H;0, in a few drops of water.
In each of the following experiments place in a depression of the spot
plate 1 drop of this solution of Fe**+ and in the adjacent depression
1 drop of the test solution of Fet3.  Conduct all the experiments by
adding a drop of the reagent to the Fet+ solution and immediately
thereafter another drop to the Fet® solution. Record carefully all
observed differences in the behaviour of the two ions.  Observe and
record colors carefully. Write balanced ionic equations for all
reactions.

Experiment 1. Action of NH;. To cach solution add 1 drop of
6 N NH;. Stir thoroughly until the two precipitates have the same
appearance. Account for the various color changes of the Fet+
precipitate. To cach then add 3 drops of 6 N NH,;. Does Fet?
appear to form a complex ion such as [Fe(NH;)q*2?

Experiment 2. Action of NaOH. To other drops of the Fet+
and the Fet? solutions add 1 drop of NaOH solution. Stir thor-
oughly. Do the same color changes as in experiment 1 take place
in the Fett+ precipitate? Is the rate of change slower or faster?
To the precipitates add 3 drops more of NaOH and stir. Does
“ferric hydroxide” appear to be amphoteric like the “hydroxides”
of Al and Cr?

Experiment 3. Action of hydrosulfide ion. In each of 3 test
tubes place 2 drops of colorless* NH,HS. To one tube add a drop of
Fet+ test solution, to a second tube add a drop of Fet? test solution.
Is there any difference in the appearance of the two precipitates?
Would you expect them to have the same formula? Acidify the
contents of cach of the three tubes with a few drops of 1 N HCI and
stir. Is there distinctly more turbidity in one of the iron solutions
than in the “blank”?

By writing equations show that (assuming the absence of
persulfide ions in the NH4HS) one of the sulfides should dissolve in
acid without residue while the other should leave a turbidity.
What would a small turbidity in the “blank” indicate about the com-
position of the NH,HS?

Experiment 4. Action of thiocyanate ion. To adjacent drops
of the two test solutions add 1 drop of 3N HCl and 1 drop of KNCS
reagent. Account for what is seen. Stir the Fe*t* solution vigor-
ously and sce whether the color deepens. Explain. Place 1 drop

3 For the reasons stated on page 353, it is absolutely essential that the
reagent be colorless.



Cuar. 15] INTRODUCTORY STUDY OF THE CATIONS 283

of 3N HCI on the spot plate and add a drop of KNCS reagent.
Any tinge of color?

Experiment 6. Action of cyanoferroate ion. To cach of the
test solutions add 1 drop of 3N HCIl and 1 drop of Kle(CN)g
reagent. Note the difference of color. Stir the Fet* precipitate
for some time and see whether the color becomes like that of the
Fet? precipitate.  Explain.

Experiment 6. Action of cyanoferriate ion. Repeat experi-
ment 5, using as reagent a solution prepared by dissolving a small
enystal of I(;Fe(CN)gin 3 or 4 drops of water.  Read pages 150-152.

Tabulate in 3 columns, reagent, Fett) Fe*3 the formulas and
colors of the compounds and ions observed in experiments 1 to 6.
Underline precipitates.

From your observations in experiments 4, 5, and 6 state how you
would proceed to find out whether an unknown solution contained
Fett or Fet3. Do the results indicate that solutions of ferrous salts
are likely to be entirely free from Fet3?

Ions of Manganese

[Mn(H,0)gt*+ (for brevity, Mnt*+), MnCly~, MnClg=3, MnO,~,
MnO4~, and the like]

Study pages 248-251.

*Experiment 1. Valences of manganese. On the spot plate
place a drop of 0.1 N potassium permanganate (KMn0Q,) solution.
What is the valence of Mn in MnO,~? Add drops of 6 N NaOH
and stir until the solution becomes green.  What ion is in the green
solution? What is the valence of Mn in the green ion?  To the
green solution add 1 drop Mnt+ test solution.  What is the black-
brown precipitate formed? What is the valence of Mn in this
compound? Again take 1 drop of 0.1 N KMnO, solution and add
to it NaOH till it becomes green.  Stir the green solution with a rod
which has been dipped into H O, solution (1 drop of H.0, would
cause a different reaction to take place). What color does the
solution become? Does HO;~ appear to have acted as reductant
in this experiment? In these experiments you have scen Mn in
how many different valences?

Manganous Ion

*Experiment 2. Action of NH;. On each of two adjacent
- depressions of a spot plate place 1 drop of Mn++ test solution. To
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one of the drops add a drop of satuyrated NH,Cl solution and stir.
To both drops add a drop of 6 N NH; and stir vigorously for some
time. Do the two mixtures bchave differently? Explain the
difference.

*Experiment 3. Action of NaOH. To 1 drop of Mnt+ add
1 drop of 6 N NaOH. *Is the precipitate apparently different from
either one obtained in experiment 2?  Account for any difference.

Experiment 4. Action of hydrosulfide ion. To a drop of Mnt+
test solution add a drop of NH,HS reagent. The salmon-pink
precipitate is very probably MnHSOH. Will the precipitate
dissolve in AcOH?

Experiment 5. Action of ‘““sodium bismuthate.” To 2 drops of
Mnt+ test solution on the spot plate add 3 drops of 6 N HNO; and
a little solid NaBiQ;. Stir vigorously. Note that a purple solution
forms. What ion does it contain?

Experiment 6. Action of sodium peroxide. To 2 drops of
Mn*+ test solution on the spot plate add 1 or 2 grains of Na;O,.

Cobalt and Nickel Ions

([Co(H;0)el** (for brevity, Cott), [Co(NH;)e¢*t, [CoCl)~, and
the like; [Co(NCS),]=, [Co(CN)e]™, [Co(CN)4]~3, [Co(NOz)e]3,
and many others; [Ni(H;0),++ (for brevity Nitt),
[Ni(NHs)J*, [NI(CN)4]7)

Study pages 251-259.

Experiment la. Action of NH;. In each of two adjacent
depressions of the spot plate place 1 drop of Co** test solution. To
one add a drop of saturated NH,Cl solution and stir. Then add
to each solution 1 drop of 6 N NHs. Note and explain (using
balanced ionic equations) observed differences in the behavior
of the two solutions. After one minute stir both solutions vigor-
ously to introduce atmospheric oxygen. Do both solutions behave
alike with respect to this reagent? Let the mixtures remain on the
spot plate for comparison with Nit+ in the following experiment.

Experiment 1. Repeat experiment 1a, using Nit+ test solution
instead of Co*t solution. Does atmospheric oxygen have any
effect on the products of the reactions? In what respects does the
behavior of Nit+ toward NH, resemble and in what respects does it
differ from that of Co*+?

*Experiment 2a. Action of strong bases. In a test tube place
1 drop of the Cot+ test solution. To it add 2 drops of 6N NaOH.
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Note color of the precipitate as first formed and after warming.
Is Co(OH), amphoteric? Does it change color in contact with
air? Does it resemble in this respect Fe++ and Mn*+?  Centrifuge
the precipitate, wash twice with warm water, remove washings as
completely as possible, and warm the residue with a few drops of
saturated NH,Cl solution. Does it dissolve? Ixplain.

*Experiment 2b. Repeat experiment 2a, using 1 drop of Nit*
test solution instead of Co*+ solution. In what respects does the
behavior of Nit+ in this experiment resemble that of Cot+ and in
what respects does it differ from it?

Experiment 3a. Action of hydrosulfide ion. In a centrifuge
tube place 2 drops of Cot* test solution. To it add a drop of
NH,CI solution, then 1 or 2 drops of NHHS reagent. Stir, test
for' complete precipitation, and then centrifuge. Wash the
precipitate twice, each time with 4 drops of water containing a
little NH,Cl solution. Remove washings as completely as possible,
and place on the sulfide residue 2 or 3 drops of 1N ICL Stir
but do not warm. Does CoS appear to pass into solution to any
extent?

Experiment 3b. Repeat experiment 3a, using Nit+ test solution
instead of Co++ solution. Does the solubility of NiS appcar to
resemble closely that of CoS or to differ decidedly from it?

Experiment 4a. Action of dimethylglyoxime. To one drop of
the test solution of Co*+ on the spot,plate add 2 drops of dimethyl-
glyoxime reagent. Does a precipitate form? Is a colored solution
formed? Compare with Nickel Expt. 4b.

Experiment 4b. Repeat experiment 4a, using Nit+ test solution
instead of Co*+ solution.

*Experiment 5. Amphoteric properties of nickel glyoximine.
To 19 drops of water add 1 drop of Ni*+ test solution and mix
thoroughly. Place 1 drop of this very dilute solution (what fraction
of a mg of Ni++?) in cach of 6 depressions of the spot plate. To the
drops in depressions 2 to 6 add: to 2, 2 drops of 3 N HCI; to 3, 1 drop
of 6 N AcOH; to 4, 1 drop of 6 N NaOH;; to 5, 2 drops of 3N NHj;
to 6, 1 drop of Cot+ test solution. Stir thoroughly, being carcful
not to contaminate one mixture by another. Then add to each
of the 6 solutions 1 drop of dimethylglyoxime. Compare the results
in solutions 2 to 6 with that in 1. In which ones docs the red salt
fail to form? Does this salt appear to be stronger as a base or as an
acid? What precautions must be taken if a trace of Ni*+ is to be
precipitated by this reagent?
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Experiment 6a. Action of thiocyanate ion. In a test tube
place 1 drop of Cot* test solution. To it add 6 drops of KNCS
reagent, 4 drops of amyl alcohol, and 2 drops of ether. Shake
vigorously to mutually saturate the two liquid layers. Cool the
mixturc under the tap as much as possible. Then add 2 or 3 drops
of 12N HCl. Shake vigorously. Compare color in the alcohol-
cther layer with that in the water layer. If the alcohol-ether layer
is purplish or reddish (presence of [Fe(NCS)e™®) add a tiny
crystal of Na,S.,0;3 and shake. The color should become pure blue.
This test is extremely delicate and will detect Co in many nickel
salts.

*Experiment 6b. Detection of cobalt or iron, or both, in nickel
salt. Repeat experiment 6a, using 6 drops of Nitt+ test solution.
Docs the test indicate presence of cither Co*+ or Fet? in the nickel
solution? If no indication of Cot* is found, add to the mixture the
smallest possible capillary drop of Cott test solution, shake vigor-
ously, and observe the effect.

*Experiment Ta. Action of cyanide ion. In a crucible place
4 drops of the Cot* test solution.  To it add XCN reagent dropwise
with stirring until the precipitate (color?) first formed dissolves.
The solution contains brown [Co(CN)¢~t. Warm gently, stir the
solution for 2 or 3 minutes, and note whether it changes color.
After the oxidation is complete, the solution contains only yellow
[Co(CN)g]®  This ion is much more stable than eyanocobaltoate
ion. Reserve for experiment 7b.

*Experiment 7b. Detection of nickel in cobalt salt. Dilute the
solution prepared in experiment 7a with water to about 1 ml.
Dilute 4 drops of this solution to 1 ml. Add 1 drop of dimethyl-
glyoxime reagent, stir thoroughly, then add AgNOj; solution drop-
wise with stirring after each drop until a small permanent white or
pink precipitate results. A pure white precipitate, Ag[Ag(CN),] or
Agi[Co(CN)g], will indicate absence of Nitt+ in the Cot* solution.
If the precipitate is tinged with pink, presence of nickel is proved.
Write equations for all rcactions involved after studying pages
257, 258.

*Experiment 8. Action of thiocyanatomercurate ion. Place on
the spot plate 1 drop of Co** test solution and to it add 1 drop of
K [Hg(NCS),] solution. Stir vigorously. The deep blue pre-
cipitate is Co[Hg(NCS),].

*Experiment 9. Action of cyanoferroate ion. To 2 drops of
the Co++ test solution on a spot plate add 1 drop of K,[Fe(CN))
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reagent. Compare color with that given by the same reagent with
Fetd ion. Important!

Ions of Zinc

([Zn(H:0)]* (for brevity, Zn*+), [Zn(NH,;) ]+, [HZn(OH)/]™)

Study pages 259, 260.

Experiment 1. Action of NH;. DPlace 2 drops of Zn*t test
solution in cach of two test tubes.  To one add a drop of saturated
NH,Cl solution. Stir and then add to both solutions 1 drop
6N NH;. Is there any difference between the two results?  If o
precipitate forms in cither tube, sce whether more NH; will dissolve
it. Compare the behavior of Zn(OI)s toward excess of NH; in this
reaction with that of AIOOH in cxperiment 1, aluminum, and
account for any observed difference. '

Experiment 2. Action of strong bases. To 2 drops of the Zn++
test solution add 1 drop of 1 ¥ NaOH. If a precipitate forms add
6 N NaOH dropwise until it dissolves. 1Is Zn(OH). amphoteric?
Does it resemble AIOOH in this respect?  Write equations for all
reactions.

Experiment 3. Action of hydrogen sulfide. In cach of two
test tubes place 2 drops of Zun++ test solution. To one add 2 drops
of 0.3 N H(1 and to the other 2 drops of 6 N AcOH. Saturate both
solutions with H,S. Ixplain, using the solubility produet prin-
ciple and the common ion cffect (Chapter 8), why Zn(HS), precipi-
tates in a concentration of acetic acid much greater than that of the
HCL

Experiment 4. Action of hydrosulfide ion. To 2 drops of the
Zn*t test solution in a test tube add a drop of NHLCI solution and
dilute to 1 ml.  Add 1 drop of NHHS solution.  Test for complete
precipitation. Centrifuge. Diseard centrifugate and wash precipi-
tate twice with water containing NIHCl. What is the purpose
of the NH,Cl? Remove washings as completely as possible.
Dissolve the ZnS in the least number of drops of | N HCI.  Boil out
H.S and use the solution for the following experiment.

Experiment 6. Coprecipitation of cobalt thiocyanatomercurate
with zinc thiocyanatomercurate. On a spot plate place two drops
of the Zn*+ solution prepared in the preceding experiment. In an
adjacent depression place 2 drdps of water. To each solution add
1 drop of 0.029%, Co*+ solution and 1 drop of K [Hg(NCS),] solution
and stir each with a glass rod for 15 secconds. Note how much more
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quickly a pale blue precipitate appears in the solution containing
Zn*t than in the blank. This is an extremely delicate test for
Zn**. It has detected Zn** in salts where its presence was not
suspected. What would be observed if a considerable concentration
of Co** were in the Znt+ salt?

Review Questions

1. Which ions of Group III arc completely precipitated by NH,
in presence of NH+?

2. Which ions arc precipitated incompletely or not at all by -
NHj; in presence of considerable NH,+?

3. Which ions form ammonocomplex ions?

4. Why are the other ions listed in answer 2 not, or only incom-
pletely, precipitated in the conditions there specified?

6. What arc the formulas and colors of products formed by
NHHS?

6. Which of the hydroxides show amphoteric properties?

7. Formulas and colors of solid compounds or ions formed by
Na20, with each of the ions?

8. Why do Co** and Ni**, the sulfides of which are very slowly

soluble in 1N H+, escape precipitation by H,S in Group II where
Cy*t = 03N?

Practice Analysis of an Unknown Solution Containing only Ions
of Group III

Examine, pages 197-199, desirable form of notebook record.

Procure T ml of an unknown solution which may contain any
of the ions of Groups IIT and 1V and in addition H,AsO,~ and
H,P Oy,

Follow Table 18, page 319, and directions on pages 319-325.

As soon as each ion of Group I1I is proved absent or present,
check result with laboratory instructor to learn whether you have
correctly followed and interpreted the systematic procedure.
Group IV ions need not be tested for.

Analysis of an Unknown Mixt;ure of Ions of Group III

Procure and analyze an unknown for ions of Group III only.
Note carefully and record whether the NH,HS precipitate (group
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ppt.) is large, medium, or small. The individual amounts reported
should total approximately the amount noted for the group
precipitate.

IONS OF CATION GROUP II, THE HYDROGEN
SULFIDE GROUP

Subgroup 1I-B: Arsenious, Mercuric, Antimony, Stannic
Subgroup II-A: Lead, Bismuth, Copper, Cadmium
This analytical group is characterized by the insolubility of the
sulfides in 0.3 N H*+. For reasons discussed eclsewhere, the sulfides
of the elements in Subgroup B are solubfe in NaHS and NaOH,
while those of the Subgroup A are insoluble in this reagent.  BiySs,
however, occasionally dissolves to a slight extent.

Making the Solution Approximately 0.3 N in H+

For the precipitation of Group II it is necessary that the Cyt be
very close to 0.3N. Experiments have proved that at this Cu+
PbS and CdS (most soluble of the Group II sulfides) will be prac-
tically quantitatively precipitated, while large amounts of Znt+
(most insoluble of the Group III sulfides) will not give a precipitate.
To make the Cy* in a solution sufficiently closc to 0.3 N the follow-
ing procedure is recommended.

Modified Methyl Orange Indicator (M.M.0.) is red-violet in
acid solution and blue-green in basio solution. The color changes
sharply at pH 3.8 (Cy+ = 1.6 X 10-*M). When the addition of
1 capillary drop of 3N HCI changes the solution from blue-green
to some shade of red, the solution is so slightly acid that upon
adding 2 drops (20 drops/ml) of 3 N HCl for each ml. of solution, the
resulting solution is nearly enough 0.3N in H* to be suitable for
precipitation of Group II sulfides. :

Two characteristics of the indicator must be remembered. It is
quickly destroyed in hot solution by strong oxidants (Cry0s=,
NO;~, ClO;7); more slowly destroyed in cold.  Hence, if such ions
are present they must be removed by adding 3 drops of 12 N HCI
and evaporating the solution just to dryness. The residue is then
stirred up in 1 m! of water.

As a basic dye M.M.O. is adsorbed on the ucid sulfides, AssS,,
SbsSs, and SnS,, and modifies their colors when first precipitated.
This, however, constitutes no interference in analysis since the dye
is destroyed when the II-B precipitate is heated with 12N HCI,
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The student should familiarize himself with the properties of this
indicator by performing the following experiments.

Experiment 1. 1In a test tube place 1 ml of distilled water. To
it add 1 drop of M.M.QO. indicator. Is the pH of the distilled water
greater or less than 3.8? Prepare very dilute solutions of acid and
basc as follows: In cach of two test tubes place 1 ml of distilled
water. To one add 2 drops of 3N HCI, to the other 1 drop of
6 N NH; and stir both thoroughly. Now add to the indicator solu-
tion in the first tube capillary drops of the very dilute HCI, stirring
after cach drop, until the color just changes to violet-red. Now
add 1 capillary drop of the very dilute NH;. The color should
become green.  Again add a capillary drop of HCI and observe the
change. Again add NH;.  Repeat the alternate additions of HCI
and NH; until the color on either side of the change point is firmly
fixed in mind.

Experiment 2. In one centrifuge tube place 1 ml of Zntt test
solution, in another 3 drops of Cd*+ test solution and 17 drops of
water, in a third 3 drops of Sb*3 test colution and 17 drops of water.
Add 3N HCI dropwise with stirring until the precipitate redissolves.
To cach of the three solutions add 1 drop of M.M.O. Is the pH of
cach solution greater or less than 3.8? Counting the number of
drops added, usc the very dilute HCl or NH;j to bring each solution
to the change point of the indicator. If a precipitate forms on
neutralization, centrifuge and, without removing the precipitate,
add very dilute NH; or HCI to the liquid until the indieator changes
color. Now add to each solution 2 drops (20 drops = 1 ml) of
3N HCI for cach ml of solution. Stir thoroughly and saturate ther
three solutions with H,S. Does any ZnS precipitate? Is it
evident that HeS can react with solid compounds of Sh+#?  (Com-
pounds of BiO* react similarly.) Centrifuge the Cd tube.  Pipet off
the liquid into a test tube, add 4 drops of water, and saturate again
with H.S to make sure of complete reaction. When HuS gives
no more preeipitate, add a drop of NHj to the solution.  Was the
Cd++ practically completely preeipitated by H.S in 0.3 N HF?

Experiment 3. Prepare 3 test tubes, one containing 1 ml of
CrCl; test solution, one containing 1 ml of cobalt test solution, and
one containing 1 ml of chromate test solution to which 1 drop of
3N HCI has been added. Note and record colors. To cach solu-
tion add 1 drop of M.M.O. Note and record colors. Now add to
each tube 1 capillary drop of 6 N NH; solution. Note and record
colors, If any solution has not become bluec-green, add more
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capillary drops of 6 N NH; until it is blue-green. Now add to each
tube capillary drops of 3 N HCI stirring after each addition until
each solution shows some shade of red on looking down through it.
For comparison, one ml of the original solution without indicator
should be placed beside the solution containing the indicator.
Each of the solutions will now become nearly enough 0.3 N in H
when 2 drops of 3N HCI for cach ml are added. Make sure that
you learn to recognize the color changes of the indicator in the
presence of these interfering colored ions.

Alternate procedure for making the solution 0.3 Nin H'. When
the presence of strongly colored ions or strong oxidants makes
M.M.O. unusable, the following alternate procedure is recom-
mended. Evaporate 1 ml of the known or unknown solution, or the
filtrate from Group I, on a water bath to about 1 drop. Add 3 drops
of 3N HCI and stir for one minute.  Add 9 drops of water and stir
thoroughly. Transfer with a pipet as completely as possible to a
centrifuge tube. Rinsc out the crucible twice with 4 drops of water
at a time and transfer the washings to the centrifuge tube. If the
solution is not perfectly clear, centrifuge and transfer the clear
liquid to another centrifuge tube.  Treat the residuct with 3 drops
of 3N HC], warm, and stir thoroughly until the residue has dis-
solved. Add 17 drops of water. Combine the two solutions and
precipitate Group II ions by H,S.

t

Ions of Atsenic

([AsCly], [As(OH),]~, HA8O,~, and the like)

Study pages 222-226.

As an element standing three places before an inert gas, arsenie
should tend strongly to complete its octet by covalence. As the
next higher analog of phosphorus in Periodic Group V, tervalent
arsenic shows a slight tendency to form a cation AsO* but almost
none to form cations containing As*t®. H3;AsO, is very close to
H;P0O, and HSO,~ in strength. The ion HyAsO is extremely
stable, and oxide ions are removed from it only by very high Cy+.

4 The evaporation to a volume of 1 drop may have caused formation of
hydroxides or basic salts of Group III which become difficultly and slowly
soluble after being heated. Dilution of 3N HCI to 0.3 N is likely to cause
BiOCl and ShOCI to precipitate. The precipitation of these basic salts of
Group II is not objectionable since H;8 will change them to sulfides,
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Experiment 1. Action of H,S on H3;AsO, in small C;+. In a
test tube prepare 1 ml of 0.3N HCL  To it add 2 drops of H3AsO,
test solution. Saturate the solution with HaS. Docs any sign of
reaction appear? Heat the solution nearly to boiling and again
saturate with H,S. Does a white turbidity (sulfur) appear? Is
much yellow preeipitate (As:S; or Ax.S;) formed?

Experiment 2. Action of H.S on arsenious acid in small Cy+
and large Cy*. Using centrifuge tubes instead of test tubes,
repeat experiment 1, using 2 drops of the [AsClL]" = AsO+ tost
solution instead of the HzAsQ, test solution. Is AsgSs readily
precipitated in small Cy+? In another centrifuge tube place 1 ml
of 12N HCL Toit add 2 drops of Ast test solution, heat to boiling,
and saturate with H.S. Centrifuge the two precipitates and
discard the centrifugates.  Is any difference in shade of eolor or in
grain size pereeptible?  Wash the precipitates twice with water
containing a little HCL  Remove washings as completely as
possible.  Use the precipitates for experiment 3.

Experiment 3. Action of OH~ and HS~ on the sulfides of
arsenic. To the precipitates (experiment 2) add 2 drops of
6N NaOH and stir.  Unite the two solutions.  Use in experiment 4.

Experiment 4. Action of hydrogen ion on thio-anions. To the
combined solutions (experiment 3) add 2 drops of NaHS and stir.
Then add 3N HCI dropwise with stirring until the solution is
slightly acid. Why was the NaHS added, although thé sulfides
were alrcady in  solution? Centfifuge. Discard centrifugate.
Wash as above with water containing a little HCl. Use for
experiment 6.

Experiment 6. Action of 12N HCl on the sulfides of arsenic.
Judging from the ready precipitation of As.S; in 12N HCI (experi-
ment 2), would you expect the precipitate obtained in the preceding
experiment 4 to dissolve in 12N HCL?  An experiment need not be
tried at this time.

Experiment 8. Action of NH; on sulfides of arsenic. To the
precipitate obtained in experiment 4 add 4 drops of 15N NH,.
Stir and warm slightly if necessary. Does the precipitate readily
dissolve? (Separation from HgS.)

Experiment 7. Reduction of arsenites or arsenates to arsenic—
the Bettendorf test. Half fill a small test tube with crystals of
stannous chloride (SnCl,-2H,0). Nearly fill the tube with 12§ HCI
and stir for sume time. Divide this reagent (H:[SnCl,]) among
3 test tubes. To one tube add a drop of a solution prepared by
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diluting 2 drops of H;AsQ, test solution with 8 drops of water.
What fraction of a mg of arsenic will be in 1 drop of this solution?
To another tube add 1 drop of a solution of [AsCly]~ of the same
concentration (1.0 mg per ml) as the H3AsO, solution. Stir both
mixtures thoroughly. The third tube is for comparison (the
“blank”). Note the time required for a yellow color more intense
than that of the blank to appear in cach tube. The color is duc to
colloidal As’. Higher concentrations may give brown suspensions.
Very small amounts of As as HzAsO4 may require one hour for color
to become clearly deeper than that of the blank.

This test is said to deteet 0.03 mg of As in arsenite and 0.06 mg
in arsenate. What fraction of a mg was present in your tests? The
compounds of Hg, Ag, and Bi are also reduced to the metals and
must be absent. Sb does not interfere.

Ions of Mercury
(Hgo++; Hgt+, [HgS,]~, [HgCly]~, [Hgl]~, [Hg(NCS)4]=, and the like)

Study pages 219-222.

Experiment 1. Action of H,S on HgCl,. In one test tube place
1 ml of 0.3N HClL. In each of two other test tubes place 1 ml of
12N HCL.  To cach tube add 2 drops of HgCl, test solution.  Sat-
urate one of the 12N HCI solutions with H,S without heating.
Heat the other two tubes nearly to boiling and saturate with H,S.
Is HgS precipitated in cold 12N HCI? Is it precipitated from hot
12N HCI? Would you judge that HgCl,-2HgS was more soluble
or less soluble than As;Sq? Compare results with values of K, in
Table 5, page 110. Collect all precipitates obtained in this experi-
ment, wash the combined precipitates thoroughly, and use for
experiment 2.

Experiment 2. Action of HS~ and OH~ on mercuric sulfide.
T'o the washed precipitates (experiment 1) add 2 dropsof 6 N NaOH
and stir thoroughly. Does the precipitate dissolve? Is HgS
amphoteric like As,S;?7  Add 2 drops of NaHS solution and stir,
warming if necessary. Does the precipitate now dissolve com-
pletely?  Reserve the solution for experiment 3.

Experiment 3. Action of hydrogen ion on thiomercurate anion.
To the solution (experiment 2) add 3 N HCI dropwise with stirring
until the solution is slightly acid. What gasis formed? Centrifuge
Wash twice with 0.3 N HCl, removing washings as completely as
possible. Place on the precipitate 1 ml of ethyl alcohol, stir
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thoroughly, and let stand five minutes. Remove the alcohol as
completely as possible. Use the residue for experiment 4.

Experiment 4. Action of hot 12 N HCl on HgS. To the residue
add 5 drops of 12N HClL. Place in a nearly boiling water bath and
stir for two minutes. Saturate again with H,S. Does any HgS
appear to dissolve? Does the black precipitate turn white? What
compound is formed? (Separation of Hg and As from Sb and Sn.)
Remove the liquid as completely as possible and wash the residue
once with water. Discard washings. Use the residue for experi-
ment 5.

Experiment 6. Action of NH; on HgS and on HgCl.-2HgS. To
the residue add 3 drops of 6 N NH: Does the residue become
black? Does it dissolve? (Separation of Hg from Ax.) Remove
the ammonia as completely as possible.  Transfer part of the
residue to a crucible and use for experiment 6.

Experiment 6. Confirmatory test for Hg. To part of the black
residuc from experiment 5 add 5 drops of 12N HCI and a small
crystal of KClO;. Heat and stir until nearly all the black sulfide
has dissolved and only a little sulfur remains.  Make sure that all
Cl; has been removed from the solution, since this will interfere
with the test. Do not evaporate to dryness.  HgCl, is somewhat
volatile. Take up the residue with 2 or 3 drops of 3N HCI.  Pour
into 1 ml of Hy[SnCly] reagent and stir vigorously. A white precipi-
tate, frequently having a silky appearance, is Hg,Cly. If the
precipitate is gray, Hg" (black) also has been formed.

Experiment 7. Action of 3N HNO;on HgS. Ina crucible treat
the rest of the black residue from experiment 5 with 5 drops of
3N HNOj;and boil.  Does HgS dissolve?  (Separation of HgS from
Group II-A sulfides.)  (Does it become white?) -~

Ions of Antimony
(SbO*, [ShCl,]~, [Sh(OH)s]~, and the like)

Study pages 226-229.

Experiment 1. Action of H,S. In a centrifuge tube place
1 ml of 0.3N HClL. To it add two drops of Sh*? test solution and
saturate with H.8. Centrifuge, wash precipitate with 0.3 N HCI,
and use for experiment 2.

Experiment 2. Action of OH~ and HS—. To the precipitate
obtained in experiment 1 add ‘two drops of 6 N NaOH and stir.
Does the precipitate dissolve completely? Is Sb,S; amphoteric like
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As,8;?7 Add two drops of NaHS solution and stir. Use the result-
ing solution for experiment 3.

Experiment 3. Action of hydrogen ion on thioantimonite ion.
To the solution from experiment 2 add 3N HCl dropwise with
stirring until the solution is slightly acid. What gas is evolved?
Centrifuge. Wash twice with 0.3N HCIl removing washings as
completely as possible. Place on the precipitate 1 ml of ethyl
alcohol, stir thoroughly, and let stand 5 minutes. Remove the
aleohol as completely as possible.  Use the residue for experiment 4.

Experiment 4. Action of hot 12N HCl on Sb.S;. To the dehy-
drated residue from experiment 3 add 5 drops.of 12N HCL.  Place
in a nearly boiling water bath and stir for two minutes. Saturate
again with H,S. - Does the precipitate dissolve readily and com-
pletely? (Difference Trom As,S; and HgS.)

Experiment 6. Action of Sbt3 on phosphomolybdic acid. Boil
the solution of [SbCl,]~ (experiment 4) to remove H,S.  Add 5 drops
of water. Spot a strip of filter paper in two places with a drop of
phosphomolybdic acid solution. Warm till the spots are nearly
dried. On one spot place a drop of 3 N HCI (the blank) on the other
a drop of the test solution. Hold the paper in steam for a few
moments. If antimony is present, a bluc color, more or less
intense according to the amount of 8b** present, will result in a
short time. Tin does not interferc with the test because it is
present in quadrivalent form.

Experiment 6. Action of oxalicacid. To the rest of the solution
from experiment 4 add oxalic acid, a crystal at a time, until the
solution is saturated. Saturate with HeS. Orange-red precipitate
is Sb,yS; (separation from Sn). If a complex such as [Sh(C.0,).]~
is formed, can it be very stable?

Ions of Tin

(Sn*+, [SnCl]~, [HSn(OH),] ; [SuCls=, [Sn(OH)d", and the like)

Study pages 229-231.

Experiment 1. Action of H:S. In a centrifuge tube place
1 ml of 0.3 N HCL. To it add two drops of Sn*+* test solution and
saturate with H,S. Centrifuge, wash precipitate with 0.3 N HC),
and use for experiment 2. '

Experiment 2. Action of OH- and HS-. To the precipitate
obtained in experiment 1 add two drops of 6 N NaOH and stir.
Does the precipitate dissolve completely? Is SnS; amphoteric like
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As;S;? Add two drops of NaHS solution and stir. Use the
resulting solution for experiment 3.

Experiment 3. Action of hydrogen ion on thiostannate ion. To
the solution from experiment 2 add 3 N HCI dropwise with stirring
until the solution is slightly acid. What gas is evolved? Cen-
trifuge. Wash twice with 0.3 N HCl, removing washings as com-
pletely as possible. Place on the precipitate 1 ml of ethyl alcohol,
stir thoroughly, and let stand 5 minutes. Remove the alcohol as
completely as possible. Use the residue for experiment 4.

Experiment 4. Action of hot 12N HCl on SnS,. To the dehy-
drated residue from experiment 3 add 5 drops of 12N HCL.  Place
in a nearly boiling water bath and stir for two minutes. Saturate
again with H,S. Does the precipitate dissolve readily and com-
pletely? (Difference from As,S; and HgS and similarity to Sh,Ss.)
Reserve the solution for experiment 6.

Experiment 6. Action of ammonium phosphomolybdate on
Sb+3, Sn+4, and Snt+.

(a) Preparation of test paper. Spot a strip of filter paper in two
places with a drop of phosphomolybdic acid. Expose the spots to
fumes from 15 N NH; until they become colorless because of forma-
tion of (NH,);HPO, and (NH,):MoO,. When later the spots are
acidified, yellow (NH,)3[P(Mo030,0)4] is reformed.

(&) In a test tube place 1 drop each of Sb*? and Sn+* test solution
and 3 drops of 3N HCl. Place a drop of this mixture on one of the
spots prepared in (a). Notice that alternate green and yellow rings
form around the spot leaving the interior colorless. The green color
is probably due to a trace of molybdenum blue absorbed on the
yellow molybdophosphate.

(¢) To the remainder of the Sb*3-Sn++ solution add a few grains
of magnesium powder which has been proved free from tin. Stir
and allow to act for at least a minute. Sn*+ is formed and most
of the Sb*® reduced to metal. Place a drop of this solution on the
other spot. Molybdenum blue (approximately MosOs) appears
almost instantly and does not diffuse outward from the spot.

Note: The metal used to reduce Sn+4 to Sn*+ must be proved free from
tin. In the Purdue laboratories tin was found in all samples of aluminum
but none in magnesium. Tin was found in all the compounds of antimony
available exerpt potassium antimonate and tartar emetic. In all cases
both the abos ¢ test and the cacothelin test showed tin present.

Experiment 6. Action of oxalic acid. Boil the solution from
experiment 4 to remove H,S. Add 5 drops of water and saturate
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with oxalic acid. Then saturate with H,S. The complex, such as
[Bn(C:04)5]™, is so stable that with H,S it gives no precipitate of
SnS;.  Destroy the oxalate in a crucible by adding 5 drops of
36 N H:SO, and 5 drops of 15N HNQ; and evaporating until dense
fumes of SO; are evolved. Do not evaporate to dryness. Take up
and add to 10 drops of water in a centrifuge tube, rinse crucible
twice with 3 drops of water at a time, and add to the solution.
Make neutral to litmus with NaOH, then make slightly acid with
HCL. Saturate with H.S. Yellow SnS, proves Sn. If C,0 is
not completely destroyed, a little brown-black SnS may be precipi-
tated after the SnS,. Use precipitate for experiment 7.

Experiment 7. Action of NH,HS on SnS,. Centrifuge and
wash the SnS; (experiment 6). Extract twice with colorless
NHHS using 5 drops each time. Centrifuge if a dark residue
remains. Remove centrifugate and make it slightly acid with HCL.
Pure yellow SnS,; should now precipitate. (Separation from a
possible trace of Bi;S; and SnS.)

Practice Analysis of an Unknown Solution Containing only the Ions
of Subgroup II-B and BiO+

Procure 1 ml of an unknown mixture containing any of the ions
of Subgroup II-B and in addition BiO+. Follow Table 17, page
311 and directions on pages 312-318. Check each ion as usual with
the instructor. The residue insoluble in NaHS and NaOH need
not be analyzed.

Analysis of an Unknown Mixture

Procure and analyze an unknown. This unknown may contain
any of the ions of Subgroup II-B and an ion of Subgroup II-A.  The
II-A residue need not be analyzed. Merely report whether or not
Group II-A is present.

Ions of Lead
(Pb+t+, [HPb(OH)4]~; [PbClg]= (unstable), [Ph(OH)4|=, and the like)

Study pages 210-213.

Experiment 1. Action of chloride ion. To 8 drops of Pb** test
solution add dropwise 3 N HC], stirring after each drop, as long as
precipitate forms. Centrifuge and transfer the liquid to a centrifuge
tube and reserve for experiment 3.
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Experiment 2. Solubility of lead chloride. To the precipitate
of PbCl; (experiment 1) add 10 drops of water, stir, and heat. Let
the solution cool and note that PbCl, erystallizes out in needles.

Experiment 3. Action of H,S. Neutralize the centrifugate
from experiment 1. Make it slightly acid with HCl. Mix thor-
oughly and saturate with H.S. Test for complete precipitation.
Pipet off the centrifugate into a test tube and make it just alkaline
with NH; A black color indicates incomplete preeipitation of
Pb++ as Pb(HS), because of too large Cyr. Wash the precipitate
three times with water containing a little HCI, discarding washings.
Use the residue for experiment, 4.

Experiment 4. Action of HS~ and OH~ on PbS. To the
washed precipitate (experiment 3) add 2 drops of NaHS and 2 drops
of NaOH. Stir and warm. Centrifuge. Pipet off the liquid to a
test tube and acidify it with 3 N HCI to sce if any PbS dissolved.
Wash the PbS with 0.3 N HNO; until the washings arc no longer
basic. Use the residue for experiment 3.

Experiment 6. Action of hot HNO; on PbS. To the PbS
(experiment 4) add 4 drops of 3N HNO; and boil with constant
stirring until only light-colored sulfur remains. Remove this.
Transfer the liquid to a erucible and use it for experiment 6.

Experiment 6. Precipitation of PbSO,. To the solution of
Pb(NOj3): (experiment 5) add 4 drops of cone. (36 N) H,S0,; heat
slowly and cautiously in the hood until dense, choking, white fumes
of SO; are coming off rapidly. At this point all HNO; should have
been destroyed. Not much more than a drop or two of liquid
should remain. When the crucible is cold transfer the liquid to a
small centrifuge tube in which 5 drops of water have been placed.
Rinse out the crucible twice with 3 drops of water each time, making
sure that any precipitates arc completely transferred. Cool the
centrifuge tube in the tap stream and stir vigorously 2 minutes.
PbSO, tends to supersaturate and needs time and vigorous stirring
to complete its precipitation. Let the tube stand five minutes.
Centrifuge. Estimate the amoéunt of Pb** indicated by the volume
of PbSO,. Reserve the PbSO, for experiment 7. Remove the
centrifugate to a test tube, make it just basic with ammonia, and
add a capillary drop of NH,HS. Does a dark color indicate incom-
plete precipitation of Pb*++ as PbSO,? ’

Experiment 7. Action of ammonium acetate on PbSO,. To the
PbSO,in the centrifuge tube add 3 drops of AcONH,solution. ~ Warm
and stir until precipitate dissolves. Use the solution for experiment 8.
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Experiment 8. Action of chromate ion. To the solution of
(Ac0).Pb add 2 drops of AcOH and a drop of KsCrO, solution.
Use the precipitate in experiment 9. The yellow precipitate at this
point in systematie analysis is not absolute proof of Pb** bhecause
(Bi0):Cr,0; having the same color may precipitate here.

Experiment 9. Action of NaOH on PbCrO, and on (BiO).Cr.O-.
In a centrifuge tube place 4 drops of Bit* test solution. Add
K,CrO, solution until precipitation is complete.  Centrifuge and
discard liquid. To the PhCrO, (experiment 6) and to this (BiO).-
Cr:0; add NaOH. Note that PbCrOy dissolves completely but
(Bi0)oCr,0; slowly forms BiOOH and CrO,~. Centrifuge the Bi
tube and transfer most of the liquid to a test tube. Now acidify
both solutions with AcOH.  Does any (Bi0):Cr:0; now precipitate?

Ions of Bismuth
(Bit3, BiO*, [BiCl4]~)

Study pages 213-215.

Experiment 1. Action of H,S. To 10 drops of water add two
drops of Bit® test solution. Stir thoroughly and saturate with
H,S. Note carcfully the color of the preeipitate.  Centrifuge.
Pipet off the centrifugate into a test tube and make it just alkaline
with NHj; to test for complete precipitation.  Wash the precipitate
3 times with water containing a little HCl, discarding washings.
Use the residue for experiment 2.

Experiment 2. Action of HS— and OH~. To the washed pre-
cipitate (experiment 1) add 2 drops of NaHS and 2 drops of NaOH.
Stir and warm. Centrifuge and transfer the liquid to another
centrifuge tube. Make it slightly acid with HCI and centrifuge.
Notice very carefully whether any BisS; dissolved in the NaHS and
NaOH. Use the Bi;S; which did not dissolve for experiment 3.

Experiment 3. Action of hot HNO; on Bi,S;. To the BisSy
residuc (experiment 2) add 4 drops of 3N HNO; and boil with con-
stant stirring until only light-colored sulfur remains.  Remove this.
Transfer the liquid to crucible and use for experiment 4. '

*Experiment 4. Possible precipitation of (Bi0).SO,. To the
solution of Bi(NO3)s (experiment 3) add 4 drops of 36 N H,80, and
heat slowly in the hood until dense white fumes of 803 are évolved.
When the crucible is cold, transfer the liquid to a centrifuge tube
which contains 5 drops of water. Rinsc out the crucible twice with
3 drops of water, making sure that any precipitate is completely
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transferred. Stir the solution vigorously and cool in a stream of
tap water. If no precipitate forms use the liquid for experiment 5.

Experiment 5. Action of NH; on BiO*. To the solution of
Bi,(804); add ammonia until, after vigorous shaking, the solution
smells strongly of it. (Separation from Cu** and Cd++.) Cen-
trifuge the precipitate of BIOOH. Remove the solution as com-
pletely as possible and to the precipitate add a drop of colorless
Na[HSn(OH),] solution. (This reagent is made by adding NaOH
dropwise to 1 drop of reagent Ho[SnCly] until the precipitate just
redissolves, then 2 drops in excess.)  Instant black color proves Bi.
Consult footnote 2, p. 315.

Ions of Copper

(Cut, [Cu(NHj);]*, [CuCls]=, [Cu(CN)s]=; [Cu(H.0)++ (for
brevity, Cutt), [Cu(NHj3)4]*+, [Cu(CO3).)~, and the like)

Study pages 215-218.

Experiment 1. Action of H,S. To 10 drops of 0.3N HCI add
two drops of Cutt test solution.  Stir thoroughly and saturate with
H,S. Note carcfully the color of the precipitate. Centrifuge.
Pipet off the centrifugate into a test tube and make it just alkaline
with NH; to test for complete precipitation. Wash the precipitate
3 times with water containing a little HCl, discarding washings.
Use the residue for experiment 2.

Experiment 2. Action of SH~ and OH~. To the washed pre-
cipitate (experiment 1) add 2 drops of NaSH and 2 drops of NaOH.
Stir and warm. Centrifuge and transfer the liquid to another
centrifuge tube. Make it slightly acid with HCI and centrifuge.
Notice very carefully whether any CuS dissolved in the NaSH and
NaOH. Use the CuS which did not dissolve for experiment 3.

Experiment 3. Action of hot HNO; on CuS. 'To the CuS
residue (experiment 2) add 4 drops of 3N HNO;s and boil with
constant stirring until only light-colored sulfur remains. Remove
this. Transfer the liquid to crucible and use for experiment 4.

Experiment 4. Action of NH; on Cut+. To the solution of
Cutt (experiment 3) add 6 N NH; till the solution smells strongly
of it. Use the deep blue solution for experiment 5. '

Experiment 6. Reduction of [Cu(NH;).]++ by CN- and stability
of [Cu(CN)s]=. To the blue solution (experiment 5) add KCN
reagent dropwise with constant stirring until the color just disap-
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pears. Then add 1 drop more. To the solution add 1 drop of
NH,HS reagent. Does black Cu,S form?

Experiment 6. Detection of a trace of cupric ion. In a test
tube place 1 drop of Cutt test solution. To it add NHj; until the
precipitate dissolves. Place 1 drop of this solution in another test
tube and dilute with water until no bluc color can be scen on looking
down through the solution. Placc 1 drop of this solution on a spot
plate. Add 1 drop of 6 N AcOH. Stir and add 1 drop of 1¢
(AcO)sZn and 1 drop of 0.3 M K [Hg(NCS),] solution. Stir for 15
seconds. Red-violet precipitate indicates a trace of Cut+.

Ions of Cadmium

([CA(H0)J++ (for brevity, Cd++), [CA(NH,)**+ [Cd(CN),-,
[CACL]=, [CdL]=, and the like)

Study pages 218, 219.

Repeat experiments 1 to 5, copper, using 2 drops of Cd++ test
solution in 10 drops of 0.3N HCL In experiment 5 note that
addition of CN~ to a solution containing [Cd(NHj)**+ forms
[Cd(CN)]=, sufficiently unstable so that HS~ precipitates CAd(HS),
from the solution. Centrifuge and cxamine the precipitate care-
fully. Is it the same shade of yellow as that obtained in experi-
ment 1?7  Cd(HS). precipitated here tends to be colloidal and to
have an orange tint. ,

Practice Analysis of an Unknown Solution Containing Any

of the Ions of Subgroup II-A and Hgt+

Procure 1 ml of an unknown mixture containing these ions.
Follow Table 17, page 311, and directions on pages 312-316. Note
carefully whether any HgS remains undissolved by HS- and OH~
Check each ion with instructor as usual.

Analysis of an Unknown Containing Any of the Ions of Group II

Procure and analyze an unknown solution.

Review Questions

1. For the precipitation of Group II sulfides, why may not the
solution be 0.6 N in H*? Why may it not be neutral (2 reasons)?
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2. Calculate Cus~ and Cs~ in a solution 0.3 M in H* and saturated
with HzS. A saturated solution of H,S in water is0.1 M. Judging
from the concentrations just calculated, would the ions of Group II
be more likely to precipitate as sulfides or as hydrosulfides? Give
the probable formula and the color of cach of the products formed
by H.S in 0.3 N H+.

3. Name the following ions or compounds: [SbCl,]—, H[Sb(OH)4,
HAsO:, [AsCLi]~, Ho[SnClg], (Bi0):.8S0,, [HgS:]~, [AsOS]~, Cu(HS)s,,
[Cu(CN)s]~, [CA(CN)4]~, Ho[PhClg], Hy[SnCly].

4. How would you procced to find out whether a precipitate of
PbSO4 had any (Bi0),SOy4 in it?

6. If all Pb*+ i3 not completely removed as PbSO, in the
systematic procedure, what compounds will it form in the tests for
Bi+*, Cu**, and Cd*+?

6. If the final precipitate of CdS is brown instead of yellow,
what should you do about it? What ion usually causes this
discoloration?

7. If a large amount of Pb++ or Cd*+ is present in a solution,
why might some of it escape precipitation even though the solution
is saturated with H,S when precipitation ceases?

IONS OF CATION GROUP I, THE CHLORIDE GROUP

Ions of Lead

These ions are found in Group II, pages 210~213.

In semimicro analysis Pb*+ precipitates in Group I only when
it is present in unusually large amount and then only incompletely.
Review experiments 1, 2, 8, and 9, pages 298-301.

Mercurous Ion, Hg,t

Study pages 208, 209. °

Experiment 1. Action of chloride. To 2 drops of the test
solution of Hg:(NOs): add HCI until precipitation is complete.
Centrifuge and discard the liquid. Use the precipitate for experi-
ment 2.

Experiment 2. Solubility of mercurous chloride. To the pre-
cipitate of Hg.Cl, add 10 drops of water. Stir thoroughly and
heat. Centrifuge, remove the liquid, and saturate it with H,S.
Does any of the precipitate appear to have dissolved? Use residue
for experiment 3.
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Experiment 3. Action of NH; on Hg:Cl.. To the residue of
Hg,Cl, (experiment 2) add 1 or 2 drops of NH;. A mixture of
black Hg® and white HgNH,Cl is formed (test for Hgs*+).

Ions of Silver

(Agt, [AgCls]™, [Ag(S20s)q] %, [Ag(NHs)]*, [Ag(CN)a]~, [Ag(CN)s]-,
and the like)

Study pages 205-207.

Repeat experiments 1, 2, and 3, mercurousion. In experiment 3
note the behavior of AgCl toward NH;. Is it different from that of
Hg,Cl;? To the solution of AgClin NH; add HNO; until the solu-
tion is acid. What is the precipitate?

Review Questions

" 1. What would be formed if a mixture of Hg® and HgNH,C'
were treated with 6 N HCI1?

2. Read note 3, page 310. If 0.5 mg of AgCl were in 6 mg of
Hg,Cl,, what reaction might take place when the mixture was
treated with NH;?

3. If a mixture of Hg?, Ag®, and HgNH,Cl were treated with
12N HCI and KClOj;, what compound would be formed by each
of the three components of the mixture?

SUCCESSIVE REMOVAL'FROM SOLUTION
OF THE CATION GROUPS

In the preceding study of the reactions of the cations, Groups 1
to IV were considered in reverse order because in Groups 1V, II1,
and II both analytical difficultics and the complexity of the chemis-
try involved increase in this order.

In systematic analysis the cations must be removed from the
solution in the order Groups I, II, II1, and IV, as shown in Table 15.
The centrifugate from a Group I precipitate thus becomes the solu-
tion from which Group II is to be removed, the centrifugate from
Group II the solution from which Group III is to be precipitated,
and the centrifugate from the latter is to he tested for the Group IV
ions, Ba, Sr, Ca, and Mg.

It is absolutely essential that each group in its turn be completely
removed from the solution since no provision is made in succeeding
groups for detecting ions of earlier groups and such ions may
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seriously interfere with the analysis of groups to which they do not
belong.

Practice Analysis of an Unknown Solution Containing
Any of the Cations

Procure an unknown solution understood to contain no more
than one ion of any group except Group II, of which two may be
given.

Follow Table 15, page 307, and directions on pages 307-327 for
analyzing cach group precipitate.

Check with the instructor each ion as found.

Place 1 ml of the solution in a crucible on the water bath to
obtain the residue to be tested for Nat, K+, and NH,;+. While this
solution is evaporating, take another ml of the solution and test for
Group I, and so on.

Unknown Solution Containing Any of the Cations Studied

Procure and analyze an unknown solution.



CHAPTER 16
SYSTEMATIC ANALYSIS OF CATIONS

In this chapter are collected, for purposes of reference, outlines
and specific directions for the successive removal of the cation groups
from solution and the analysis of the group precipitates.

The preliminary examination, the preparation of materials for
analysis, and the methods for bringing them into solution are dis-
cussed in Chapter 21, page 415, and Chapter 22, page 421.

TaABLE 15
SEPARATION OI' THE CATIONS INTO GROUPS

Test for Na*, K+, and NH,* on a small port)ou of original unknown.

To 1 ml of unk. soln add 3 N HCI until pptn. is complete or, if no ppt.,
until soln. is dlstmctly acid to litmus. (‘um‘lfuge and wash any ppt.

Ppt. 1. Gr. I Soln ‘I. Gr 11, 111, IV Na+ K+, NH;*. Make 0.3 N in
chlorides; (possi- | H*, using M.M.O., p. 289, and saturate with H.S until
bly BiOCl, pptn. is complete. Centrlfugv and wash any ppt.

$bOCl). Tollow ——
Table 16 and pro- | Ppt. 2. | Soln. 2. Gr m IV, Na*, K*, NH,*. Boil

cedures. Gr. II to remove H,S. A(l(l NH, and NII HS. Cen-
sulfides. | trifuge and wash any ppt.
Follow -
Table 17 | Ppt. 3. Soln. 3. Gr.IV, Na*, K+, NH,*.

and pro- | Hydroxides| Acidify with HCL. Jvaporate to
cedures. |and sulfides| dryness and ignite off all ammon-
of Gr. III. | ium salts. Take up in 1 ml of

Follow water. Follow Table 19 and
Table 18, | procedures,

and pro-

cedures.

DETECTION OF SODIUM, POTASSIUM,
AND AMMONIUM IONS

These ions are invariably to be tested for at the beginning of each
analysis of a general unknown. Unknown solid mixtures can be
tested directly. Portions of liquid unknowns should be evaporated

to dryness and the solid residues used for the tests.
307
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Sodium. Bring a little of the solid material on a clean

platinum wire into the flame. Bright yellow flame indicates presence
of Na.

Note: Many, if not most, commercial galts contain a trace, or more, of
Nat. When brought into the flame, such salts give at least a flash of
yellow. Whether or not Na should be reported is a matter of judgment
based on the brilliance and persistence of the yellow flame. However, this
depends on the amount of sample on the wire, the temperature of that part
of the Bunsen flame where the wire is placed, and the anion of the Na salt.
The procedure should uniformly be that recommended on page 189. If
this procedure is followed, the flame should persist at least 10 seconds to
Justify reporting ‘“small’’ Na.

Potassium. Bring a little of the solid material into the flame and
observe it through fwo thicknesses of blue glass at the instant the wire
enters the flame.

Note: Potassium salts are considerably more volatile than sodium salts.
For this reason the flame must be observed when the wire is introduced
into it. Even a little Na covers the flame of K. Two blue glass plates
will completely absorb the Na yellow even when a large amount is present.
Colors due to Ba, Sr, or Ca are also absorbed so that even a trace of K is
detectable in presence of any of them. When the lavender flame of X is
visible to the unaided eye, no more than a trace of Na can be present.

Ammonium. Place 10 drops of NaOH reagent in the Erlen-
meyer flask, Fig. 5, page 189. Do not let the solution or dropper
touch -the wall of the flask. Insert a ‘“wedge-point’’ pin into the
bottom of a No. 6 cork, which should fit the flask. In the loop
of the pin place a picce of red litmus paper about one-fourth of an
inch long. Moisten the paper and insert the cork. Carefully warm
the flask (preferably on a steam plate). The solution must not
boil. Paper turning blue proves NH,* in the reagent. ITiven a trace
of NH; will affect the test paper within 5 minutes. If NH,* is
present, remove the cork and heat the NaOH until a test with a
fresh piece of paper proves it free from NH,*.

To the NaOH proved free from NH+ add 2 to 3 mg of the mate-
rial to be tested and proceed as directed above. Paper becoming
blue now proves presence of NH,* in the unknown. The time
required for the paper to become blue is a very good measure of the
amount of NH,* present. If a large amount is present the paper
will change color almost instantly when the cork is inserted in the
flask. A trace may require 3 to 4 minutes to produce the color
change.
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Note: The test conducted as directed is extremely sensitive. NaOH
reagent can absorb NHj; from the air of the laboratory. For this reason
the reagent must always be proved free from NH; before the unknown is
added to it.

PRECIPITATION AND ANALYSIS OF CATION GROUP 1

TABLE 16
ANALYSIS OF GROUP 1

Add dropwise 3 N HCI as long as a ppt. forms then 2 drops in excess. Stir
vigorously for 2 min. Centrifuge.

Ppt. 1. AgCl, Hg,Cl., (PbCl,), (SbOCI, BiOCl). | Soln. 1. GroupsII,III, IV,
Stir thoroughly with 2-4 drops of 3 N HCl |Na', K+, NH,*
Centrifuge. Add washings to soln, 1. Extract

with hot water.

!

Residue 2. Hg,Cl,, AgCl. Soln. 2. PbCl,, Add
Add NH; and stir vigorously. | AcONH, and CrO..

4 Yellow PbCrO4 proves
Pb++.

Residue 3. Hg®° (black) | Soln. 3.
and HgNH,Cl (white). | Ag(NHj3).*,Cl.

Immediate black Make acid
proves Hg,**. with
3 N HNO,.

White AgCl
proves Ag*

Procedures

A solution to be tested for Group I is ordinarily an aqueous
solution of the nitrates of the group or an HNOjy solution of a solid
unknown. A solution which contains Cl~ cannot contain Ag+t or
Hg,*t, since their chlorides are insoluble in dilute acid.

Precipitation of Group I chlorides. To 1 ml of a known or
unknown solution add 1 drop of 3N HCI and stir. Test solution
with litmus. If alkaline, make acid with HCl. No precipitate
shows absence of Ag* and Hg,tt. If a precipitate appears, add
HCI a drop at a time with stirring until no more forms. Then add
2 drops more and stir thoroughly. If the precipitate dissolves com-
pletely, Hg,** and Ag* are absent. A little BiOCl or ShOCI]
may have precipitated. Centrifuge and test liquid for -complete
precipitation. Wash the precipitate twice with 4 drops of 3N HCI,
adding the washings to the residual liquid.
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Note: It is always possible that some BiOCI or ShOCI may precipitate
in Group I, since the basic nitrates are much more soluble than the basic
chlorides. This is likely to take place only when these jons are present in
rather large amounts. The excess of reagent HCI will tend to redissolve
these basic chlorides.

For the same reason the group precipitate is washed with 3 N HCI instead
of with water.

Separation of lead. lixtract the washed precipitate with 4 drops
of hot water.  Centrifuge, remove the liquid, and add to it a drop of
AcONH,; and a drop of K,CrOs. Yellow PbCrO, proves Ph++
present.  No precipitate shows no Pb*+ in Group I, but it may be
found in Group II.  If Ph*tis present, continue the extraction with
hot water until the extracts show no Pbht+.  To find the amount of
Pb*+, combine the PhCrQ, precipitates.

Note: Since Ph+* is found in Group [ only when present in large amount,
time is saved by testing at once the first extract.

When practice unknowns containing only ions of Group T are being
analyzed, the liquid from the group precipitate should always be tested
for Pb**+ with CrO,~. All or most of the Ph** may be found in this
solution.

Separation of silver from mercury; confirmation of mercurous
ion. To the residue from the extraction of PhCl: add 2 drops of
6N NH; and stir very thoroughly. Black residue proves Hgy'+.
Centrifuge and remove the liquid.

Confirmation of silver. Acidify the NHjextract with3 N HNO,.
White AgCl proves Agt.

Note: When an unusually large amount of Hg.** is present. a small
amount of Ag® may remain entirely in the residual Hg® and HgNH.Cl
The cause of this is that finely divided Hg? in intimate contact with moist
AgCl is able to reduce it.

20" + 24gC1 2 Hg:Cly + 2Ag”

Ag® does not react with NHj; The reaction will be forced nearly
to completion toward the right only when Hg" is unusually large and
AgCl unusually small. The reaction is less likely to occur in semimicro
analysis than in macro analysis, but its possibility must be considered
whenever a very large amount of Hg,*+ has been found. In case treatment
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of Hg.Cl: and AgCl with NH; leaves an unusually large black residue and
no Ag* is found, proceed as follows:
Dissolve the black residue in 12.V HC1, adding a small erystal of KC10;.

HgNH,Cl + 2H* + 21~ = [HgCL]" + NH,*
Hg' + Cl. + C1- = [HgCl]-
2A4g" + Cla -+ 4C1- = 2(AgClL)

It

[Continued on page 312)

PRECIPITATION AND ANALYSIS OF CATION GROUP 11

‘TaBLE 17
ANALYSIS OF GROUP I1

Soln. Known or unknown or filtrate from Group I made 0.8 Nin H*. Saturate hot with HeS,

Ppt. 1. Pb(HS):, Bi(HS);, Cu(HS):, Cd(HS):, As(HS)3, | Soln. 1.
Hg(HS)s, Sb(HS)s, Sn(HS)s. Wash with 0.3 N HCl. FEx- | Groups III, IV, Na+, K+, NH.'.
tract with colorless NauHS and NaOH.

Residue 2. PbS, Bi:S;, CuS, CdS. Repeat bolu 2. AsS;-, HgS_r , SbS:—, SnSa s trlce
extraction with NallS and NaOH. Add ex-| Bi. Mnkc just lu-ul with 3N ll(‘l

tract to soln. 2.  To thoroughly washed residue |~ - -~ - -
add HNO, and boil. Residue 8. (Possibly l’pt. 3. As)S,, HgS Sb.S;, SnS:. S trace
HgS or Hg(NOjy)2-2HgS.) of Bi,S;.  Wash once with 0.3 N HCL.  Then
add 1 ml of ethyl aleohol, stir thoroughly,
e ——| and let stand 5 min. Diseard washings.
Soln. 8. Pbt*, BiO*, C“” Cd**, (HNOy). | Treat residue with 10 drops of 12N HCIL
Transfer to large crucible, ndd H2S04, heat to | Follow directions very oxu(‘tly

dense fumes of 803  Add to H:0.

Residue 6.  As2Sy, Seoln. (‘ [SbClc]'.
-~ | HgS black or HECls:- | [SnCle]~,trace [BiCl4]-.|

Ppt. 4. Soln. 4. BiO*, Cutt, Cd'H, 2HgS white. Wash | Boil to remove H,8,
PbSO.. (H:SO0:). Add NHjin excess. with 6 N HCL.  Dis- | make up to Q.5 ml with
Extract - card  washings. To | 12N HCI, add 8 drops
with Ppt. 5. Soln. 4. reside add 16 N NHs.| water. Make spot

AcONH.. BiOOH. Add | Cu(NHg).*, Stir thoroughly 1 min.| tests with phospho-|
Soln. 4A. NaHSn(OH)s. | Cd(NHa)4**. | —-———| molybdic acid, first

(AcO):Pb. | Bi® (black) in- (a) Blue Res. 7. | Soln. 7. for Sb*3 then for Snt+,
Add AcOH | stantly. soln. proves | HgS |AsS:, | ... ...
4 CrO« Cu. If blue, | plack, | AsOS-. .
‘[‘,‘;‘: Qs add CN-. :);r’r;vea Acidify Suturut.,a with HaC10q,
PbCrO. Add HsS. Hegtt. strongly then with 1.8,
soluble Ppt. CdS. ) " | with 12 N y(ﬂ)—rf:lfe-rqu[f)t. Sbals,
in excess of (b) Colorless -qoln HCl and £ -
NaOH. Test, for truce Cut* again satur- (S';i)n g'rl-rlasnlll‘(fg:?;)’] ’
with Zn*+and ate with HaB.| 1o o0 orucible.  Add 6]
Hg(NCS)«~. Saturate | Canary  yel-| 41y, ench of cone.
the rest of the soln. with | low ppt.
e A HNO; and H2804.
H.8. Ppt. CdS. proves AS. | Evap. just to dryness.

Take up with 1 ml.
1.5 N HCl. Saturate
with HsS. Yellow
ppt. 8nS2.  If ppt. is
dark showing possible
Bi:83 or 8u8, extract
NHHB. Cen-
trifdge. Soln.
[Sn8,)=. Acidify
| with HCl.  Yellow
ppt. 8nB8s.

. idw
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Procedures

Making the solution 0.3 N in H*. Use modified methyl orange
(see page 289).

Note: Dilution of the HCI solution from 3N to 0.3 N is likely to cause
BiOCl and SbOCI to precipitate. The precipitation of these basic salts
of Group II is not objectionable, since H,S will change them to sulfides.

Precipitation of sulfides. Hcat the contents of the centrifuge
tube nearly to boiling and saturate with H,S. Centrifuge. To the
clear liquid add 1 drop of water, stir without disturbing the precipi-
tate, and again pass in H,S to insurc complete precipitation.
Remove the clear liquid to a crucible if this solution may contain
ions of Groups III or 1V. Otherwise discard it. In the former
case boil to remove H,S; centrifuge out any precipitate; make the
volume 1 ml, and reserve for Group III.

Note: The presence or absence of arsenic (in arsenite, arsenate, or as
AssS; or AssS;) will have been determined in the anion analysis. Arsenate
is little affected by H.S in 0.3 N H+. Upon boiling the centrifugate from
Group IT to remove H,S, a little yellow sulfide of arsenic may precipitate
if the solution contained an arsenate.

Separation of II-A from II-B. Wash the H,S precipitate three
times with 3-6 drops at a time of 0.3 N HCI (seec note 1). Add the
first washing to the group filtrate which was transferred to the
crucible. Treat the washed sulfides with 4-6 drops of colorless
NaHS. Immerse in a bath of hot water and stir for two minutes.
Then add two drops of 6 N NaOH and again warm and stir vigor-
ously for threc minutes. Centrifuge. Pipet off the clear liquid to
another centrifuge tube and acidify with 3 N HCI to see whether
IT-B sulfides arc present. No precipitate, or only a white turbidity
due to sulfur (sce note 2) shows absence of Hgtt, Asts, Sb*3, and
Sn*4, If a residuc remains, indicating II-A sulfides, repeat the
extraction (see note 3) with 3 drops of NaHS and 1 drop of NaOH
until the acidified extract shows that no more II-B sulfides are being
extracted. Add any precipitates to the II-B precipitate. Cen-
trifuge and discard centrifugate. Wash any colored 11-B precipitate
with 0.3N HCl. Remove liquid as completely as possible. Stir up

Evaporate to g;nall bulk to remove Cl; and add 1 ml of water. HgCl,
is soluble and AgCl precipitates. Centrifuge, wash the AgCl thoroughly
with water containing a little HNO;. Dissolve in NH; and reprecipitate
with HNO,.
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residue with 1 ml of ethyl alcohol (see note 4) and let stand while
Group II-A sulfides arc being analyzed.

Notes: 1. Since the washing solution is used several times during the
analysis of this group, it is well to prepare at one time a sufficient amount
for all the operations.

2. When colorless NaHS solution is acidified, only H.S should be
formed.

HS- + H+— H,8

'NaHS when exposed to air rapidly absorbs oxygen and becomes yellow
because of formation of persulfide ions, S:=, S;=, and so on.

4HS- 4 0, e 28,~ + 2H,0
On acidification these yellow persulfides give H,S and 8.
8:~ + 2H* = 8§ + HiS

During the treatment of the sulfides the solution will have become more
or less yellow and when acidified will give morc or less sulfur as a pure
white precipitate or turbidity. This sulfur will rarely be formed in suffi-
cient amount to interfere with seeing even small particles of the strongly
colored sulfides of II-B.

3. The NaHS-NaOH solution used as dirccted should remove in one
extraction all the As, Sb, and Sn and all the Hg*" except when a rather
large amount of Cd+* is present. HgS seems to coprecipitate with CdS
in a form which is only slowly decomposed by NaHS and NaOII. Iixcept
in unusual cases the second extraction with NaHS-NaOH should complete
the dissolution of the Group II-B sulfides. However, this is ntver to be
assumed and each extraction should be aeidified separately and the extrac-
tion continued until colored flocculent sulfides are no longer formed.

4. The precipitate is allowed to stand in alcohol for several minutes
in order to extract from it as completely as possible the water which other-
wise would considerably dilute the 12 N HCl and greatly diminish the
sharpness of the separation of Sb and Sn from Hg and As.

Separation and Detection of II-A Sulfides

Wash the residue (II-A sulfides) from the NaHS-NaOH treat-
ment three times with 0.3 N HCl. Transfer the precipitate to a
crucible. Treat the washed sulfides with 5 drops of 3 N HNO; and
boil until only a light-colored residue remains (8, possibly Hg(NOj3) -
2HgS) (see note 1). At this point a residue of sulfur will usually
appear as a yellow waxy globule floating on the liquid. Hg(NOs),--
2HgS (see note 2) will be a heavy white or yellowish white powder,
readily settling to the bottom of the liquid. Transfer the contents
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of the crucible to a centrifuge tube. Centrifuge. If black HgS
or white Hg(NO;);-2HgS remains undissolved, wash it thoroughly
with 0.3 N HCL. Dissolve precipitate in 3 drops of 12 N HCl with
addition of a tiny crystal KClO; and test for mercury (sec note 3) as
directed in experiment 6, mercury, page 295.

To the HNO; solution of the II-A sulfides add 5 drops of 36 N
H,80, and heat until dense fumes of SO; are evolved copiously
(see note 4). Draw up the mixturc (see note 5) from the crucible
with a pipet and allow it to drop slowly into a centrifuge tube con-
taining 10 drops of water. Rinse out the crucible twice with 3 drops
of water, transferring all of any precipitate to the ecentrifuge tube.
Centrifuge. A white precipitate is probably PbSO, but may be
(Bi0)2SO4 (sce note 6). Remove the liquid to another centrifuge
tube. This liquid may contain BiO+, Cutt, and Cd+t+.

Notes: 1. It was stated above that a large amount of cadmium may
carry Hgt+ into II-A. This possibility must be kept in mind and any
black residue as well as a heavy white one examined for Hg*+.

2. When the II-A sulfides are treated with hot 3 N HNOj;, sulfur is
formed which collects in a waxy layer about particles of undissolved
sulfides and protects them from action of the acid. For this reason stu-
dents are likely to infer incorrectly that Hg*+ is in the II-A precipitate.
If the heating is continued as prescribed until nearly all the black color has
disappeared, this error will not be made. Probably this amount of heating
will cause black HgS, if present, to change into white Hg(NO;).-2HgS
which should be readily recognized by its rapid settling.

3. Mercury should never be reported in II-A unless its presence has
been definitely confirmed by H,SnCl,.

4. PbSO, is distinctly soluble in HNO; and cannot be completely
precipitated so long as any HNO; is present. Since H.S0; decomposes
into SO; and water rapidly only above 200° while nitric acid is volatilized
below 150°, if the heating is continued until dense, choking fumes of SO;
are being evolved copiously, all the nitric acid will have been removed.
Beginners are likely to mistake grayish fumes of steam laden with HNO,
for SO; and thus to stop the heating before all HNOj; has been removed.
The volume of the solution must be reduced to 3 drops (the volume of
H,S0, originally added) before much SO; can be evolved. Unless Pb++
is completely removed, PbS will darken the yellow CdS.

" 5. When an unusually large quantity of BiO+ is present, Bi2(S0Q4); may
appear in the crucible as distinctly crystalline particles. In high-copper
alloys white anhydrous CuSO, may appear.

6. Some (Bi0),SO; may precipitate here if the H,SO, is too dilute.
This is most likely to occur when an unusually large amount of BiO+ is
present.

Confirmation of lead. Wash the lead sulfate twice with 2 drops
of water and 1 drop of 3N H,80,. Centrifuge and add the washings
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to the above (BiO+, Cut*, Cdt*) solution. To the lead sulfate
add 2 drops of AcONH,, warm gently and stir until the residue
dissolves. Add 3 drops of AcOH and 1 drop of 1N K.CrOy. A
yellow precipitate, completely soluble in NaOH and reprecipitated
when the solution is acidified with AcOH, is PbCrO,.

Note: In the confirmation of lead any (13i0) 80, will dissolve in AcONH
and possibly may precipitate as (Bi0).Cr;0;, although the amount of
AcOH preseribed should prevent this. Iead chromate and (Bi0).Cr:0;
differ in their reactions to NaOH. Lead chromate dissolves completely,
because of formation of [HPbO.]~ and CrO4~, while (BiO).Cr.0; gives a
precipitate of BIOOH and CrO,~. The confirmation of lead therefore
is not absolute until it has been shown that it dissolves without residue
in NaOH. In case a mixture of PhCrO, and (BiO).Cr.O; were present,
BiOOH can be centrifuged out after treatment of the mixed chromates
with NaOH. If the clear yellow solution is then acidified wath AcOH,
PbCrO, will again precipitate uncontaminated by (Bi0).Cr,0;.

Separation and detection of bismuth. To the H.SO, solution
from the PbSQ, add 15N NH; with constant stirring until the solu-
tion smells strongly of it. Centrifuge whether or not a precipitate
is visible. A blue solution proves copper. A precipitate is proba-
bly BiOOH but can be Pb(OH), if all HNO; was not fumed off in
removing lead as PbSOQ4.  Pipet off the liquid to a test tube. Wash
any residue with water containing a drop of 6 N ammonia. Cen-
trifuge and add washings to the original liquid from the preeipitate.

Confirmation of bismuth (see note 1). Remove the BiOOH
precipitate with a capillary pipet td a spot plate. Prepare a solu-
tion of Na[HSn(OH),] by adding to a drop of cold Hy[SnCl,] solution
NaOH dropwise with stirring and cooling under the tap after cach
addition until the precipitate which first forms dissolves. Then
add 1 drop NaOH in cxcess. Centrifuge. Cool the clear solution
well and add a capillary drop of this Na[HSn(OH),] to the BiOOH
precipitate. Immediate (see note 2) black due to formation of
Bi? proves bismuth. (Ph(OH). will not react.)

Notes: 1. Since a small white precipitate formed by NH; may possibly
be Pb(OH),, a confirmatory test should always be applied to this precipitate.

2. BiOOH becomes black instantly on contact with [HSn(OH)]~. A
dark color which appears slowly is not to be considered, since H,S in the
air of the laboratory may precipitate a little SnS (dark brown). Bistannite
on standing spontaneously decomposes into Sn®and [Sn(OH)4]~.  Colloidal
Sn® may darken the solution. The forward reaction

2[HSn(OH).]~ = 8n + [Sn(OH,)]~ + 2H-0
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is favored by high temperature, the reverse reaction by large Cog— (prob-
ably because colloidal Sn can dissolve in it). Since neutralization of the
rather large Cua in the H,SnCl, reagent produces much heat, the mixture
must be cooled. ’ .

Detection of copper. A blue solution due to Cu(NH;),t is
sufficient proof of Cut+, and the depth of color is proportional to the
amount of Cut* present. If no blue color can be observed, minute
traces of Cut*t may still be present. In such a case proceed as
follows: In the depression of a spot plate place 1 drop of AcOH and
1 drop of the test solution. To the mixture add 1 drop of 19, solu-
tion of (AcO)sZn and 1 drop of 0.3 M K, [Hg(NCS),] solution. Stir
with a glass rod for 15 seconds. Red violet precipitate indicates
a trace of copper.

Note: "As little as 0.5 mg of Cu as Cu(NH;),*+ will impart a distinet
blue color to 1 ml of solution if one looks down the tube.

Detection of cadmium in presence of copper. If a blue solution
containing [Cu(NHs)4]**+ was obtained, add to it CN—, a drop at a
time with stirring, until the blue color just disappears, then 1 drop
more. Passin H;S. Yellow CdS proves Cd*+.

Note: When very much Cu*+ is present so that a large amount of CN-
has been required to reduce it, hydrogen sulfide sometimes forms a red to
orange precipitate of hydrorubianic acid (CSNH;).. To be certain of
Cd++ in this case, centrifuge and dissolve the precipitate in 3N HNO;,
neutralize with NH;, and again pass in HsS. A yellow precipitate now
will be CdS.

Detection of cadmium in absence of copper. If no blue solution
was observed, pass in H,S. Yellow CdS proves Cd++.

Separation and Detection of II-B Ions

Centrifuge the II-B precipitate and discard the alcohol. Treat
the residue with 10 drops of 12N HCI (see note 1); place in a nearly
boiling water bath and stir for two minutes. Saturate again with
H,S. Centrifuge and remove centrifugate to a crucible. Wash
the residue twice with 3 drops of 6 N HCl. Add the first washing
to the liquid in the crucible. Test this solution for Sb and Sn as
directed below. Extract the residue with 4 drops of 6 N NH;.
Repeat extraction until all As is removed. Stir thoroughly for one
minute. Black residue proves Hg (see note 2). Centrifuge.
Remove centrifugate to another centrifuge tube.
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Notes: 1. The 12 N HCI usually turns black HgS to white HgCl,-2HgS,
but the black color of HgS reappears as soon as the white compound is
treated with NH.

2. Since only HgS and As:Ss or As,S; are insoluble in 12N HCI, the
distinctive colors of these sulfides make further confirmation unnecessary.

Detection of arsenic. Acidify the NH; centrifugate with
12N HCI and saturate with HoS. Yellow As,S; proves arsenic.  If
the As,S; has not its characteristic color, dissolve it in HCI and
KClO; and confirm by Bettendorf test (page 293).

Separation and detection of antimony and tin (see note 1). Boil
the 12N HCI solution in the crucible to remove H,S. Restore to
original volume of 10 drops by adding 12N HCL. Add 8 drops of
water and stir thoroughly. Test drops of the solution for Sb and
Sn as directed in experiment 5, antimony (page 296) and in experi-
ment 5, tin (page 297). Saturate the remainder of the solution
with H,C;04. Saturate with H,S. Orange-red precipitate is
Sb,S;. Centrifuge, add to the liquid 3 drops of water to insure
complete removal of Sb.  Centrifuge if more Sb,S; forms. Remove
centrifugate to a crucible. Add 6 drops of 36 N H.SO, and 6 drops
of 16 N HNO;. Evaporate till dense fumes of SO; are evolved.
Do not evaporate to dryness. Take up and add to 10 drops of water
in a centrifuge tube. Rinse crucible twice with 3 drops of water
cach time, adding this liquid to that in the tube. Make ncutral to
litmus with NaOH, then slightly acid with HCl. Saturate with
H,S. Buff yellow SnS, proves Sn.  If the SnS, is darkened by SnS
(incomplete oxidation of H,C;04) (sce note 2) or by Bi,S; (sce
note 3), centrifuge and extract the precipitate with colorless NH S
(see notc 4). Centrifuge, remove liquid, and make it acid with
3N HCl. Buff yellow SnS, proves Sn.

Notes: 1. If the spot tests for Sb*3 and Sn*+ are both negative, both
these elements are probably absent. In this case considerable time can
be saved by ncarly neutralizing 4 drops of the solution with NH; and
saturating with HS. No colored precipitate would prove both antimony
and tin absent.

2. In case the HyC;04 has not been completely removed by oxidation,
some of the Sn'Y may be reduced to Sn*++ which will be precipitated by
H,S as brown-black SnS. This sulfide is somewhat more soluble than
SnS; and will be precipitated after the latter.

3. For a reason which has not yet been determined, a little Bi.S; nearly
always dissolves in the NaHS-NaOH solution. The amount of this is
rarely more than 1 mg. This bismuth is always precipitated with the tin
and makes the buff SnS, appear greenish brown.
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4. Both Bi,S; and SnS are insoluble in colorless NHHS in which SnS.
dissolves readily. Yellow NH,HS would oxidize and dissolve SnS.

§_ILS + S~ — SnS;~

PRECIPITATION AND ANALYSIS OF CATION GROUP III

Interference of anions. Cation Groups I and II were precipi-
tated from acid solution. For the precipitation of Cation droup 111
the solution is made basic. But many of the salts of the Group IV
cations are insoluble in basic or neutral solution and will be precipi-
tated in Group III. Of these salts all except the salts of F—, C.04™,
and BO,~ are decomposed in the following procedures for analyzing
the Group III precipitate, and the Group IV cations are recovered.
Oxalate and fluoride ions form very stable complex ions with
Fets, A1+, and Crt® and prevent precipitation of these cations. To
ensure that these cations are completely precipitated and that
Group IV cations are not lost, any of these three anions must be
removed before precipitating Cation Group III. Their presence
will have been detected in the analysis for anions. Accordingly
at this point two cases have to be considered:

1. In the analysis for anions, F~, C:0.~, cr BOy~ were proved
absent. The centrifugate from Group II is ready for analysis.

2. In the anion analysis, F—, C204~, or BOy~ were proved present.
These anions are to be removed by the following procedure.

Removal of fluoride, oxalate, and borate. In a crucible evapo-
rate to dryness on a water bath the filtrate from Group II. To the
residue add 10 drops of 709, HCIO, (see note 1), and, with a flame
kept in motion below the crucible, heat just to dryness (sce note 2).
Add 5 drops of HCIO, and repeat the evaporation just to dryness.
HCIO, gives off dense white fumes somewhat like those of SOs;.
Moisten the residue with 2 drops of 12 N HCI (see note 3). Warm
and stir thoroughly. Remove the residue to a centrifuge tube using
a total of 1 ml of water. Centrifuge. Pipet off the clear liquid if a
residue remains. To the residue add 12N HCL 1 drop at a time
with thorough stirring and heating until all is dissolved (except,
possibly, white crystalline KClO4). Not more than 3 drops of HCI
should be necessary. Add this solution to the first and proceed
with the precipitation of Group III.

Notes: 1. Larger quantities of HCIO,, especially in presence of a small
amount of organic material, can cause dangerous explosions. The proce-
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dure outlined above assumes absence of organic matter in the materials
analyzed. Since filtration is never used, fibers of paper are never present.
The small quantity (0.5 ml) of the acid used appears to be perfectly safe.
The evaporation has been carried out by students more than 300
times. In no case has any indication of violent reaction been observed.

2. Whether or not the residue from fuming with HCIO, is soluble in
water appears to depend upon whether or not the fuming is carried just
to dryness or beyond that point. For this reason the flame should be
removed when no more than 1 drop of liquid remains. The heat of the
crucible and wire gauze will sufficiently complete the evaporation.

3. HCIO, oxidizes Cr** to CrO; or H:Cr.0;, but this is reduced when
warmed with 12 N HCI.

TaBLE 18
ANALYSIS OF GROUP 111

Centrifugate from Group II from which H.S has been removed or solution after evaporation
with HC10:. Add NH;until a ppt. begins to form or until soln, is just basic to litmus. Heat
to boiling. Add NI{{HS until putn. is complete. Centnfuge. Test for complete pptn.

Ppt. 1. AIOOH (AIPOs, AlAsO,), CrOOH, Fe(HS):2.3, Mn(OH)- | Soln. 1. To which
(HS), Co(HS):, Ni(f1S)2, Zn(HS):, Group IV phosphates and/or | soln. 6 will be added.

arsenates. Wush thoroughly. Add ¢oid 1 N HCI. Alk. earth ions, phos-
- - R phate, arsenate, thio-
Res. 2. Soln. 2. Al'3, Cr*3, Mn'', Zn**, Fet**, Group IV ions | arsenate ions, etc.
CoS, NiS, (H.PO:™, 11:AsO;~ if present). Add NaOH, Na:COs, | Acidify with HCL.
(FeS). and Naz0z. Boil to remove H.S.
Dissolve in Test for Group IV ions.
HCIl and S - - PR
KClOs. Soln. 3. [AI(OH)4|~,

Divide into | pt. 3. FeOOll, (FePO:, FeAsOs), MnO,H:0 (Zn), | CrOs=, [HZn(OH)(]".
2 portions. | Group IV phosphates, arsenates, carbonates. Wash till | Add solid NH«CIl and

Test one all C1O4™is removed,  Fxtiaet with AcOHL boil off NHj,
fOl‘ CO, tht‘ T T o e o il R
other for Res. 4. Ppt. 6. Soln. 6.
Ni. MnO., Soln. 4. Fe'’, Znt*, Group IV ions, AIOOH. '|[Zn-
(BaCrO»). | (H:PO: °, H2As047). 'l'est 1drop for Fets. | Dissolve (NHg)d)*,
Dissolve | Saturate rest of soln. with HS. and con- | CrO4~,
in HNO; firm by Add
and HzO-. aluminon. | NH/HS,
If soln, 3|~———7-"~"7 -~ ~—~ .
contams |1t 6. | Sotn. 5. Fe't (Mn't), Group | Ppt. 7. | Soln. 7.
cro. - ZnS, 8. |1V ions, (H:PO:~, H:As0:). | ZnS. CrOy~.
add K80, Extract | Add 2 N HCL Boil out I8 | Dissolve Confirm
to ppt with 1 N i and cool, inlN if doubt~
any Butt, | HCLand 0 () Fe*sis ubsent.  Add this| HCl and | ful.
Test solp. | confirm | solu. to soln. [ confirm,
for Mn Znt, C (b Fe's iy present.  Add
with { Br: water and shake thor-
NaBiO,. oughly,  Extract Fe*? as
Fe[Fe(NCS)s] with amyl ale,-
ether,  Add aqueous layer to
soln. 1.
Procedures

Prec’pitation of Group III. To a Group III known or unknown,
to the centrifugate from Group II (case 1, page 318), or to the
solution after evaporation with HCIO4 (case 2), add 6 N NH;
dropwise with vigorous stirring until a precipitate begins to form
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or until the solution becomes alkaline to litmus. Warm and stir
the mixture vigorously for 1 minute. Without removing any
precipitate that may have formed add NH,HS dropwise with
vigorous stirring until precipitation of the hydrosulfides and
hydroxides is complete (see note 1). Centrifuge and test for
complete precipitation. If the solution is dark colored indicating
colloidal hydrosulfides (most frequently Ni(HS),), remove the
liquid (see note 2) to a crucible, add a small crystal of NH,NO3;, and
boil until the hydrosulfide flocculates. Centrifuge. Add the pre-
cipitate to the original precipitate. Remove the liquid to a crucible.
Acidify,with HCl (see note 3). Boil to remove H,S and reserve
until solution 5 is obtained. Use the combined solutions 1 and 5 for
analysis of alkaline earth ions (see note 4).

Notes: 1. When Group III is precipitated in presence of HPO,~ and
HAsO,~, the compounds formed will depend on the relative solubilities
of the sulfides, hydroxides, and phosphates or arsenates. The compounds
formed will depend on the relative proportions of HPO,~ and/or HAsO,~,
tervalent cations and bivalent cations. Thus, a small amount of HPO,~
might be precipitated entirely as AIPO, and thus bring no alkaline earths
into the Group III precipitate. On the other hand since the hydrosulfides
of Fe*s and the 2-valent ions of Group III are more insoluble than the
phosphates or arsenates, it might be possible, in absence of AlIO+ or CrO+,
for a sufficient amount of phosphate or arsenate to be present so that the
alkaline earths are completely precipitated in Group III. It is evident
that the nature of the Group III precipitate will vary widely from case to
case and cannot be predicted.

2. If the centrifugate from the sulfide precipitate (solution 1) is at all
brown, some Ni(HS). has passed into a colloidal state. This dispersion
of Ni(HS), is favored by high Cnyu, and by presence of yellow persulfide
ions (8.~ S3—, etc.) in the NHHS reagent, which should be colorless. To
prevent formation of colloidal Ni(HS),, the least excess possible of NH,HS
should be used.

3. If arsenate is present in Group III, some thioarsenate may be present
in the centrifugate from the group because of reactions such as

2H:0 + HAsO4~ + S~ — HAsO3S~ 4 20H-

When solution 1 is acidified and boiled, a little yellow arsenous sulfide
may precipitate.

3H,S + H,AsO,8- + H* = As(HS)s + S + 3H.0

However, when the residue is ignited, the As(HS); will be oxidized again
to arsenate.

4. Theoretically, sufficient NH* should completely prevent precipita-
tion of Mg(OH).. We have found that either AI(OH); or Cr(OH); may
bring as much as 756% of the Mg*+ into Group III. When HPO,~ and/or



CHaP. 16] SYSTEMATIC ANALYSIS OF CATIONS 321

HAsO,- is present, part or all of the alkaline earths will usually be pre-
cipitated in this group. Provision is made for the alkaline earth ions
which precipitate in Group III to be added to the centrifugate from this
group.

Separation of CoS and NiS from the remainder of Group IIIL
Wash the NH,HS precipitate (precipitate 1) at least three times
(see note 1) with 6 to 20 drops (at a time) of water containing 3 drops
of NH,NO; solution and 1 drop of 6 N NH; per ml. Add the first
washing to solution 1. To the precipitate add 1 ml of cold 1 N HCI
(14 drops of water and 7 drops of 3N HCI). Stir thoroughly for
two minutes. Remove solution and repeat the extraction (see
page 186) with 0.5 ml 1 N HCI (see note 2). Add this extract to the
first (solution 2). Wash the residue (CoS, NiS) (see note 3) with
water containing 3 drops of ammonium nitrate and 1 drop of HCI
per ml. Discard the washings.

Notes: 1. Several of the Group III hydrosulfides are readily dispersed
to the colloidal state in alkaline solution. For this reason all wash liquids
should contain an electrolyte which tends to flocculate the colloids.
NH,NO; is preferable to NH,Cl because Cl- tends to form complex anions
such as [ZnCl,]~. Warming to remove H,S may help to flocculate sulfides
which have become colloidal.

2. When present in large amount FeS is not completely dissolved by
2 extractions with 1N HCl. If the CoS-NiS residue is large, a third
extraction with 1 N HCI should be made.

3. The solubility of NiS and CoS in 1N HCl appears to depend chiefly
on the thoroughness of the washing. Presumably during the washing
Co(HS), and Ni(HS),, which are soluble in dilute HCI, are converted into
the much less soluble CoS and NiS. Evidently a more thorough and longer
washing will be required for this conversion when much Co(HS). and
Ni(HS), are present. A large black precipitate may neced to be washed
six times, a small one no more than twice. Traces of CoS and NiS always
dissolve in cold 1N HCL

Confirmation of cobalt and nickel. To the residue (residue 2)
add 10 drops of 12N HCI, warm, and add a small crystal of KClOs.
Continue heating until the residue of § is nearly free from black
sulfides. Remove the S. Evaporate the clear solution just to
dryness. [CoCl= is blue. Take up with 1 ml of water. Divide
into two portions.

Portion 1. Test for cobalt by both of the following methods:
On a spot plate place 1 drop of alpha-nitroso beta-naphthol (which
must have been prepared the same day) and a drop of the test solu-
tion. Bright brick-red precipitate proves cobalt. To the remain-
der of the solution add 10 drops of 4N KNCS and 6 drops of amyl
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alcohol-ether (2:1). Shake vigorously then add 4 drops 12N HCI
and shake vigorously again. Blue cther layer proves cobalt. A
purple color is due to a mixture of H;Fe(NCS)s and H,Co(NCS),.
If the layer is red or purple, instead of blue, add a very small frag-
ment of Na,S;0; and shake vigorously to reduce Fe*3. (A white
turbidity is sulfur.)

Portion 2. Add 2 drops of 3N AcONH; and 2 drops of dimethyl-
glyoxime. Stir vigorously. If cobalt is present, morc dimethyl-
glyoxime will be required (sce note). Scarlet precipitate proves
nickel. For amphoterism of NiDns, see page 257.

Note: If Co+* is present, brown soluble CoDn. forms before the red
NiDn,. In this case more reagent must be added than is required to react
with the Co*+ before NiDn, will precipitate.

Separation of Al*+3, Cri3, and Zn*+ from Fe*3, Mn*+ and Group
IV phosphates or arsenates. Iivaporate solution 2 to 1 ml (see
note 1). Add 6N NaOH dropwise with constant stirring until
solution is strongly basic. Add 1 drop of 3N Na,CO; (sec note 2).
Then add a little NagOs, stir, and warm. Centrifuge. If the liquid
has become at all yellow (sce note 3), CrO,~ may be forming; if a
brown color appears, Mn*+ or Fett is being oxidized. In either
case addition of Na,0. a fow grains at a time (sce note 4), warming,
and vigorous stirring must be continucd until oxidation of Cr+?,
Fet+, Mn+* is complete.  Add 10 drops of water, stir thoroughly,
centrifuge, and wash the precipitate three times with hot water.
‘The precipitate (precipitate 3) may contain (FePO,), FeOOH,
MnO,-H,0, (Zn?) (sce note 5), Group 1V phosphates, carbonates or
arsenatcs, traces of CoOOH, and Ni(OH)a. The solution (solution
3) may contain [AI(OH),]~, CrOs=, [HZn(OH)]".

 Notes: 1. H.8 must be removed before making the solution basic, since
sulfides would be precipitated.

2. Although FePO, is the most insoluble of the phosphates that could be
formed by ions of Groups III and IV, Fe(HS); and Fe(1T8); are still more
insoluble. In conscquence any phosphate (or arsenate) enters the Group
III precipitate combined with AlO*, CrO*, or alkaline carth ions. After
FeS and Fe.S; have been dissolved in 1 N HCl and H.S removed, Fe*+,
after oxidation to Fe*s by Na.O,, is frec to combine with phosphate or
arsenate. As a result Ba+*, Sr++, and Ca+* may become free at this point.
Na;COj; is‘added to insure their precipitation and prevent them from
passing into solution 3.

3. A distinet yellow color is sufficient test for CrO4~ but in case of doubt
the very sensitive formation of blue OCr(0O3). may be resorted to as directed
on page 281,
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4. Na,0; forms an equivalent amount of NaOH which, as has been
stated, increases peptization. For this reason a large and useless excess of
Na;O. should be avoided.

5. We have found no method of preventing zinc from being precipitated
with ‘iron and manganese. Cases have been observed where practically
all of the zinc went into the precipitate. Whether or not this is due to
compound-formation is uncertain.

Separation of MnO, from Fe+? and alkaline earth phosphates and
arsenates. To precipitate 3 add 6 to 20 drops of 3N AcOII, accord-
ing to the amount of precipitate. Warm and stir. All of the
precipitate except MnO,-H,0, FePO, (and BaCrO,) should dis-
solve. Estimatec amount of Mn from volume of the residue.
Centrifuge and remove centrifugate to another centrifuge tube. A
residue (residue 4) may contain MnQO.xH,0, FePO, (BaCrQ,).
The solution (solution 4) may contain Fet?, [Fe(AcO)g]? (red),
Group IV ions, Znt+, H,PO,~, HyAsOs. Repeat the extraction
with fresh portions of AcOH until no more precipitate dissolves. A
reddish residue (FePO,) does not interfere with the following test.

Confirmation of manganese (detection of barium in the MnO.,).
Dissolve residue 4 (MnOyH;0, FePO,, FeOOH, (BaCrQ,)) (sce
note 1) by adding 8 drops of 3N HNO; and 1 to 2 drops of H,0,,
stirring vigorously, and warming if nccessary. If no CrO,~ is in
solution 3, add to the solution 5 drops of 15N HNQ;, then NaBiO; a
little at a time until an excess has been added.  Stir thoroughly and
centrifuge. Purple color duc to MnO4~ proves Mut+ (sce note 2).

If CrO4= is present in solution 3, heat the solution nearly to boil-
ing and add 2 drops of K,SO4 reagént. Stir vigorously. White
BaSO, proves that BaCrOs was in the MnQ.. Centrifuge any
precipitate, wash thoroughly, and confirm by {lame test.

Jonfirm Mn*+ in the solution if KySO, formed no precipitate, or
in the centrifugate from any BaSO, precipitate, by adding NaBiO;
as directed.

Notes: 1. If any Ba** enters a Group III precipitate which contains
CrOOH, it may precipitate as BaCrQOq as soon as the chromium is oxidized
by Na.O; to CrO4~. Any BaCrO, precipitated with Fe+s, Mn++ ¢te. will
remain practically insoluble in AcOH aund thus be found in the MnO,
residue,

2. NaBiO; must be in excess to prevent MnO4~ + Mn*+ & MnO»H,0.

Confirmation of iron. Place a drop of solution 4 on a spot plate.
Add 1 drop of 3N HCl and 1 drop of [Fe(CN);]~%. Dark blue color
proves iron,
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Precipitation and confirmation of zinc. Saturate remainder of
solution 4 with H,S. The precipitate (precipitate 5) may be sulfur
(and possibly some Zn(HS),;). Large Fe™® may give a precipitate of ‘
FeS. The solution (solution &) may contain Fet+, Group IV ions,
phosphate, and arsenate ions. If the precipitate is black or gray,
extract three times with hot 6 N AcOH 5 drops at a time. Extract
the white or light gray residue with 1 ¥ HCI and test for Zn** as
directed for precipitate 7 below.

Separation of iron from Group IV phosphates and arsenates.
Add three drops of 3 N HCIl to the solution (centrifugate 5). Boil to
remove H,S. If Fe was absent, add this solution to solution 1.
If Fe was present, add 2 drops of Br, water to oxidize Fe™+ and boil
again. Place the boiled and cooled solution in a centrifuge tube
and add 3 drops of KNCS and 0.5 ml of amyl alecohol-ether mixture
(2:1). Shake thoroughly. Allow the two liquids to separate and
remove the top laycr (alecohol-cther layer) with a capillary pipet.
Repeat the extraction, using fresh portions of amyl alcohol-ether
mixture until the water layer is colored only faintly pink. Then
add the water solution to solution 1 (the centrifugate from the
Group III precipitate). ‘

Separation of aluminum from chromium and zine. To solution 3
in a small beaker or flask add solid NH,CIl until the solution is
saturated. Boil until the solution smells only faintly of NH,.
Add more NH,CI to make sure that all NaOH has rcacted and
precipitation of AIQOOH is complete. Centrifuge and wash the
precipitate with hot water containing NH,Cl until all yellow color
is removed.

Confirmation of aluminum. Dissolve the precipitate in the least
amount, of hot 1N HCl. To the solution add 4 drops of 3 N
ammonium acetate solution and 2 drops of aluminon solution. Stir
vigorously. Add NHj; solution until, after stirring, the solution
smells of it. Then add 3 drops of (NH,),COj; solution. (Solution
must be basic.) The aluminum hydroxide should precipitate dyed
brilliant red. A precipitate of uncertain color should be washed
with (NH,).COj; solution.

Separation and confirmation of zinc. Add to solution 6 no more
than 2 drops at most of NHHS to precipitate ZnS (precipitate 7).
Centrifuge. Wash precipitate with water containing NH,NO; and
NH; until washings no longer are yellow. Dissolve ZnSin 1N HC],
boil out H.8, and test solution for zinc by placing a drop of it on a
spot plate and, in an adjacent depression, place a drop of water.
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Add to each 1 drop of 0.029, Co** solution and 1 drop of K,[Hg-
(NCB8),] solution. Stir with a glass rod for 15 seconds. If Zn** is
present, a pale blue precipitate (see note) will appear in the test
solution much more quickly than in the blank. If Znt+ is present
its amount should be estimated from the combined volumes of
ZnS precipitates 5 and 7.

Note: Co[Hg(NCS)4] is deep blue. The precipitate of white Zn[Hg-
(NCS)4] containing no more than a trace of this blue salt is pale blue.
Particular attention should be paid to the shade of any blue precipitate
obtained in the test for zinc. The light blue Zn(Co)[Hg(NCS),] will appear
within 15 seconds to two minutes while the deep blue Co[Hg(NCS),] will
appear only within 2-3 minutes. When only a trace of Zn*+* is to be
detected it is advisable to run a “blank’’ using 1 drop of water instead of
the solution to be tested. [Feigl, Tiipfelreactionen (2nd ed.), p. 236.]

If for any reason as much as 1 mg per ml of Cot+ were in the Znt++
solution, a deep blue precipitate might appear within 15-30 seconds. In
our system this is unlikely to occur.

PRECIPITATION AND ANALYSIS OF CATION GROUP IV

TaBLE 19
ANALYSIS OF GROUP 1V (ALKALINE EARTH IONS)

Known or unknown or centrifugate from Group III. Add 5 drops 16 N HNO,
and evaporate to dryness. Ignite to remove NH,salts. Moisten the cooled
residue with 1 drop 3N HCl. Take up with 1 ml H,O. Test 1 drop with
sodium rhodizonate for Ba**or Sr**. Heat the remainder of the soln. nearly
to boiling. Add K,S0, until pptn. is complete.

. .
Ppt. 1. BaSO, SrSO, (CaSO,). Soln. 1. Catt, Mgtt, (H.,PO,,
Wash with hot 0.15 N H,SO,, add first | HfAsO,~). Make just alkaline with
washing to soln. 1. Test second wash- | NH;, then acid with AcOH, heat
ing for Ca** with NH;and (NH,):C.O4.| ncarly to boiling, add (NH).C:0,
Continue washing until no test for Ca** | until pptn. is complete.

is obtained.
Residue. BaSOy, SrSO,. Moisten | Pt 2. _CaCQO,;. Soln. 2. Mg*,
with 12 N HCl and make flame tests, | Wash with H:O. | H,PO,~, H.AsO,".
Add first wash- | Add 2 drops 3N
ings to soln. 2. | HCl. Add S. and
Confirm by 0. reagent. Then
flame test. ~ [add NaOH until
color becomes red-violet or blue.
Centrifuge and estimate amt. of
Mg(OH),,(MgHPO,, MgHAsO,).

Procedures

Preparation of the solution. To the acidified centrifugate from
Group III add 5 drops of 16 N HNO; (see note 1) and evaporate
carefully just to dryness over a free flame (see page 188) and ignite
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until ammonium salts are completely removed (sec note 2). Care!
Moisten the cooled residue with no more than 1-2 drops of 3N HCL.
Take up the residue with 10 drops of water and with a pipet transfer
the liquid and any solid to a centrifuge tube. Rinse out the
crucible thoroughly twice with 5 drops of water each time. Add
washings to the solution and mix thoroughly. Do not centrifuge
out any rc:‘idue (sec note 3).

Notes: 1. The centrifugate from CGroup IIT contains AcOH. If the
AcOH were not destroyed by boiling with HNO,, a dark residue (carbon)
might result upon ignition of the residue.

2. Tixperiments have shown that NH,* tends to prevent complete pre-
cipitation of Sr804. For this reason it is important that ammonium salts
be removed as completely as possible.

3. Whenever a sulfide solution is evaporated to dryness, there is always
a possibility of sulfate ion being formed. The sulfate would then react with
Ba*+ or Sr+* to precipitate BaSO; and/or SrSO,.  Therefore a small
residue should not be discarded.

Preliminary test for barium. Placc two drops of this mixture in
a test tube. Make just alkaline with NHj, then just acid with
AcOH. Spot a strip of filter paper with 1 drop of this solution and
test with recently prepared sodium rhodizonate solution (see note)
exactly as direeted, experiment 4, barium (page 276). (Test for
Bat* in presence of Sr++ or for Sr++ in absence of Batt.)

Note: In aqueous solution this reagent is not stable. Before using, the
reagent solution should always be tested with a drop of Ba** test solution
as directed on page 276. If a bright red spot is obtained, the reagent is
suitable for use. For detection of traces of Ba and Sr, it is desirable to
allow the test spot to dry for 5 to 10 minutes. The red color will form
slowly on standing. A blank should always be run.

Separation and confirmation of harium and strontium. Heat the
remainder of the mixture nearly te hoiling and add KyS04 (sce note
1) dropwise with stirring after ¢ h addition. Test for complete
precipitation.  Continue stirring ot least fwo minutes to ensure
complete precipitation of strontium.  Centrifuge and remove the
centrifugntc as completely as possible to another centrifuge tube.
Wash the precipitated sulfates twice with 4 drops at a time of
hot 0.15 N H,S0, (1 drop 3 N H,80, and 19 drops H:0). Add the
first washings to the centrifugate. Pipet off the second washing
into a test tube and add 1 drop 6 N NHj; and a drop of (NH;)2COs.
If a turbidity appears Cat™ is still in the sulfate precipitate. The
washing must be continued until no turbidity results when 1 drop of
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(NH,)2C404 is added. Remove the wash liquid as completely as
possible from the sulfates. Stir them up with 1 drop of 12N HC(I
and confirm Ba and/or Sr by flame test (see note 2).

Notes: 1. For the reason stated in note 2,  Preparation of the Solution”
(p. 326), this reagent is to be preferred to the more commonly used (NII,).-
S04 It is preferable to Na.SO4 because of less interference with the flame
tests.

2. Detection of a small amount of Sr in presence of a large amount of
Ba*+ is not difficult since the Ba migrates up the wire leaving the Sr at
the tip.

Detection of a small amount of Ba in much Sr is more difficult. One
mg of Ba*+ is readily detectable in presence of 4 mg of Srt*. Amounts
less than 1 mg cannot be very certainly identified by flame test. But
even a trace should have been detected by the sodium rhodizonate test.

Separation and confirmation of calcium. 7To the centrifugate
(Ca*+ and Mg*+) add ammonia solution until solution becomes just
basic to litmus (see note). Acidify with AcOH. Heat nearly to
boiling and add (NH,).C.04 dropwise with vigorous stirring as
long as a precipitate continues to form. Centrifuge and test for
complete precipitation. Remove centrifugate to another cen-
trifuge tube. Wash the CaC,0, precipitate twice with 4 drops of
water. Each time remove liquid as completely as possible.  Mix
the precipitate with 1 drop of 12 N HCI and confirm Ca by flame
test.

Note: When phosphate or arsenate are present, Ca or Mg phasphate or
arsenate may precipitate when the solution is made basic. 1llowever, the
precipitate will redissolve when solution is made acid with AcOIL.

Precipitation and confirmation of magnesium. To the centrifu-
gate from the CaC,0, precipitate add 2 drops 3 N HCI and apply

S. and O. test as directed under magnesium, page 277.  Centrifuge
the precipitate and note the volume it occupics.



CHAPTER 17
INTRODUCTION TO THE ANALYSIS OF ANIONS

Qualitative analysis of the anions has ncver been made so
“systematic’’ as that of the cations. This is to say that no entirely
satisfactory method has yet been devised for subdividing the anions
into groups by successive precipitations.

Bunsen in 1878 devised a grouping of the anions based on solu-
bilities of Ba (or Ca) salts in neutral solution, in dilute AcOH, and
in dilute HCI, and of silver salts in ncutral solution and in dilute
HNO;. Many later modifications have been, and still are being,
devised.

Experience in the Purdue laboratory has demonstrated the use-
fulness of the grouping devised by Duschak and Snecd,! which,
however, did not include arsenate, arsenite, oxalate, and acetate.

It is obvious that if the anions can be divided into groups, the
analytical procedure frequently may be considerably shortened,
since an entire group may be proved absent by a single reagent.  In
the end it will be necessary to test for only those anions belonging to
groups indicated as present by their group reagents.

The procedure outlined hereafter is based on a grouping which
combines the Duschak-Sneed system in modified form, the Noyes
and Bray grouping of oxidant and reductant anions and the solu-
bilities of the silver salts. We believe this procedurc to be an
innovation in that the group tests are used to prove the absence of
anions rather than their presence.  When these preliminary group
tests have been completed and recorded on the Anion Elimination
Sheet (hereafter designated by A.E.S.), a brief study of the sheet
makes evident that only a relatively few anions can be present. All
others having been thus proved absent, a few quick tests will
usually suffice to determine which of the remaining possible anions
are actually present. It has been found in the Purduc laboratories
that much time is saved by this method. Two examples of the use
of the A.E.S. are given at the end of this chapter.

}J. Chem. Ed., 8, 1177-1186; 1386-1395 (1931).
328
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THE ANALYTICAL GROUPING OF THE ANIONS

The grouping below is most valuable when a group test is nega-
tive, since the absence of all anions in that group is at once assured.
The ions listed under each of the various groups will always appear
in that group if present.

Precipitates in Groups IV to VIII are not proofs that any ion of
those groups is present, since, as stated under each group, certain
other ions may appear in that group (1) when present in unusually
large amount; (2) as a result of too high Con~, for example, Ca(AsOs).
in Group IV; (3) as a result of incomplete preeipitation in preceding
groups, for example, if all HPO,~ is not precipitated in Group 1V, it
will be precipitated by Bat+in Group V. Therefore, before making
a group test by precipitation the solution should be tested for com-
plete precipitation of the preceding group.

Group I. Anions that will oxidize colorless [MnClg]—* (12N HCI
saturated with MnCl,) to brown [MnCle]=3: ClO;~, CrO~, [Fe-
(CN)g]™, MnO4~, (possibly NO;—, NO,™).

Group II. Anions that will reduce KMnO; in dilute H2804:
[Fe(CN)g]™4, SO5™, S:05=, AsOs~, C,04~, I, Br—, NCS—, 8=, NO,~.

Group II-A. Anions that will reduce one or the other ion of
FeFe(CN); reagent, producing a blue or green solution or precipi-
tate: 8=, SO;s=, S,0;~, I, NO.,~. Also included in this group are
NCS— and [Fe(CN)g]~%, which react with Fe*? of the reagent to form
[Fe(NCS)e]=® (red) and Prussian blue. Large C.04 may form
[Fe(C204)s]3, a green solution.

Group IIL. " Anions which form silver salts insoluble in dilute
nitric acid: I-, Br-, NCS-, Cl-, 8=, [Fe(CN)¢~?, [Fe(CN)e],
5205, CN—.

Group III-A. Anions whose silver salts are colored and soluble
in dilute nitric acid but insoluble in neutral solution: CrOg=,
HAsO4~, HPO,~, and AsO,.

Group IV. Anions whose calcium salts are insoluble in cold
neutral or slightly basic solution: COs~, 0.1 (see note 1); HPO,~,
0.04; C,04=, 0.03; F—, 0.1. Also possibly SO,=, 0.75; SO5~, 0.8 (see
note 2); BO,, 13.5; [Fe(CN)q~4, 17.5. (HAsO.~, AsO,~, see the
note to Group VI1.)

Notes: 1. In Groups IV to VII are given the number of milligrams of the
anion stated by Duschak and Sneed to be required to give a precipitate
(turbidity) in 1 milliliter of solution, when the anion is present alone. Copre-
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cipitation and salt effect probably modify these figures considerably and
to varying degrees for different anions. Anions in parentheses may
partially precipitate if present in sufficiently large concentration. The
data for arsenate and arsenite given in the note to Group VI were obtained
in the Purdue laboratory.

2. We find that 0.3 mg of SO;~in 1 ml gives a precipitate with 2 drops of
1 M (Ac0O).Ca, but only after stirring about three minutes.

Group V. Anions whose Ba salts are insoluble in cold neutral or
slightly basic solution, but whose Ca salts are soluble in neutral or
slightly basic solution: 8O, 0.025; SO,=, 0.2; CrO~, 0.05. Also
possibly 8,057, 4.5; [Fe(CN)g]~4, 3.0. (HAsO4=, AsO,~, see the
note to Group VI.)

Group VI. Anions whose Cd salts arc insoluble in hot neutral or
slightly basic solution but whose Ca and Ba salts arc soluble in cold
neutral or slightly basic solution: 8=, 0.025; [Fe(CN)4]3, 0.05;
[Fe(CN)¢l™%, 0.05; HAsO4=, 0.07; AsO,~, 0.03 (sec note). Also
possibly CN—, 5.0.

Note: The peculiar behavior of arsenite and arsenate toward Ca*+,
Batt, and Cd** seems to belie the solubility data. The explanation
appears to be (1) that all these salts have negative coefficients of solubility
with temperature and (2) that their solubilities are extraordinarily depend-
ent upon Cy*.

The data below illustrate the latter relation. The figures state the
least amount of the anions AsO%~ and HAsO4= which in a volume of 1 ml
gives a turbidity with 2 drops of the 2 N precipitants after the solution is
stirred for 1 minute. The solutions used, NaAsQ, and Na,HAsO,, were
basic to phenolphthalein, the former strongly, the latter faintly.

Cold Ca(AsOy), 1 mg CaHAsO, 5 mg
Cold Ba(AsOy). 2.5 mg BaHAsO, 0.6 mg
Cold Cd(AsOy): 0.4 mg CdHAsO, 0.13 mg
Hot Cd(AsO.,), 0.03 mg CdHAsO, 0.07 mg

The same test solutions made faintly basic to litmus by addition of
AcOH:

Cold Ca(AsO;): 30 mg no turbiditye CaHAsO,s 28 mg turbidity
Cold Ba(AsO:): 30 mg no turbidity BaHAsO, 3 mg turbidity

@ Medium precipitate on heating. ® Slight precipitate on heating. ° Heavy precipitate on
heating,.

Group VIL. Anion whose Co salt is insoluble in neutral or
slightly basic solution containing a rather large excess of Co*+ but
whose Ca, Ba, and Cd salts are soluble in neutral or slightly basic
solution: CN—, 0.2 mg per ml.
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Group VIII. Anions whose Ag salts are insoluble in dilute
HNOj;, but whose Ca, Ba, Cd, and Co salts are soluble in neutral or
slightly basic solutions: Cl-, Br—, I~, NCS—, 8,05,

Group IX. Anions not precipitated in Groups IV to VIII:
AcO—, BO;~, NO,~, NO;s™, ClO;.

Table 20 shows the behavior of cach anion toward such of the
group reagents as it encounters. The use of ? indicates that the
anion may react if present in wnusually large amount. Blank
spaces mean either that there is no reaction or that in this system
the ion docs not encounter the reagent.

Two samplc A.E.S. and the notebook entries accompanying
them show that many anions can be eliminated by group tests.

ANION ELIMINATION SHEET
EnTRIES FOR UNKNOWN 1

. : . . Doubtful
Certainly Certainly Possibly ) »
Present Absent Present T r,{,e(g::er
1. COs~........1 ... .. HClL IV
2. HPOs~.... .. T III-A, IV v
3. CoO4=. il o II, IV Vv
4. F-...oooo oo v v
5. 804~ HClie |........... \%
6. SOz=........1 ...... 1I-A 11
7. CI'O4" ............. A !
8 S~ ... 1I-A ’ II
9. Fe(CN)¢™*...,  ..... 1I-A 11
10. Fe(CN)¢=3...! ... A
11. CN-........ | VII 111
12, S0~ ...l ... I1-A 11
13. NCS-....... R II-A (11
14. Cl-.......... ... .. I, vilr v
15. Br—......... 11 O .
16. I=..........| ... II-A 11
17. ClO;-. 111 I
18 BO2_ ........ iH(]u I,
19. AsO,~.......0 ... HCly FIT, IT-A, VI
20. HAsO4~. .. .. III-A . [t
21. NO,~....... 1I-A, IX-A 1,11
22. AcO-....... b LIX-C b
23. NO;—....... % I1X-B e ‘ I

To Be DonE: Test Group IV ppt. for: HPOs~, C:047, and F-.
Test Group VIII ppt. for: Cl-.

[Note: Notebook entries on page 334
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TABLE 20
PRELIMINARY TESTS FOR ANION GROUPS
GRroup 1 II 1 1I-A III I11-A
REAGENT ;
+
[MnCL]" 4| MnO,~ + | Fe*s Ag* + AI!\KTHJf
HY HY [Fe(CN)q]~? 1 HNO; Sol 3
Unkn. Soln. | Unkn. Soln.| Unkn. Soln. | Unkn. Soln. | . ®° T
Tox | from II1
AcO~. .. | ' ............ [ P t.
|
HASO: e i ! .......... S Ag;AsO,
i (red-brown )
ABOz_ ................ HABOf‘ oo o e e AgaASOa
f “(yellow)
BOaw. . e e
Bro... ... ... Br, ... AgBr ...
(cream)
CO™. o White?
ClOy~...... Clm e e
Clm e AgCl ..
CrO,~ A0t Ag.CrO,
(green) (brown-red)
[©).) S ) S AgCN oL
[Fe(CN)oJ™4........... [Fe(CN)el~%| Prussian blue |AgiFe(CN)s]j. ...
[Fe(CN)o]~8|[Fe(CN)e)~*|. ... ...l Agy[Fe(CN)sll. . .
} (omnge-br_n—\;;\')v
Fooos e TN IO
I 1,(1057) I: and Prus-| Agl [N
o sian blue (vellow) !
NO:~...... I:I_S_) Slowlyh)|. ... .o RRRREE
NO,~...... NO NO;~ NO;~and oo
- Prussian blue
CiOf ... L0 . CO. Greensoln.? ... ........ White?
HPO: .l e Ag,;PO,
| (vellow)
SO e [ Lo,
U P 80~ $ and Turn- | Ag.S 3
bull’s blue | (black) ;
80,~....... ... S04, 8206~ SO~ and e ‘ .....
Turnbull’s {
blue i
NCS— ... 1.t SOq_, [Fe(NCS)d'“ | AgNCS 1.
NCO- (red!) ! I ’
S0~ SOA-, 8.0~ and f AngQOa ' .......
S:06~ Turnbull’s S Ag.S :
blue — :
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TaBLe 20.—(Continued)
PRECIPITATION TESTS FOR ANION GROUPS
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v

(Ac0):Ca
Unkn.
Soln.

9&003

\'

(AcO);Ba
Soln. from
v

5 CdS

VI

(Ac0),Cd
Soln. from V

CdHAsO,
Cd(As0y),

Cdy[Fe(CN))
Cda-

[Fe(CN)4)s
“(yellow)

i
| (orange-yellow)

" VII

Co++
Soln. from
VI

VIII

Ag* + H*
Soln. from

A

Ions not elimi-

nated by the group
tests (Group IX)

Acctone by nitro-

prusside

BF,

In filtrate from

Group VIIL.
AgCl

Special tests
Special {ests
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Students will do well to study these examples thoroughly until
they clearly see in the notebook record the justification of each entry
on the A.E.S.

Unknown 1

Recorded Observations and Deductions

Test A. The unknown water solution was colorless and neutral
to litmus. A drop of it with 3 N Na,COj; gave no precipitate. No
“prepared solution” need be made.

Deduction. A colorless solution proves absence of CrO;~ and
[Fe(CN)¢]~? and indicates absence of [Fe(CN)g]—4.

Enter on the A.E.S. in the “certainly absent” column an “A”
opposite these two ions.

Deduction. That the solution was neutral and contained no
heavy metal ions (no ppt. by Na.COj;) suggested, but did not prove,
absence of anions of weak acids. (Heavy metal salts of strong acids
hydrolyze to form acid solutions. It is conceivable that the
hydrolysis of such a salt might offset that of the salt of a weak acid
and strong base so that a neutral solution resulted.)

Group I. Brown color appeared 2 minutes after heating,.

Deduction. An oxidant is indicated. Since CrOs= and [Fe-
(CN)¢]™* were already eliminated, only ClO;~, NO;~, or NO;3~ need
be considered.

Enter in the ‘““possibly present” column a “I” for these three
ions.

Group IL. Three drops of 0.01N KMnO4 and then 2 drops
0.1 N KXMnOy were bleached in the cold. On shaking with CCl, the
latter was colored brown-yellow,

Deduction. A reductant anion is present. No information is
given about C,04~ since, in presence of another reductant, C,0,~
is reduced in the cold.

Brown CCly layer proved Br— present.

In the “certainly present” column enter ‘“‘II’’ opposite Br-.
In the ‘“‘possibly present” column enter ‘“II’ opposite C,0.™,
SOs’, S“, [FG(CN)sl-‘i, SzOss, NCS—, I_, ASOz—, NOz—.

Group II-A. No change of color as compared with the blank.

Deduction. Since neither ion of ferric ferricyanide was affected,
S0s5™, 8=, [Fe(CN)g]™4, S:05~, NCS—, and NO,~ are proved absent.
An extremely informing test!
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In the ‘“‘certainly absent’” column enter “II-A’" opposite
S0s5™, S, [Fe(CN)4]4, 8.05~, NCS—, I-, NO,~.

Group III. Cream-white precipitate. In the filtrate NOy~
formed no AgCl.

Deduction. All ions forming silver salts insoluble in HNOj have
been alrcady climinated, except CN-, Br~, and Cl-. Br~ has
already been proved present and the precipitate has the cream tint
of AgBr.

In the filtrate from the Ag* ppt. NO;~ forms no AgCl and ClO); -
is thus proved absent. Since NO,™ has been eliminated, it must he
NOj;~ that gave the Group I test.

In the “possibly present” column enter “III” opposite (N~
and Cl—. In the ‘“certainly absent” ecolumn enter a “III” oppo-
site ClO;™.

Group III-A. Red-brown precipitate.

Deduction. A red-brown ppt. at once proves HAsO4~ present,
inasmuch as CrO,~ has been already eliminated.  Since the color of
AgszAsO, might cover the yellow of AgzAsO; and Ag.HPO,, these
two ions may be present.

In the ‘““certainly present” column enter “III-A” opposite
HAsO. In the “possibly present” column enter “III-A”
opposite HPO,~ and AsO,~

Note that the above simple tests and observations, requiring no more
than ten minutes, have detected with certainty three ions, Br~, HAsO,=,
and NO;~, and with equal certainty have proved the absence of 10 others.

Already the analyst has positive information about 13 of the 23 anions to
be considered.

Group IV. White Ca precipitate.

Deduction. The Ca ppt. may contain COsz=, HPO,”, I,
Co04~. 805~ was eliminated by test 1I-A.

In the “possibly present” column enter “IV” opposite (‘Oj~,
HPO,~, €04, F.

Group V. White Ba precipitate.

Deduction.  This ppt. suggests BaSQ,, since both CrO,~ and
S0;™ have been eliminated. This precipitate must not be taken as
proof of SO,~, since other anions can precipitate here.

In the “possibly present” column cnter ““ V'’ opposite SO,

Group VI. White Cd precipitate.

Deduction. This ppt. can be Cd(AsO;); or CdHAsOy, since S~
and [Fe(CN)g)3, which would give yellow ppts., and [Fe(CN)4~*
have been proved absent.
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In the “possibly present” column enter ““ VI’’ opposite AsO,~.

Group VII. No Co** precipitate.

Deduction. Since Co*t forms no ppt., CN~ is proved absent.

In the “certainly absent’ column enter “VII”’ opposite CN-.

Group VIII. Cream-white precipitate, same tint as in Group III.

Deduction. The AgBr ppt. may contain some white AgCL

In the “possibly present” column enter “VIII” opposite Cl-.

Test HCl;. Calcium acetate film did not become cloudy.

Deduction. COj3™ is absent.

In the “certainly absent” column enter “HCl;”’ opposite CO;~.

Test HCly;. Both turmeric and BF; tests negative.

Deduction. Borate is proved absent.

In the “certainly absent’ column enter “HCli; " opposite BO,~.

Test HClir. Bat* gave a white precipitate.

Deduction. Since BaSO, is the only Ba salt insoluble in HCI,
S04~ is proved present.

In the ‘“‘certainly present” column enter “HCly’
SO4-.

Test HClyy. Unnccessary.

Deduction. Unnecessary because NCS— and [Fe(CN)g]~* were
proved absent by II-A and [Fe(CN)g~ by A.

Test HCly. H.S gave no ppt. in 0.3 N H+.

Deduction. Arsenite is proved absent.

In the “certainly ‘absent” column enter “HCly” opposite
ASOz—.

Group IX-A. The original soln. gave no red color with sulfanilic
acid and a-naphthylamine. '

Deduction. Not even a trace of NO,~ is present.

In the “certainly absent” column enter “IX-A” opposite
NOQ'.

Group IX-B. Devarda’s alloy added to the above. Strong red
color slowly developed.

Deduction. NOj;™ is proved present.

In the ‘“certainly present” column enter “IX-B’ opposite
NO:{—.

Group IX-C. No effect on Na nitroprusside.

Deduction. Acetate is proved absent.

In the ‘‘certainly absent” column enter “IX-C’’ opposite
AcO—.

Place checks in the ‘‘doubtful column” opposite HPO,=,
C0 F-, ClI-.

’

opposite
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Summary
Proved present: Br-, SO.~, HAsO,~, NOs~.
To be done: Test Group IV ppt. for HPO,~, F~ 0204 . Test
Group VIII ppt. for Cl-.
ANION ELIMINATION SHEET
ENTrIES FOR UNKNOWN 2
. . . Doubtful
Certainl Certainly Possibly )
Presenty Absent) Present Tr?l', Other
ests
1. COs~........ HCI, v
2. HPO,~... ... III-A by III-A, IV
elimination
3. CO4~. . ... | II, IV v
4. F-.... 14% v
5. 804' ........ HCIu[ A%
6. SO~ II-A by II, 1I-A,
elimination IV, v
7. CI‘Of' ............ A
8 S-........ 111 I, I1-A
9. Fe(CN)g~*...| ..... ... 111 11, II-A
10. Fe(CN)¢~3 A
11. CN-........ | § S R
12, 8;05=.. .. ... 111 II, I1-A .
13. NCS-....... 111 II, II-A .,
4. Cl-..... ... Imr o« | .. ... .
15. Br-......... Im
16 I-..... ... 111 II, IT-A
17. Cl10s~...... .| ...... )
18. BO,~........ HCly, B
19. AsO,-.. ... VI II, 1II-A .
20. HAsO,~.....| ...... ... Ir-A | ........ o
21. NO.~... ...\ ......... IX-A II, I1-A I
22. AcO-.......|........... IX-c | .. o
23. NOs=.......|........... IX-B | ........ I

Water extract decidedly basic.

To Bk Done: Test Group IV ppt. for C204-, F-..

Recorded Observations and Deductions

Unknown 2

Test A. Solid unknown, colorless, partly soluble in water.

“Prepared solution” 50 mg of
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unknown + 2.5 ml 3N Na,CQO;. Large white residue. No odor
of NH;. Solution made just basic to litmus. No H.S detected
when HCO3~ was being decomposed.

Deductions. (1) CrO,~ and [Fe(CN)e]~? are absent. (2) Highly
colored sulfides are absent. (3) Alkali salts of weak acids are
probably present. (4) NH,* salts are absent. (5) No transposable
sulfides are present,.

Group I. No brown color after 10 minutes.

Deduction. Proves absence of ClOg~. No more than small
amounts of NO,~ or NOs;~ can be present.

Note entries made on A.E.S.

Group II. KMnO, was reduced in the cold. CCl, not colored.

Deduction. A reductant anion is present. Br— is proved
absent.

Note entries on A.E.S.

Group II-A. Blue color appears instantly.

Deduction. A strong reductant anion or else [Fe(CN)g™* is
present.

Note entries on A.E.S.

Group III.  Ag* in HNO; soln. gives no ppt.

Deduction.  All anions of Group III are proved absent. ClOg~
(proved absent by Group Test I) need not be tested for.

" Note cntries on A E.S.

Group III-A. Ydllow Ag*t ppt. in neutral soln.

Deduction.  Proves absence of HAsO,~ and presence of AsQ,~
and/or HPO,~.

Note entries on A.K.S.

Group IV. White Ca ppt.

Deduction.  All ions of this group are possibly present.

Note entries on AI6.S.

Group V. White Ba ppt.

Deduction. SO4~ and/or SOs;= possible. Color of ppt. and
test A prove CrO4~ absent.

Note entries on A.E.S.

Group VI. No Cd ppt.

Deduction. All ions of Group VI absent from the ‘‘prepared
solution.” The yellow ppt. in I1I-A could be only Ag.HPO,. This
proves HPO~ present.

Note entries on A.E.S.

Group VII. No test necessary. Why?

Group VIII. No test necessary. Why?
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Test HClL..  After addition of Br; water (to oxidize any SOs~ to
8047), film of (AcO),Ca became cloudy. Visible evolution of gas
indicated large CO4~.

Deduction. COs= is present.

Note entry on A.E.S.

Test HCl;. Infmediate red spot on turmeric paper which with
1% NaOH became dark green.

Deduction. BOs~ is present.

Note entry on A.E.S.

Test HCli;. Immediate white ppt.

Deduction. SO4~ is present.

Note entry on A.E.S.

Test HCliy. Unnecessary. Why?

Test HCly. Unnecessary. Why?

Group IX-A. No red color.

Deduction. NO,~ is absent.

Note entry on A.E.S.

Group IX-B. Devarda’s alloy in soln. IX-A gives no color.

Deduction. NO;z;~ is absent.

Note entry on A.E.S.

Group IX-C. Nitroprusside is not colored.

Deduction. Acetate is not present.

Note entry on A.E.S.

STUDY OF AES. ’

1. Positive test for Group II-A could have been given only by
S0;=, since all other ions of this group have been eliminated.

2. Yellow ppt. in Group III-A must have been due to HPO,=,
since AsO,~ was proved absent.

3. Group IV ppt. must be tested for C04~ and F~.  This is all
that remains to be done.

Note 1. The quickly performed preliminary group tests,
followed by a thoughtful study of the A.E.S., have detected or
eliminated all except two of the 23 ions to be considered.

Note 2. It was noticed that in HCl;_y tests the solid unknown
dissolved completely. Therefore, halides of Ag* or Hg,++ could
not be in the unknown, and the solid residue from making the
“prepared solution” need not be tested for halide ions. If Znt+
should be found in the cation analysis, this residue must be tested
for 8=. If F- is not found in the Group IV ppt., it must be tested
for in the insoluble residue.



CHAPTER 18

PROPERTIES AND REACTIONS OF THE ANIONS
ANIONS OF GROUP IV

Carbonic Acid and Its Ions

Occurrence. Carbon dioxide is the product of complete oxida-
tion of carbon. In the average it constitutes about 0.3 % by volume
of the earth’s atmosphere, although this varies considerably with the
seasons and also with the location.

Solubility. Carbon dioxide is soluble in water to the extent of
0.034 mol per liter at 25° and under a pressure of 1 atmosphere.
Rain water dissolves atmospheric CO, to the extent of about
1.22 X 10~% mol per liter. The gas combines to a slight extent
with water to form the unstable acid H;COs.

All bicarbonates are soluble in water. For this reason when

rain water percolates through limestone rock a little of the rock is
dissolved.

CaCO; + H,CO3 2 2HCO;~ + Catt

The temporary hardness of ground water is due to this reaction.
When such hard water is boiled, CaCO; precipitates.

2HCO;~ + Catt = CaCO; + H.0 + CO,

When CO, is passed into-a solution of NHs, NH,+ and HCO4~
are formed in proportion to the partial pressures of the CO. and
NH; over the solution. This reaction is important in the Solvay
process for making Na,COs.

Reactions of Carbonate Ion

Solubility. All normal carbonates except those of the alkali

metals and NH,* are insoluble in water.
340
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Dilute mineral acids and acetic acid decompose carbonates with
evolution of CO, (test for carbonates).

MCO; + H* — M++ 4+ HCO3~
HCOs~ + H+ — H,CO; — CO, + H,0

Calcium ion precipitates, from neutral or slightly basic solutions,
CaCOj;, soluble in AcOH. This is a sensitive test for CO..

Barium ion reacts like calcium ion.

Phenolphthalein is pink in solutions containing chiefly COs~ but
colorless in solutions containing chiefly HCO;~. It indicates the
end point in the reaction,

COz~ + H* = HCO;™,

because the pink color just disappears at 8.2, the pH of NaHCO,
solution.

Silver nitrate precipitates, from solutions containing COs;= or
HCOj;~, white Ag.COj3, usually yellowish due to colloidal Ag,O.

PracTIiCcE EXERCISE

Write balanced equations for the following reactions:
1. CaCO;3 + AcOH «

2. COs~ + Catt =2 .
3. COs~ + Ht (sufficient to change phenolphthalein) =

Phosphoric Acid and Its Ions

Occurrence. Large quantitics of phosphate are found in the
earth’s lithosphere. Among commercially important phosphate
minerals are the calcium phosphates (apatite and rock phosphate)
and monazite, a phosphate of thorium and rare earth ions which
furnishes material for gas mantels.

Hydrates. Three different hydrates of P,O; form stable salts:

P,0; + H,0 = 2HPO; (metaphosphoric acid)
P,0s + 2H,0 = H,P,0; (pyrophosphoric acid)
P,0s + 3H,0 = 2H,PO, (orthophosphoric acid)

The last is the most important. The other two acids are changed to
the ortho acid by boiling with water.
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Commercial orthophosphoric acid is a colorless syrupy liquid
with specific gravity 1.70 to 1.75 which contains about 859, of the
anhydrous acid.

Acidic strength. The valuc of its K. shows that HPO,~ is
nearly as weak an acid as water so that tertiary phosphates can be
precipitated only in strongly basic solutions. Primary phosphates,
for example, Ca(H,P0,);, are soluble in water. Advantage is
taken of this fact to turn water-insoluble phosphates, such as rock
phosphate, which are very slowly available for plant food, into the
the quickly available primary phosphates, for example,

Ca3(P0,). + 4H;PO, = 3Ca(H,PO,),

93,}_(2&)_2 + 2H2804 + 2H20 = Ca(H2P04)2 + CaSO42H20

The following t‘able shows the Cy*in 1 M solutions of H3PO, and
its sodium salts.

1M Cut
HaPO.; ............................... 8.7 X 102
NaH,PO,. ........... ... ... ...... 2.2 X 105
N&gHPO4 ............................ 1 X 108
NasPOy. ... ... .. 1X10-1

The table shows that 1 M H;PO4 has about the same acidity as
0.1 M HC], that a solution of NaH,P0y, is distinctly acid, that a solu-
tion of Na,HIP’O), is faintly basic and that a 1 M solution of NaszPO,
is about as strongly basic as 0.1 M NaOH. If to a solution of
H;PO, containing methyl orange as indicator NaOH is added, the
indicator changes color very nearly at the point when the first
hydrogen has been neutralized. If phenolphthalein is now added,
the pink color appears when very nearly the same amount of base
has been added that was required for the neutralization of the first
hydrogen. If trinitrobenzene is then added as indicator, about
the same amount of alkali will be required to neutralize the third
hydrogen. In other words, methyl orange is an indicator for the
first H*, phenolphthalein for the second H*, and trinitrobenzcne
for the third H*.

Solubility. The phosphates of 4-valent cations, such as Snt4
and Zr+, are insoluble in dilute mineral acids. Those of 3-valent
ions, such as Fet? Al+? and Crt? are insoluble in strongly buffered
acetic acid, while those of 2-valent ions are soluble in this medium.
Those of 1-valent ions (alkalies) are soluble in water.
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Reactions of Orthophosphate Ion

Calcium ion precipitates from neutral or slightly basic solutions
CaHPO,, soluble in AcOH. ,

Silver nitrate precipitates from neutral solutions yellow AgsPO,,
soluble in dilute HNO; and in NH; solution.

Magnesia mixture, Mg++, NH,*, and NHj;, forms, in solutions
containing a high concentration of NHj, white crystalline MgNH -
PO4¢6H,0. Zn*+ and Mn** form crystalline ammonium phos-
phates, isomorphous with the Mg**+ compound. Cat+, Bat+
and Sr** under the same conditions form amorphous secondary
phosphates.

Arsenates with magnesia mixture yield similar crystalline pre-
cipitates, for example, MgNHAsQ,6H,0. When the latter are
treated with AgNOs containing a little AcOH, red brown AgsAsQO; is
formed. This reaction serves to distinguish an arsenate from a
phosphate.

Ammonium molybdate. When a HNOj; solution of an ortho-
phosphate is added to an excess of (NH,):MoO; in HNOj and the
mixture heated to 60°, a yellow erystalline precipitate of ammonium
phosphomolybdate forms. According to recent X-ray measure-
ments by J. B. Keggin the structure of the phosphomolybdate anion
corresponds to [P(Mo3010)s]7* and it should be named molybdato-
phosphate ion. ‘

This is an extremely valuable test for phosphate, since in the
HNOj solution no cations interfere. Strong reductants, such as
H,8 and H,803;, which reduce the reagent to molybdenum blue, and
large quantities of HCI interfere. These can be removed by
evaporating the test solution with excess of 16 N HNO,;. H3As0,
forms a similar yellow precipitate but, in absence of HgPOQ,, only at
100°. In presence of H3PO, the arsenomolybdate appears to
coprecipitate with it at 60°.

Benzidine acetate reduces phosphomolybdic acid, Ha[P(M03010)4,
with formation of benzidine blue and molybdenum blue. This test
is extremely sensitive and will detect HzPO, in solutions so dilute
that they give no precipitate with (NH,),MoO,. It is claimed that
2.5 X 1075 mg of H;PO, can be detected. For method of carrying
out the test sec page 410.

Zirconyl chloride precipitates, from solutions not much  over
0.3 N in H*, gelatinous white ZrO(H,PO,);. This reaction has been
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recommended for removing H;PO, before proceeding with the
analysis of Cation Groups III and IV.

Ferric chloride precipitates in buffered acetic acid solution white
FePO, which appears yellow brown from adsorbed FeO*. This
reaction is frequently used for the removal of HsPO, before proceed-
ing with analysis of Cation Group III.

Sodium carbonate in hot 3N solution transposes very lUttle of
water insoluble phosphates.

CaHPO, 4 COs~ = CaC0, + HPO,~

PracTIiCE EXERCISE

Write balanced equations for the following reactions:

1. Catt + H,PO~ =2

2. Agt + HPOs~ =

3. Mg+t + NH; + HPOs~ =

4. HMoO,~ + H.PO,~ + Ht + NH+ — (NH,)s[P(M03O10)4]
6. Fet® + HPOs4~ + AcO~ &

Oxalic Acid and Its Ions

Oxalic acid, H,C;042H,0, is a colorless crystalline solid. Its
solubility in water is about 95 mg per ml at 20°.  'The hydrated acid
melts in its water of crystallization at 98°.

Acidic strength. Oxalic acid is a medium weak dibasic acid.
Its ionization constants are: K; = 5.9 X 1072; K, = 6.4 X 107%.
The first H+ of H,C,0, is thus about as strong an acid as the first
H+ of H;PO, and a little stronger than the second H* of H,SO,.

Properties of oxalates. All oxalates are decomposed by strong
ignition and by fuming with H,SO4 or HCIO,.  All are transposed
by boiling with Na,COjs solution.

Metal oxalates are insoluble or slightly soluble in water, except
those of the alkali metals, Mg and Cr. Those insoluble in water
readily dissolve in highly ionized acids.

Oxalate ion is a strong complex former, particularly with
3-valent cations such as Fe*s, Crt3, and Al*3. For example,

Fets + 3C;04~ 22 [Fe(Cy04)s]3.

On account of this reaction oxalic acid is commonly used to remove
rust and ink stains from fabries. The acid does not yield sufficiently



Caar. 18] ANION PROPERTIES AND REACTIONS 345

high Cu+ to injure the fabrics, and the iron can be washed out since
it is now in a complex anion.

Oxalate ion forms with some of the ions of cation Group III
stable complex anions from which the metal ions are not precipitated
by NH; Oxalate ion would also precipitate alkaline earth metals
in cation Group III. For these reasons oxalate must be destroyed
in analysis before precipitation of cation Group III.

Reactions of Oxalate Ion

’

Calcium ion precipitates oxalate ion almost completely from
neutral or slightly basic solutions. CaC.0; is insoluble in dilute
AcOH.

Barium and cadmium ions react similarly to calcium ion.

Dilute mineral acids. As a weak acid, HC:0,~ is set free from
salts (for example, CaC,0,) by dilute mineral acids.

Potassium permanganate in hot H,SO, solution is reduced by
H,C,04, slowly at first, more rapidly after formation of some Mnt+
which catalyzes the reaction. In presence of other acids which
reduce MnO,~ to Mn**+, H,C;0, is reduced at room temperature.

Ferric ferricyanide reagent (reagent for anion Group II-A).
Medium to large amounts of oxalate ion react with the light brown
ferric ferricyanide reagent to give green solutions. Probably this is
because of formation of green [Fe(C204)5]2.

Destruction of oxalate. Fuming HCIO, oxidizes oxalic acid.
HCIOQ; is reduced to CI—. s

Sodium carbonate in hot 3N solution partially transposes all
water insoluble oxalates.

CaC,04 + COs3= = CaCO; + C,04~

Pracrice ExXERcISE
Write balanced equations for the following reactions:
1. Catt 4+ C,0, =
2. CaCy04 + H* = .
3. H,C,0: + MnO,~ + H+* = CO; + Mn++
4. Fet? 4+ CO0~ =
6. H,C.0, + HCIO, =2 CO, + ClI-
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Hydrofluoric Acid and Its Ions

Occurrence. Fluorine is rather widely distributed in the earth’s
lithosphere. Its chief minerals are fluorspar, CaF,, and cryolite,
NazAlFg It also occurs in small amounts in apatite and in many
silicates where F— scems to replace OH-.

Properties. Liquid hydrogen fluoride and its vapor appear to
consist of (HF)g = HF. (HF), is said to constitute about 809,
of the gas phase.

Reagent HF isabout 27 N and contains about 489, HI' by weight.

The constant boiling mixture contains 35.49% HI' and boils at
120°. It is extremely corrosive and even the vapors can cause
painful sores. The best treatment for HF ‘“burns” is borax
because of the readiness with which the complex ion [BF,]~ is
formed.

In concentrated aqueous solution of HF the ions are chiefly
H3;0* and HF,~. This is due to the strong tendency of F- to
solvate itself. This is analogous to the solvation of the proton in
NH; and in water.

F~- 4+ HF « HF,~
H*+ 4+ NHs < NH,*+
H+ 4+ H,O = H;0*

Acidic strength. In 0.1 N solution conductivity measurements
indicate HF to be only 109, ionized while HCI, HBr, and HI are
indicated to be from 93 to 959 ionized. In a solution of HF the
following equilibria are maintained:

Cur X O _ v, G o

Cur =72 X107 Co X Cur
In 1.0 N solution about 59, of the HF is in the form of HF;~ and
about 1% in the form of F~. In very dilute solutions HF,~ has
nearly disappeared, F- being now solvated by water instead of by
HF. Recent work! indicates that the ratio (Cy+ X Cv=)/Cur is not
constant but varies from 2.2 X 10~2% in more concentrated solutions
to 5.5 X 10~*in 0.04 M solution, at which point it becomes constant.
There is no evidence of a polymer HyF, which is given in most books
as the molecule in aqueous solution.

! Roth, et al., Z. Elektrochemie, 43, 350 (1937).
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Reactions of Fluoride Ion

Calcium ion precipitates fluoride ion completely from neutral or
slightly basic solutions. The gelatinous precipitate tends to be
colloidal. Calcium fluoride is supposed to be insoluble in acetie
acid but the freshly formed gelatinous precipitate dissolves or
disperses in it to a corsiderable extent.

Fuming H,SO, or HC104 decomposes all fluorides with liberation
of HF.

The etching test. HF recadily etches glass and all silicious
material with formation of volatile SiF,. This contributes a sen-
sitive test for fluoride. .

When making the so-called etehing test for fluoride, great pains
must be taken to insure complete absence of water, which would
form silicic and fluorosilicic acid.

When the test is properly carried out, the concentrated H,SO,
absorbs the water formed in the following reactions.

Cal, 4+ H,S80, < CaS0, + 2HF
Si0, + 4HF = SiF, + 2H,0

Borates interfere to some extent with this test through formation
of [BF4]~, but they should not be present if the material used is a
Group IV precipitate. Phosphate, if present in large quantity, has
been observed to etch glass when the test plate is too strongly
heated.

Zirconium alizarin sulfonate test. This very sensitive test for
fluoride depends upon the complex-forming properties of the
fluoride ion. A zirconium alizarin sulfonate lake is formed by
mixing an equal number of drops of a solution of 0.05 g zirconium
nitrate in 60 ml 2N HCI and a solution of 0.05 g ““ Alizarin red S”’
in 50 ml of water. After being stirred, the mixture should stand for
at least 2 minutes before being used, This lake has a characteristic
pinkish or violet-red color. When fluoride is added to this reagent
the color is almost completely discharged, leaving the solution a
greenish yellow. The F~ forms stable [ZrFg]~ removing ZrO++
from the lake and setting free the alizarin, which is greenish yellow.
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Large amounts of phosphate, oxalate, or sulfate may interfere
with this test. However, they act much more slowly than even
small amounts of fluoride.

Sodium carbonate in hot 3N solution transposes artificial
fluorides. The mineral fluorspar is not transposed to any con-
siderable extent. . )

Practice ExErcise
Write balanced equations for the following reactions:
1. Catt + F~ =
2. CaF; + H,S80. =
8. 8i0, + HF,~ + H* = 8iF, + H,0
4. Fet? + F-2
6. SiFy + H,0 — [SiFe]~ + [(H,0):8i(0H),]

ANIONS OF GROUP V

Sulfuric Acid and Its Ions

Occurrence. Sulfate occurs in the earth’s lithosphere as barite,
BaSO0y; celestite, SrS0y; anglesite, PbSO4; and in two forms of
CaS04, gypsum and anhydrite. The salt deposits from evaporated
sea, water contain large amounts of sulfates of Ca, Mg, Na, and K.

Solubility. The sulfates of Ba**, Pb** and Srt+ are very
slightly soluble, those of Ag*, Ca*t+, and Hg,*+ sparingly soluble, all
others largely soluble. When metal sulfates are strongly heated,
basic sulfates or anhydrous sulfates are formed, which are insoluble
in water but dissolve slowly in hot mineral acids.

Bisulfates are always more soluble than sulfates. For this
reason even BaSQ, dissolves in concentrated H,SO,.

BaSOs + HyS0, = 2HSO,~ + Ba*+

When the solution is poured into water, BaSO, precipitates.
Acidic strength. H,S0, is a strong acid in its primary ionization
but HSO,~ is rather weak, its K. being 1 X 102,
Hot concentrated H,SO, is a strong dehydrating agent. It
forms H,SO,-H,0 with liberation of much energy in the form of heat.
It extracts H and O from organic matter and leaves C. It extracts
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H and O from H;C;0, and CO; and CO volatilize. It is reduced to
SO: by many metals and by Br— and I-. '

With solid chlorates it forms ClOg a greenish gas violently
explosive above 100°.

3KCIO; 4 2H,80, = 2C10; + 2KHSO, + KCIO, + H,0

Precipitation and Properties of Barium Sulfate

Barium acetate precipitates sulfate ion in Group V.  On aceount
of the sparing solubility of CaSO,, SO,~ may be partially precipi-
tated in Group 1V if present in large amounts, but it is removed by
washing the precipitate with water.

BaSO0, is the only sulfate insoluble in dilute HCL.  Addition of
Batt to the HCI extract of any solid unknown shows at once the
presence or absence of SO,~, except when BaSO, itself is in the
unknown.

BaSO0, is partially transposed by boiling with 3N Na,CO;. The
solution contains about 1.3 mg per ml of SO4~. The other sulfates
are almost completely transposed. If the Na,(CO; extract is acidi-
fied with HCl and CO; is removed by boiling, addition of Bat++
indicates whether SO4~ is present.

Sulfurous Acid and Its Ions

Occurrence. Sulfites are readily oxidized to sulfates; conse-
quently they occur rarely if ever as minerals in the carth’s litho-
sphere. SO is usually a constituent of voleanic gases. Sulfur is
estimated to form 0.03 % by weight of the lithosphere and, as sulfate
ion, constitutes 0.09% by weight of sea water. Volcanic gases
always contain much H,S or SO,. The enormous sulfur deposits of
certain regions (Louisiana, Texas) probably were formed by the
reaction

280, + 4H.S = 68 + 4H,0.

About 7 million tons of sulfur are mined annually.

Solubility. At 25° and 1 atm. the solubility of SO, in water is
stated to be about 94 g per liter. This saturated solution should be
about 1.47M. The solution consists chiefly of SO, molecules, a
little SO,:6H.0 and very little H,S05;.
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Acidic strength. H,SO; is a medium weak bibasic acid. In
consequence, all bisulfites and sulfites readily give off SO, when
treated with dilute mineral acids.

Solubility of salts. All bisulfites are soluble in water. Most
normal sulfites are rather insoluble, except those of the alkali metals.

In consequence of oxidation by air, solutions of SO, and all
sulfites contain more or less SO,~.

Reactions of Sulfite Ion

Dilute mineral acids, when added to a sulfite, decompose it
with evolution of 80, 8,05~ gives SO, and S.

Calcium ion precipitates slowly CaSO32H,0. This salt appears
to be soluble in water to the extent of about 0.04 mg per ml at 20°
and 0.03 mg per ml at 90°. Since HSO;~ (K, = 5 X 10~7) is some-
what weaker than AcOH (K, = 1.8 X 10%), CaS032H,0 will be
dissolved by moderately concentrated acetic acid.

Barium ion precipitates instantancously from neutral solution
BaSO; anhydrous. BaSO; appears to be about ten times more
soluble at 20° than at 100°.

Potassium permanganate in cold dilute H,SO, is reduced by
sulfurous acid. If very dilute KMnO, is added dropwise to HySO,
the latter may be oxidized only to dithionic acid, H,S.0s. More
concentrated KMnOj solution can oxidize this to H,S0,.

2H,80; &2 8,04~ + 4H* + 2¢-
8,06~ + 2H,0 <2 2HSO,~ + 2H+ + 2¢~

Bromine and iodine are reduced by H,SO,.

Ferric ion is reduced to Fet* by sulfurous acid more rapidly than
is [Fe(CN)q]~? to [Fe(CN)s]~*. Accordingly, in the test for Anion
Group II-A sulfite solutions form colloidal “Turnbull’s blue.”

Hydrogen sulfide is oxidized to free S by sulfurous acid. A little
pentathionic acid, HaS;0s, is also formed.

H.S =8 + 2H* + 2

5H?,S(-)3 + 10H+ + 10e— = HgSaOe + QHQO
H.80; + H,0 2 HSO~ + 3H+* + 2~

Thus, when a mixture of sulfide and sulfite is acidified with HCI a
white precipitate of sulfur forms which may confuse the student, as,
this is a characteristic reaction of thiosulfate.

Zinc nitroprusside paste is colored by SO., evolved from a sulfite
by H+, dark red to rose according to the amount of SO, present.
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2Zn++ (excess) + [Fe(CN);NOJ~ + NH;
— Zn[Fe(CN)sNO] + [Zn(NH,) J++

(salmon pink)

[(Zn(NHs)4*+ + Zn[Fe(CN)NO] + SO,

— Zn,y[Fe(CN);NOSO,](probable) + 4NH3
(dark red)

Sulfide and thiosulfate interfere with this test because of the
following reactions but can be removed by adding HgCl, to the test
solution before acidifying. On acidifying the test solution,

2H,S 4 S0, — 38 4 H,0
S:0;,~ + 2H+ — SOz + S + H,0

Before acidifying,
§= + Hg — HeS
8:0s™ + Hg**+ + H,0 — HgS + SO~ + 2H*

Chlorostannous acid reduces sulfite to H;S when heated.  Thisis
one of the rare instances of H,80); acting as oxidant.

[SnClL]~ + 2CI- @ [SnClg]~ + 2¢~
H,SO; + 6H* 4 6¢~ <2 H.S + 3H,0
If Cu+ is not too high, SnS; will gradually precipitate.

Pracricr ExXKRrcise
Write balanced equations for the following reactions:
BaS0; + H* =
MnOs, + H,SO; =
Fets + H,80; <
H.S 4+ H.80; =
H.As04,~ + HoSOs =
. Br; + H.80; =

S ok w PR

Chromic Acid and Its Ions

The equilibrium between CrO4~ and Cr,0q is discussed in
Chapter 6.
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Color and solubility. Chromates are yellow, orange, red, or
brown and are, in general, much less soluble than dichromates.
AgsCry07 and (Bi0):Cr;0; appear to be the only dichromates which
can be precipitated from aqueous solution.

The solubilities of theé chromates closely resemble those of the
corresponding sulfates. The most insoluble are those ‘of Pbtt,
Batt, Sr++, Ag*, Hg,t+, and Hgt+, Pb*tis the reagent most com-
monly used to remove CrOs~ or Cr;O;~ from neutral or AcOH
solution. PbCrO; is soluble in 3 N HNO; in consequence of forma-
tion of Cr,O;=.

Formation. Chromates are formed when Crt3 is oxidized by
Nag0,, ClO~, or BrO—, or by PbO; in hot concentrated alkali, or
when it is fused with Na;COj3; and an oxidant such as NaNOQO; or
KClO;.  Crtis oxidized to Cry07~ or CrO; by fuming HCIO,.

Reactions of Chromate Ion

Chromates as oxidant. Dichromates are reduced in acid solu-
tion to Crt* by HzCzO4, [FG(CN)G]_‘l, NCS_, HzS, San", HzSOs, I-,
H,0,, and cthyl alcohol.

Barium ion precipitates light yellow barium chromate (BaCrO,)
practically insoluble in water and in buffered acetic acid.

Silver nitrate precipitates red silver chromate (Ag,CrQ,) from
neutral solutions. Ag,CrO, is soluble in dilute HNO; and in
ammonia solutions.

Lead ion precipitates yellow lead chromate (PbCrOs). The pre-
cipitate is insoluble in water, acetic acid, and ammonia solution but
is soluble in sodium hydroxide solution (difference from BaCr0,).

Hydrogen peroxide. A sensitive test for chromate is the forma-
tion of the so-called “blue perchromic acid,” more probably
diperoxochromic anhydride, OCr(0,),, in which two of the oxygen
atoms of CrOj are replaced by the O; groups of H,0, (compare
page 241).

This test ean be used to detect Hz0; in exactly the same way,
using a capillary drop of CrO,= solution as reagent.

Pracrice EXERCISE
Write balanced equations for the following reactions:
1. Batt + CrO4&~=
2. CrO~ + Ht
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3. Pb+ 4 CrO~ =
4. PbCrO, 4+ OH- =
6. BaCrO, 4+ H* =

6. Agt + CrOf~ =
7. Crs0~ + H,8 + H+ =

ANIONS OF GROUP VI

Hydrosulfic Acid and Its Ions

Occurrence. It is suspected that a layer of metallic sulfides lies
between the lithosphere and the metallic core. Metallic sulfides,
especially those of iron and copper, are abundant in the earth’s
lithosphere.

Acidic strength. Hydrogen sulfide, in solution hydrosulfic acid,
is an extremely weak dibasic acid. The ionization constants are
K, =9X10"% K, =12 X 10" At room temperaturc and
atmospheric pressure water saturated with H,S is about 0.1 M in
hydrosulfic acid. All cations are precipitated by H,S from neutral
solutions except Al*3, Cr*3, Mg+t Cat+, Sr++ Bat+, NH,*, Nat,
K+,

Hydrolysis of sulfides. Because of the extreme weakness of HS~
all except the more insoluble sulfides are largely hydrolyzed. Of
sulfides which can be prepared only in absence of water, those of
Mgt*+, Al*3, and Cr*? are completely hydrolyzed because of the
insolubility of their hydroxides and the small solubility and slight
ionization of H,;S. The sulfides of Ba* Sr+* and Ca*+* are
sparingly soluble in water but are slowly hydrolyzed to the more
soluble bisulfides. -

Ca$ + H,0 & Ca*+ + HS~ + OH-

The very soluble sulfides of Na*, K+ and NH,* are largely
hydrolyzed (see Chapter 9, pages 133-136).

H,S as a reductant. H.S is a strong reductant and is oxidized
by air to S so that a solution of the gas in water exposed to air soon
becomes cloudy. Basic solutions of alkali sulfides are rapidly
oxidized by air to yellow polysulfide ions, such as S:=, 85, and s0 on
up to S¢=.  All these form sulfur when acidified. For this reason
reagent (NH,)HS or  NaHS should be stored in completely filled
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small containers since, as soon as air is admitted, the yellow per-
sulfide ions begin to form.

45~ 4+ 8NH,* 4+ O, + 40H~ = 28, 4+ 8NH; + 6H.0

Persulfide ions, S,;=, and so on, are oxidants and change brown
SnS to SnS;= from which H* precipitates yellow SnS,. They also
oxidize [AsS;3]—3 to [AsS4 ™3 and [SbS;3]~3 to [ShS4] 3.

Properties. Fincly powdercd sulfides, when heated in air to
moderatc temperature, lose their 8= as SO,, leaving a residue of
oxides or sulfates of the cations. In mixtures consisting largely of
sulfides it is frequently advantageous to burn off the sulfur before
proceeding with the analysis for cations.

H,S is extremely poisonous. Its first action is to paralyze the
olfactory nerves. It has recently been shown that the lethal
concentration is about the same as that of HCN. In view of these
facts extreme care must be exercised in its use.

Reactions of Hydrosulfic Acid and Its Ions

Hydrochloric acid 6 N decomposes many of the sulfides with
evolution of H,S, which is easily recognized by its characteristic odor
and by its blackening of lead acetate paper (test for sulfide).

HgS, Bi,S;, CuS, CoS, NiS, AssSs, and stibnite, Sbh,S;, are only
slightly attacked by 6 N HCl. However, zinc and HCl will liberate
H,S from these compounds. Sulfites and thiocyanates also yield
H,S under these conditions. If these are present, they should be
removed before testing for sulfides by this method.

Potassium permanganate in dilute H,80y is bleached by hydro-
sulfic acid (test for anion Group II).

Ferric ion is reduced to ferrous (Fe**) by hydrosulfic acid
(test for anion Group II-A).

Dichromate ion is reduced to chromic ion by H,S in acid solution.

Silver nitrate precipitates black Ag.S, insoluble in cold dilute
HNO;, NH;, NH,HS, and dilute KCN solutions.

Sodium nitroprusside, Na,[Fe(CN);NO], gives with basic sulfide
solution a red-violet color. An aqueous solution of H,S does not
give the test. The reaction is said to detect 0.001 mg of S=. The
test can be made on a spot plate using 1 drop of the saturated solu-
tion of the reagent.

[Fe(CN);NOJ- + S= — [Fe(CN);NOS]~
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Na,CO; in hot 3N solution transposes only the more soluble
sulfides. Even ZnS is not much affected. When the Na,COj solu-
tion is neutralized, practically all of any S~ in it may be carried out
by the CO.. Hence, absence of CdS in Group VI does not prove
absence of sulfide in an unknown.

PracTicE EXERCISE

Write balanced equations for the following reactions:
. ZnS + Ht =

. CuS + Y + Zn e

. H.S + (AcO).Pb =

. MnO,~ + H,S =

. Fet?s 4 H,S =

. Agt + H,S =

A OB W N

Cyanoferroic Acid and Its Ions

Salts containing cyanoferroate and ecyanoferriate ions are
prepared synthetically and do not oceur in the earth’s lithosphere.

Fett 4 20N- — Fe(CN),
Fe(ON), 4+ 4CN- — [Fo(CN)|

H,Fe(CN)g can be obtained in white crystals by treating K Fe(CN)g
with 12N HCl. The free acid is not stable.

All ferrocyanides, except those of the alkali and alkaline earth
ions, are insoluble in water.

Reactions of Cyanoferroate Ion

Dilute acids do not decompose cyanoferroate in the cold. How-
ever, hoiling acid (even acetic) will partially decompose cyano-
ferroate with the liberation of Fet+ and HCN.

Potassium permanganate in dilute H.SO, is reduced by ferro-
cyanide. (Test for anion Group II.)

Ferrous and ferric ions. For reactions with cyanoferroate, see
reaction 7, page 244, and reaction 6, page 246.

Silver nitrate precipitates white silver cyanoferroate (Agi.Fe-
(CN)s), insoluble in dilute HNO3s and NH; solution but soluble in
cyanide solutions.
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Cadmium ion precipitates white cadmium cyanoferroate from
neutral solutions.

PracTicE EXERCISE

Write balanced equations for the following reactions:
1. Cd*+ 4+ [Fe(CN)¢]* =

2. [Fe(CN)g™* + MnO4~ + H* —

3. Agt + [Fe(CN)¢gJ* =

4. Fet? 4 [Fe(CN)¢ ™ —

6. Fett 4 [Fe(CN)g ™ —

8. [Fe(CN)q|* + H+ 2

7. Fe[Fe(CN)¢Fe]s + OH~ (boiling) =

Cyanoferriic Acid and Its Ions

Alkali cyanoferriates are prepared from ferric salts and excess of
alkali cyanide. The free acid HsFe(CN)g can be obtained in brown
needles by the same method as H,Fe(CN)s. In aqueous solution
cyanoferriate ion is slowly reduced by light to ferrocyanide ion. For
this reason a reagent solution of Kj[Fe(CN)s] should always be
freshly prepared. With ferric ion cyanoferriate forms a brown
solution supposed to be caused by unionized ferric cyanoferriate.
Cyanoferriate ion is an oxidant somewhat milder than ¥Fet*. It can
oxidize MnCl;in 12 N HCl to brown [MnClg]~3. Cyanoferriate ion is
reduced in faintly acid solution by several of the stronger reductants.
For this reason a solution of Fe[FFe(CN)e] is an cxcellent detector of
some of the strongly reductant anions. Some of these anions
reduce the ferric ion to ferrous, with formation of Turnbull’s blue,
more rapidly than they reduce cyanoferriate to cyanoferroate, with
formation of Prussian blue. In this latter class appear to be all the
reductant anions containing sulfur, 8=, SOs;=, S;0;=. Ions which
act more rapidly on the cyanoferriate ion are NO,~ and I~

Reactions of Cyanoferriate Ion

Cadmium ion precipitates yellow cadmium ecyanoferriate
Cd;s[Fe(CN)g]. from neutral solutions.

Chloromanganous acid, HMnCl,, is oxidized to brown chloro-
manganic acid, HsMnCls, by cyanoferriate.
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Ferrous and ferric ions. For reactions with cyanoferriate see
reaction 8, page 244, and resction 7, page 246.

Silver nitrate precipitates orange-brown silver cyanoferriate
Ags[Fe(CN)g), insoluble in dilute HNOj but soluble in NHjy (differ-
ence from AgFe(CN);) and soluble in CN~ solutions.

Dilute acids at 100° decompose cyanoferriate ion to about the
same slight extent as they do eyanoferroate ion.

Manganous ion in syrupy HsPO; forms brown MngFe(CN)ge.
This precipitate must be removed before the mixture is heated.

PracricE EXERCISE

Write balanced equations for the following reactions:
Cd+* + [Fe(CN)¢] 3 =2

[MnClg]™ + [Fe(CN)¢]® =

Ag* + [Fe(CN)g=* &

. AgsFe(CN)s + NH; &

. [Fe(CN)g]2 + I-

. [Fe(CN)g=* + NO,;~ 32

7. [Fe(CN)¢]™® + Fet+ =

S o p WP

Arsenious Acid and Its Ions

The common commercial form of 3-valent arsenic is the oxide
AsiOs, commonly kpown as ‘“white arsenic.” As an amphoteric
oxide it is soluble in bases, even in NaHCO; solution, to form
AsO,~ or As(OH)4—, and it is sparingly soluble also in HCI, probably
because of formation of [AsCly~ and AsO*.

Acidic strength. Arsenious acid is an extremely weak acid.
Its Kiu hax been found to have the value 6 X 107! at 25°. So
weak an acid should be monobasic. Nearly all arsenites appear
to be salts of the meta-acid, HAsO,, except the yellow silver salt, of
which the composition appears to correspond to AgsAsOs.  Alkali
arsenites arc soluble in water; other arsenites dissolve in dilute acids.
For the peculiar solubilities of the arsenites of Cat+ and Batt see
page 330.

Reactions of Arsenious Acid and Arsenite Ion

Hydrogen sulfide precipitates arsenious sulfide from acid solu-
tions.
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Silver nitrate precipitates yellow silver arsenite (AgsAsOs;),
soluble in dilute HNOj; and in NH; solution.

Potassium permanganate in dilute H,SO, is reduced by arsenious
acid.

Na;CO; in hot 3N solution transposes all arsenites nearly
completely.

PracriceE EXERCISE

Write balanced equations for the following reactions:
1. Cd++ + AsO, =

2. HAsO; + H.8.=

3. Agt + AsO,- + H,O =

Arsenic Acid and Its Ions

As is the case with P,0s, salts are formed by three hydrates of
As:0;: namely, HAsO;, H,As,04, and H3AsOy4, meta-, pyro-, and
orthoarsenic acids. Most arsenates are salts of the ortho- acid and
their properties and reactions resemble very closely those of ortho-
phosphates. In contrast to As;Os, AsyOs is largely soluble in
water, and HsAsOy is a rather strong “weak acid.”

.Like the phosphates, arsenates of the alkali metals and all
primary arsenates are soluble in water. The water-insoluble
arsenates dissolve readily in dilute mineral acids.

Reactions of Arsenate Ions

Cadmium ion precipitates white cadmium arsenate from neutral
solution.

Hydrogen sulfide precipitates a mixture of As,S; and AssSs from
hot 12N HCL. .

When H.,S is passed into a cold 0.3 N H+ solution of an arsenate,
almost no reaction takes place but much more H,S is absorbed than
is required to saturate an equal volume of water.

This has been explained? as arising from the following reactions
which take place with extreme slowness in 0.3 N H+ at 25°. They
are all greatly accelerated by heat and large Cy+.

? McCay, Am. Chem. J., 10, 459 (1888).
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H3AsO, + H.S 2 H3AsOsS + H;0 (1
H3As05S 22 HAsO; + H;0 + S )
HAsO; + 3H.S = As(HS)s + 2H.0 3)

Silver nitrate precipitates brown-red silver arsenate (AgsAs()y),
soluble in dilute HNO; and NH;j solution.

Iodide ion reduces arsenate to arsenious acid in acid solution.

Magnesia mixture precipitates crystalline MgNH AsO46H.0
from solutions containing orthoarsenate ion and much NHa.

Na,CO; in hot 3N solution transposes all arsenates (difference
from phosphates).

Zirconyl ion in hot neutral or slightly alkaline solution precipi-
tates completely ZrO(H:AsOs)s. The precipitate dissolves in
0.3 N H+ considerably more rapidly than does ZrO(H.PO,)-.

Ferric ion in strongly buffered AcOH precipitates HAsO,~ com-
pletely as yellowish white FeAsO, or Fex(HAsO,)s.

Pracrtice ExXERCISE
Write balanced equations for the following reactions:
1. Cd+ 4 HAsO,;~ =
CAHASO, + H* =
Agt + HAsO4~ 2
H;3;As04 + 12N HCl =
[AsClg]~ + HoS =

L A

A

ANION OF GROUP VII
Hydrocyanic Acid and Its Ion

Pure anhydrous hydrogen cyanide is a colorless liquid, boiling
point, 26.5°. It is extremely poisonous, 50 mg causing death to a
human in a few seconds. Even in small concentrations it has a
pronounced odor of bitter almonds. It is largely soluble in water
and there behaves as an extremely weak acid, Ko = 4 X 1071°
at 25°. Cyanogen, (CN);, and thiocyanogen, (NCS),, are fre-
quently called “pseudohalogens’’ because of the many resemblances
of these gases and the salts of their hydrogen compounds to the
halogens and halides.

Because of its structure, [:C 3% NgJ, eyanide ion forms extremely
stable complex ions. [Fe(CN)4]~* and [Co(CN)e]~2 give none of the
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reactions of Fe**, Co*3, or CN~ until broken down by powerful
reagents. Davidson,in proposing “berlinic acid,” H+[Fe(CN)¢Fe]-,
to explain the “iron blues,” assumes Fet? coordinated to N: and
Fe** coordinated to : C of the CN—,

Cyanides soluble in water are those of the alkali and alkaline
earth elements and Hg(CN),. The heavy metal ions all form
insoluble cyanides, which, however, dissolve in excess CN— because
of formation of complex anions. A typical case is silver cyanide:

Ag* + CN- = AgCN
AgCN + CN~ = [Ag(CN),]~
[Ag(CN)o]~ + Agt = Ag[Ag(CN),]

Reactions of Cyanide Ion

Hydrolysis. Alkali and alkaline earth cyanides are considerably
hydrolyzed in water. As a result they are strongly basic and smell
of HCN.

Hg(CN); requires spccial mention. In water it is almost
unionized. It is not decomposed by strong bases or by boiling with
Na,CO; Agt does not precipitate AgCN. CN- can be detected
only after removal of Hg*t+ by H,S.

Cobaltous ion in large excess precipitates CN— from neutral or
slightly basic solution as light brown Co(CN),. The precipitate
tends to be colloidal and in analysis’may not be seen until after
centrifuging.

Benzidine and cupric acetates in absence of other oxidants and
reductants are reported to detect 0.00025 mg of HCN. Benzidine
is oxidized to a blue compound, probably according to the following
reactions:

Cut+ + 2HCN = Cu(CN), + 2H*
2Cu(CN)z — Cuy(CN), '+ (CN),
(CN),; + 2H+ + 2¢~ =2 2HCN

the benzidine being oxidized by (CN)..
Alkali polysulfide oxidizes CN— to NCS-,

CN- + 8, = NCS- + 8-
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After the reaction has been completed, the solution is acidified with
HCI and the H,S boiled out. Addition of Fet3 will then form red
[Fe(NCS)¢)-3.

Permanganate ion is reduced by CN- but not by HCN.

N~ + 20H- 2 CNO~ + H:0 + 2¢-

In the test for Group II anions, if the Cy* is too small, a large
amount of cyanide may reduce some MnO,~.

ANIONS OF GROUP VIII

Thiosulfuric Acid and Its Ion

Properties. Free thiosulfuric acid is unstable and consequently
isunknown. The acid has been shown to decompose in three ways.?

H.S,0; — H,80; + §
2H28203 d st + I’IstOs
2H28203 4 HzO + IIQS405

These reactions indicate equilibrium between two forms.
(
H )\ /. HO\S /SH

0¥ \OH 0¢ Mo

Practically the only commercial salt is Na,S,03-5H,0, the sp-called
“hypo” used in photography. Na,S:03 is made by boiling Na;SO,
with sulfur.

SO~ + § « 8,05~

Thiosulfate ion is likely to be found in yellow alkali sulfide
solutions.

25— + 20, -+ H,0 — S0~ 4+ 20H~
282" + 302 — 28203'"

The more soluble solid sulfides such as CaS after long exposure to
air frequently contain considerable thiosulfate.

Complex ions. Most thiosulfates are soluble in water. BaS,0;
is sparingly soluble, Ag:S:0s and PbS,0; are nearly insoluble. All

— a
3 Bassett and Durrant, J. Chem. Soc., 1937, 1401-1408.
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these are soluble in excess of S:0;~ owing to formation of complex
anions such as [Ag(S:03).]™? and the like.

Reactions of Thiosulfate Ion

Dilute mineral acids decompose thiosulfate with formation of
free S and liberation of SO,.

Silver nitrate precipitates from nearly neutral solution white
Ag»S:03. The white salt rapidly decomposes, forming yellow and
brown mixtures and finally black Ag,S. The decomposition is
almost instantaneous in strongly acid solution [Group VIII (and
also Group III) reaction]. .

Potassium permanganate in dilute H,SO, is reduced by thio-
sulfate with formation of SO4,~. (The products may vary with
concentrations and temperature.) Very dilute KMnO, probably
forms 8404, at least as a first product.

Ferric ion is reduced to ferrous ion by thiosulfate.

Hydrogen peroxide in dilute AcOH oxidizes S;0;5= to S,0¢™.

28,05~ + H,0, + 2H+ 2 8,04~ + 2H:0
In alkaline solution only SO, is formed.
8203~ + 4HO,~ = 280, 4+ 20H~- + H.0
Iodine dissolved in KI (I37) oxidizes S;05~ to S,04™.
I + 28,057 = 8,04 + 31—
This is a much used reaction in volumetric quantitative analysis.

ELeEcTRON CHANGES IN FORMATION AND OXIDATION OF S,0;=

Electrons
per Sulfur
25~ + 60H~ = 8,05~ + 3H,0 + 8¢~
28203- F=3 S.;Os' + 2¢-
38203— + 60H- = 283506~ + 3H.O + 8¢~
S:0;= + 60H~ = 2505~ + 3H,0 + 4e-
203 + GOII_ F=1 sze + 3H20 + e~
203 + 100H- & 2504 + 5H20 + e~

.5

3

W= O

PrACTICE EXERCISE
Write balanced equations for the following reactions:
1. 8,0~ + H* =
2. Agt + 8:05" + HaO =
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3. MnO + S:0,-=
4. Fe[Fe(CN)e] + S:05~ + H* —

Thiocyanic Acid and Its Ion

Thiocyanogen (NCS), was first isolated in 1919. It is stable
only at low temperatures and forms bright yellow crystals which
melt at about —3°.  Above this temperature it decomposes. It is
more stable in solution in alcohol or ether in which it dissolves
largely. It is less soluble in CS; and in CCl,.

Chemically (NCS), resembles I, rather closely. The electrode
potentials of both are evidently nearly the same since the reaction

I, + 2NCS- = (NC8), + 21~

is readily displaced in either direction by excess of the ion.

Anhydrous HNCS is an unstable, colorless, oily liquid which
solidifies at 5°. It has a very sharp penetrating odor much like that
of HCl. It is stable at low temperature and in very dilute solution
(not over 5%). It decomposes into HCN and a yellow solid, the
so-called isoperthiocyanic acid, H:N,C.S;. (Comparc hydro-
rubianic acid, note 2, page 316.)

Acidic strength. HNCS is a very strong acid, comparable to .
HCIl, HBr, and HI. Most thiocyanates are soluble in water, excep-
tions being those of Ag*, Hg**, and Cu**. Ph(NCS), is sparingly
soluble. .

A

Reactions of Thiocyanate Ion

Silver nitrate precipitates white silver thiocyanate (AgNCS),
insoluble in dilute HNO;, sparingly soluble in NH; solution.
AgNCS is slightly more soluble in water (1.3 X 10~* mg/ml) and
in NH; solution (2.2 mg/ml in 2N NH;) than is AgBr.

Potassium permanganate in dilute H,S0, is reduced by thio-
cyanate ion, with formation of cyanate ion (NCO~) and sulfate ion.

Ferric ion forms a deep red coloration as a result of the formation
of [Fe(NCS),)-3.

Zinc reduces thiocyanate in dilute sulfuric acid solution to H,S.
(Compare with test for S= in insoluble sulfides.)

Na,CO; in hot 3N solution transposes water-insoluble thio-
cyanates, with the exception of AgNCS. :
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Sulfuric acid, if moderately concentrated and hot, oxidizes NCS—
to 8O~ and HCN.

Pracrice EXERCISE
Write balanced equations for the following reactions:
1. Agt + NCS- =
2. AgNCS + NH; <
3. AgNCS + HS- =
4. Fet* + NCS— =
6. MnO,~ 4+ NCS~ + H+ =
6. Zn + H* + NCS- =

The Hydrohalic Acids and Their Ions

The properties of the halides made use of in analysis arve: (1) the
solubilities in water and in ammonia of their silver salts; and (2) the
readiness with which they are oxidized, that is, their effectiveness as
reductants as shown by their molar clectrode potentials. These
properties arec more readily comprehended by comparison of the
various hydrogen halides.  In Table 21 is colleeted this information,
along with other useful data. Although in analysis fluoride is not
grouped with the other halides, it is included in the table for pur-
poses of comparison.

Iodine

Occurrence. Iodine is one of the less abundant clements. Tt is
present as I~ in sea'water to the extent of about 3.5 X 10759, about
the same as F~. The commercial sources are the mother liquors
from NaCl crystallizations and the ash of marine plants such as
kelp. In the mother liquor of Chile saltpeter it occurs as 105,
This constitutes an important source. Iodine is a constituent of
thyroxine, a secretion of the thyroid gland. In iodine-deficient
regions goiter is a frequent disease.

Properties. Iodine is the only halogen which is solid at room
temperature. It melts at 113.5° but sublimes far below this tem-
perature. Even at 25° its vapor pressure is sufficient to make its
characteristic odor easily perceptible. It is nearly insoluble in
water but dissolves in CS,;, CHCl;, and CCl, with a violet color and
in alcohol, acetone, ether, and solutions of iodides with a brown
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The violet color is due to I; molecules, the brown color to
solvated molecules such as I,(C.H;OH), or I3~ (in iodide).

Very

minute amounts give a deep blue color to hydrosols on which they
are adsorbed, such as starch paste or the basic acetate of Lats.

TasLe 21
PHYSICAL PROPERTIES OF SOME HALIDES
Halogen Fluorine Chlorine Bromine Todine

M.p. anhydrous HX . . . .. —83° —112° —88° —-50.7°
B.p. anhydrous HX .. ... +19.6° —85° —67.1° -35.8°
Apparent ionizn. of HX in

0.1 N soln. (from con-

ductivity)............ 109, 92.6 % 93.59% 95 9%,
Conen. and b.p. of con-

stant boiling mixture of |'

HX with water. ... ... 35.49, 20.25, 489, 57%

I (120°) (110°) (126°) (127°)

ApproxX. normality of ;

coml. “concentrated”’

acid................. 27 12 9 |
Soly. of Ag* salt mg/ml. .| Soluble 1.87 X1073|7.9 X 10783 X 1077

(25°) (20°) (21°)

Cagt X Co-insatd. soln. .| ......... 1.56 X 10710 7.7 X 10713 | .5 X 10~
Soly. of AgX in 2 N NH,

mg/ml.........o.o o 21.5 2.0 0.03
Insoluble salts.......... Alk, Ag*, Hg,'', | Same Same

earths, Ph++, BiO™,
Pht+ Sho+
BiO+ .

Molarelectrode potentials:

2X— =2 X, +2......] +2.8v +1.358v.! +1.065v.| -+0.56356v.

X" 4+ 3HO0e

X0~ +6HY +6e....|. ........ +1.45v. +1.44v. +1.09v.

Reactions of Iodide Ion

Silver ion precipitates pale yellow Agl, insoluble in dilute HNO,
and nearly insoluble in NHjsolution but turned white by it because of
formation of AgNH;I. Aglis decomposed by Zn and dilute HoSO,4.

2Agl + 2Zn + H* + HSO0~ = 2Ag + 21~ + 2Zn++ + H, + SO~

Alkali sulfides decompose Agl to form the more insoluble Ag.S and
I-. Agl dissolves in CN - and also in S;05™ as a result of formation
of complex anions such as [Ag(CN).]~ and [Ag(8:03):]"2.
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Ferric ion in weakly acid solution oxidizes iodide to iodine
(difference from Br~). Iodine is then detected by extraction with
CCls. In presence of NCS—, red [Fe(NCS8)e® is also formed.
In this case I, is removed by shaking with CCly until the red color
of [Fe(NCS8),]~? is clearly visible in the water layer.

Permanganate ion, if very dilute, oxidizes I~ to I.. More con-
centrated MnO,~ added in small excess oxidizes I, to I0;~
(colorless) (test for anion Group II).

I, + 6H.O < 2105~ + 12H+ + 10¢~

Cyanoferriate ion oxidizes I~ to I.. When ferric ferricyanide
is used, colloidal or solid iron blues will be formed (test for anion
Group II-A).

All strong and medium strong oxidants such as HNO,, Cr,0;~,
Cl,, Bry, and H,0, oxidize I~ 'in acid solution to I, and105~. Thus
I~ is a rather strong reductant.

Na.,CO; in boiling 3N solution does not transpose Agl, Hgl,,
or BiOI.

Pracrice Exprcise

Write balanced equations for the following reactions:
Agl + 8+ =
Agl + CN- =
gz + Sg()3= =
Iz —+ Sg(')s’“ — S,:Oe”

I-+ L=

I 4+ MnO, = 104~
I- -+ H202 = I2
I-+Chh&

I- -+ CI‘207— =

I- 4+ Fet*

.

L T o o o L

[y
e

Bromine

Occurrence. Bromine constitutes about 2 X 10739, of sea
water. It is now obtained commercially from this source. Itis
also obtained from the mother liquors of NaCl crystallizations.
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Properties. Bromine is a dark brown liquid which boils at 59°
and solidifies at —7.3°. Solid bromine has a slightly metallic luster
like that of iodine.

Solubility. Bromine is more soluble in water (36 mg/ml at 20°)
than iodine. It is, however, less soluble than I, in CS; and CCl,.
In direct sunlight a solution of Bry in water slowly evolves O,
(similarity to Cly).

Br, + H,O 2 HBrO + HBr
HBrO — HBr + 0,

Bromine is a strong oxidant, although it is weaker than Cl,.

Reactions of Bromide Ion

Silver ion precipitates yellowish white AgBr, insoluble in dilute
HNO; and only sparingly soluble in NHj solution (2 mg/ml of
2N NH;). Like Agl it dissolves readily in solutions of CN- or
S,05=. It is not transposed by boiling 3N Na,CO;. It is decom-
posed by alkali sulfide solutions and by Zn and dilute H,SO,.

Ferric ion does not oxidize Br= to Br; (difference from I-).

Ferricyanide ion is not reduced by Br— (difference from I-).

Permanganate ion in dilute acid oxidizes Br— to Br.. If a
sufficient Cu+ is present, Mn++ is formed. If Cy* is too small,
MnO; will be formed. When the mixture is shaken with CCl, to
extract Brs, a film of MnO, sometimes prevents the droplets of CCly
from coalescing. This gives a slight yellow color to the CCly layer
and thus makes it difficult to identify a small amount of Br,
(test for anion Group II).

Fluorescein, a yellow dye, is changed by Br, to brilliant red
tetrabromofluorescein.  Feigl states this reaction detects 0.002 mg
of Br.. It is useful when the CCly layer is mixed with MnO, or
when the yellow tint is too pale to prove certainly the presence of
Br-. I, would form iodocosin of the same red color but should
have been completely removed.

Chlorine water in not more than equivalent amount oxidizes Br-
to Br.. Excess of Cly, however, oxidizes Br; to colorless bromine
chloride, BrCl.

Oxidants such as HNO,, Cr;0,~, Hz0,, in dilute acid solution, do
not oxidize Br— (difference from I-).
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Chlorine

Occurrence. Chlorine is one of the more abundant elements.
It constitutes about 29 of sea water. By evaporation of sea water,
enormous beds of NaCl have beenformed. In the Stassfurt deposits
carnallite, KCl-MgCl,-6H:0, is an important layer.

Properties. Chlorine solidifies at —101.6° and boils at —34.6°.
It is less soluble in water than Br, (about 6 mg/ml at 25°). Itis one
of the strongest oxidants and when hot attacks nearly all metals.

Reactions of Chloride Ton

Silver ion precipitates white AgCl, insoluble in dilute HNOj3 but
largely soluble in NH; solution (difference from AgNCS, AgBr,
Agl). It is not transposed by hot 3N Na,COj; solution. It is
decomposed by alkali sulfide, by CN—, and by S,05™. It dissolves
in high Cy~ because of formation of complex anions such as [AgCls]=.

Permanganate ion in dilute acid solution does not oxidize Cl~ to
Cl; (difference from Br— and I-).

Concentrated H.SO; cven when hot does not oxidize Cl~ or HC1
gas to Cl, (difference from Br~, which forms HBr and Br,, and I-,
which forms I,). Bromides reduce H.SO4 to SO.. Solid iodides
reduce 36 N H,SO, mainly to H,S.

Powerful oxidants, such as KXMnOQ,, NaBiO;, K,Cr;0;, MnO,,
and PbO;, liberate Cl; from 12N HCI or from solid chlorides in
concentrated acids.

PracricE EXERCISE

ActioN oF OXIDANTS ON HALIDES

Reagent Cl- SCN- Br- I-

Fe+® + H*

. MnO,~ + small H!
FeFe(CN)s

HzSO4 36N hOt
CrgOf' + dilute acid
. Cr;0;~ + cone. acid
HNO; + small H*

. HNO; 16 N hot

NS R W N

In the table write ‘“‘no action” if none occurs. If reaction
occurs, write only reduction product of oxidant and oxidation
product of reductant, for example, only H.S and I..
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GROUP IX:IONS NOT PRECIPITATED IN GROUPS IV-VII1
(Cl0;3~, BO;~, NO,;~,"NO;~, HyCCOO-)
Chiloric Acid and Its Ion

Chloric acid, HCIOs, in unstable. Its aqueous solution can be
concentrated by evaporation in vacuum to about 409,. Such a
solution decomposes when heated above 40°, HCIO; is completely
ionized in aqueous solution. KClOgand NaClO; are the commonest
commercial salts. They are stable but decompose on ignition with
evolution of O, and formation of Cl- and perchlorate.

4KClO; = 3KClO, + KCI
KClO, = 20, 4+ KCI

Chlorates are powerful oxidants and it is dangerous to pulverize
them in mixture with organic matter, thiosulfates, sulfur, or
cyanides. Violent explosions will occur. Chlorates arve used
chiefly in safety matches, fireworks, and explosives.  All chlorates
are soluble in water.

Reactions of Chlorate Ion :

Al

Concentrated H,SO, decomposes solid chlorates:
3HCIO; — 2CIO; + HCIO, + H,0

Chlorine dioxide, ClO,, is a greenish gas, in appearance and odor
closely resembling Cl,, When warmed above 100° it decomposes
violently into O and Cl,.  If but very small amounts of chlorate and
acid are used, the crackling noises which are produced by the
reaction are characteristic.

Alkali nitrite in dilute acid reduces chlorate to Cl-.

ClOs~ 4+ 3HNO, = CI- 4+ 3NOs~ + 3H*

This is the basis of the method for detecting ClOs~ in the centrifu-
gate from the Group III precipitate. Since the HNOj; solution
already contains Ag*, addition of a nitrite will cause precipitation
of AgCl. Care must be taken not to mistake a precipitate of
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AgNO; for one of AgCl. The solubility of AgNO, is 4.2 mg/ml at
25°. It dissolves on addition of much water or a little HNOj;, while
AgCl is not affected.

Manganous ion in syrupy HiPO, forms, on heating, violet
[Mn(PO,).]-*. This reaction is given also by CrO~, NO;~, and by
large NO;3~. [Fe(CN)¢]® precipitates brown Mng[Fe(CN)g)s.

Other reductants which reduce ClO;~ to Cl~ are hot 12N HC],
HsS in 0.3 N H*, H,MnCls, H:80;, S,05~, Fett, and many metals
(for example, Zn, Fe, Al in dilute H,S0,).

Pracrice EXERCISE

Write balanced equations for the f,ollowing reactions:
1. ClOs~ 4+ HNO; =

2. ClO5~ + Mn*t + H;PO, —

3. HMnCl, 4+ ClOg~ —

4. Fett 4 ClOg~ + H* =

6. H,80; + ClOy~ =

6. H,S 4 ClOs~ =

Boric Acid and Its Ions

Occurrence. In the carth’s lithosphere boron appears only as
borate, usually of Nat, Mg++, or Catt. Large deposits occur in salt
beds from evaporated sea waters. Boric acid also is found in certain
silicate rocks in small amounts, for example, the tourmalines, where
BO,~ replaces SiO; to some extent in the crystal lattice.

Properties. Boron stands just above aluminum in Periodic
Group III, but in its properties and many of its compounds it
resembles carbon much more than it does aluminum. It forms a
large number of compounds with H, hydroborons or boranes,
analogous to the hydrocarbons. The simplest one is not BH;, as
would be expeeted, but B.Hs, analogous to C,H,, ethane.  Just as
NH; tends to become NH,* by coordination, so boron tends to
acquire a coordination number of 4 as in [BF,]-, fluoroborate ion.

Acidic strength. Boric acid, HH,BO; or HBO,, is one of the
weakest of the acids, ionizing in solution to about the same extent
as HCN and HAsO.. It is a monobasic acid. The free acid is a
white solid, sparingly soluble in cold water but largely soluble in
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boiling water. Borax, the commonest salt, is a tetraborate,
Na.B;O710H 0. Alkali borates are largely hydrolyzed in solution.

B0~ 4+ 3H.O & 2B02_ + 2HaBOa
BO,~ 4+ H;0 = HBO, + OH-

Reactions of Borate Ions

Calcium, barium and cadmium borates are either more soluble
than stated in the literature or tend to form supersaturated solu-
tions. For example, although Ca(BO,),'6H,0 is stated to dissolve
in water to the extent of about 2 mg per ml, Sneed and Duschak
report that 13.5 mg per ml of BO,~ are required to give a precipitate
in Group IV with (AcO):Ca. We have never observed borate
precipitating in any of the Sneed and Duschak groups (our system
IV-VIII).

Sodium carbonate in hot 3N solution transposes all water-
insoluble borates.

Ca(BOy): + COs~ + Hy0 & H:BOs~ + CaCOs

Ammonium jon, which is nearly as strong an acid as boric acid,
can displace HBO; from its salts. Hence water-insoluble borates
dissolve in hot concentrated ammonium salt solutions.

Ca(BO,): + 2NH+ @ 2HBO., + Catt + 2NH,

Silver ion added to a concentrated solution of borax precipitates
white AgBOg; if to a very dilute solution, brown Ag,0 precipitates.

Turmeric paper, spotted with an HCI solution of a borate and
dried on the steam plate, turns pink to red which hecomes greenish
black when touched with 1% NaOH solution. Strong oxidants,
such as chlorate, chromate, nitrite, [Fe(CN)4]~3, and I-, bleach the
turmeric. When any of these are present, other tests must be used.
If interfering ions are absent, this is the most sensitive of all the
tests. If any interfering ion is present, one of the following flame
tests is to be used.

Flame tests. Borate salts do not color a Bunsen flame but
boric acid and its volatile compounds, such as BF; and methyl and
ethyl borates, BOs(CHj;)s, BOs(C:Hs)s, impart to it a green color.
The tests are carried out as follows.

1. Boric actd esters. A little of the solid material to be tested is
mixed with a few drops of 36 N H,8O, in a crucible. A little methy)
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or ethyl alcohol is stirred in and the alcohol vapors ignited. A
green-edged flame appears if borate is present. This test may not
detect very small amounts. Ba and Cu salts also give a green flame
and C.H;Cl, formed if a large amount of chloride is present, may
likewise give a green flame.

2. Boron fluoride. A little of the solid unknown is thoroughly
ground with a little CaF,. Enough 36 N H.SO, is added to make a
thick paste. When some of this paste is brought on a glass rod to
about 1’ from the side of the flame, a green color, duc to very
volatile BY's, gradually appears in the flame. This test detects the
boron in tourmaline. Cu and Ba salts cannot volatilize outside
the flame.

Nitrous Acid and Its Ion

The only common commercial nitrites are those of K+ and Nat.
All nitrites are soluble in water except AgNQO,.  The alkali nitrites,
prepared by heating the corresponding nitrates, usually contain
small amounts of nitrate. Nitrite ion is a strong complex former.
Of importance in analysis is [Co(NQO3z)e¢]™ of which the K+ salt is
insoluble.

Nitrous acid is a moderately weak acid its Ki., at room tempera-
ture being 4.5 X 10-%  When set free from its salts by a more
highly ionized acid, it decomposes ordinarily according to

3SHNO, =2 2NO + NO;~ + H* + H,0

When a solid alkali nitrite is thrown into very cold dilute H,SOy, a
blue color is visible, presumably resulting from N,Os; or N4QOs.
N20s decomposes into NO and NO. and then

HNO, + NO, = NO + NOs~ + H+.

When NO, is dissolved in cold water, nitrous and nitric acids are
formed.

Reactions of Nitrite Ion

Silver ion precipitates white AgNO; from moderately concen-
trated solutions. AgNO; is soluble in water to the extent of 4.2 mg



GHAP. 13| ANION PROPERTIES AND REACTIONS 373

L)

per ml at 25°. It is much more soluble in dilute HNOs, since HNO,
tends to form. Mistaking AgNO; for AgCl is a frequent error in
testing for ClOs~.

Permanganate ion oxidizes HNO; to NO;~ (test for anion
Group II).

Cyanoferriate ion oxidizes HNO; to NO;~ (test for anion
Group 1I-A).

Chloromanganoate ion reduces HNO; to NO (test for anion
Group I).

Ammonium ion in excess reduces NO;~ to N; on boiling. This
reaction is useful in detecting nitrate in nitrites.

2NH,* = N; + 8H* + 6¢-
2NO,~ + 8H* 4 6¢- = N, + 4H,0
NH,* + NO,~ = N, + 2H:0

Strong reductants reduce HNO; to NO.

HNO,; + H* + e~ =2 NO + H,0

Such reductants arc [MnClg]™, I-, Fett, H,S.
Strong oxidants oxidize HNO, to NO;~.

HNO,; + H,0 & NO;3~ + 3H+ + 2¢~

Such oxidants are MnO,~ and ClO;™.
Aluminum, zinc, or Devarda’s alloy in a strong base reduce
NO;~ to NH..

NO,= + 5H;0 + 6~ =2 NH; + 7OH -
Zn + 30H~ + H,0 2 [HZn(OH)}~ + 2¢~
él + 60H~ 22 [AI(OH)e]™® + 3¢~

Sulfanilic acid and e-naphthylamine forms a red dye with nitrite
ion in AcOH solution. The test is carried out by placing on a spot
plate 1 drop of AcOH and 1 drop of aqucous unknown or “prepared
solution,” and by adding 1 drop of sulfanilic acid and then 1 drop of
a-naphthylamine solution. A red color shows the presence of
NO;~. Nitrates do not interfere with this test.

The red color is due to formation of a diazo dye.
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The reaction essentially is

—NH: + HNO; + H* — (—N==N—) + 2H 0

(diazo group)

SO:H SO;H NH;,
O + HNO, +U\j H*—»O @ + 2H.0
NH, N====X
(sulfanilic (a-naphthyl-
acid) amine)

* Nitric Acid and Its Ion

Properties. Commercial HNO; has a specific gravity of 1.42 and
contains 68 %, by weight HNOj;. This solution, the constant boiling
mixture, boils at 120.5° under 1 atm. pressure. It is about 15N.
In dilute solution HNOj; is completely ionized.

Nitric acid as oxidant. In dilute acid solution NO;~ is an
oxidant of about the same strength as Br, but the rate of reduction
is so slow that it is reduced at an appreciable rate only by a few
of the strongest reductants, such as Zn or Sn.  Concentrated HNO;,
especially if hot, is a very powerful oxidant and oxidizes most of the
metals.

Reduction products of HNO; Nitrogen forms compounds in
all apparent valences from —3 to +5. Examples arc: NH;, N.H,
(hydrazine), NH,OH (hydroxylamine), N2, N,O, NO, HNO,, NO,,
HNO;. When HNOs; is used as an oxidant, its reduction products
vary with the concentration of the acid and the temperature and
also with the nature of the reductant. Usually a single reduction
product is formed chiefly, but traces of several others are to be found
in the solution. It follows that no redox reaction involving HNO;
is to be considered strictly quantitative.

In general hot concentrated acid will be reduced mostly to NO,,
7-9N acid to NO. Zn, Mg, and Sn reduce 1 N acid to NH,+.

Electron changes in reduction of nitrate:

NO;~ + 2H+ + ¢~ & NO; + H,0
NO;~ + 3H* + 2¢- = HNO, + H,0
- 4 4H+ 4 3¢ = NO + 2H,0
2NO;~ + 10H* + 8¢~ = N.0 + 5H.0
2NO;~ + 12H* + 10~ = N; + 6H,0
NO;~ + 8H+* + 6¢- & NH;0H+ + 2H,0
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2N03' + 17H+ + l4e~ 2 NzH;{" + 6H20
NO;~ + 10H* + 8¢~ = NH,* 4 3H,0

Solubility. All nitrates except a few basic salts are soluble in
water. As a result nitrates, if present, can usually be found in the
water extract of any solid unknown material.

Reactions of Nitrate Ion

MnSO, in syrupy H,PO, when slowly heated with a large
Cros~ forms [Mn(PO,).])~* violet.

Chloromanganous acid (12 N HCI saturated with MnCl,), when
heated with a nitrate becomes dark brown because of formation of
[MnClg]=3. Small concentrations of NOjs~ react rather slowly, and
the test should be allowed to stand at least 10 minutes. Eventhen
a negative result does not prove absence of a minute amount of
NO;~. A blank containing the reagent alone and similarly heated
must always be compared with the unknown.

Ferrous sulfate and concentrated H,SO, formn Fe(NO)++ (dark
brown) with both NOs~ and NO,~. This is the “brown ring test.”

NOs~ + 3¢~ + 4H+ = NO + 2H,0
Fett 4+ NO 2 [FeNOJ]*+ (brown).

The reaction mixture must be kept as cold as possible because
Fe(NO)*t is easily decomposed on warming.

This test is not reliable in presence of CrO4=, ClO4~, I, Br-, Fe(CN)s™4,
and Fe(CN)¢~3. CrO4- and ClO;~ may oxidize all the Fe*++ to Fe 3, which
does not form a complex with NO. I- and Br- are oxidized by conc.
H.SO, to I, and Br,, which might form brown rings. [Fe(CN)e]-* will
interfere by forming Turnbull’s blue with Fe*+. [Fe(CN)¢~-* will also
interfere, since Fet* salts always contain more or less Fe*3, which would
form Prussian blue.

Aluminum, zinc, or Devarda’s alloy* in NaOH or KOH reduce
NO;~ and NO;~ to NHj, readily detected by moist red litmus paper.
Most compounds containing nitrogen are reduced to NHg and must
be removed.

NO;~ 4 6H:0 + 8¢~ &= NH; 4 90H~

NH,* salts react at once with the alkali to form NHs. CN-,
NCS-, [Fe(CN)e]™ and [Fe(CN)e]~* are all reduced with formation

¢ The approximate composition of Devarda’s alloy is Al, 459%; Zn, 5%;
Cu, 50%. Copper, by forming a couple, lowers the overvoltage of zinc and
aluminum.
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of NH; but rauch more slowly than NO,~ or NOz=. NH,* can be
removed by boiling the test solution after addition of NaOH until
red litmus is no longer changed. CN-, NCS-, [Fe(CN)e] and
[T'2(CN)e]~® are removed by precipitating with AgsSOy, centrifuging,
and using the centrifugate for the test.

Reduction of nitrate to nitrite. If the sulfanilic acid a-naphthyl-
amine test for nitrite is negative, an exceedingly sensitive test for
pitrate can be made in the same solution by adding a few fragments
of Devarda’s alloy. If NO;~ is present the red color caused by
HNO, will gradually develop.

N():;" + 3H+ + 2e- = HN()2 + Hzo

CrO,~ forms a dark precipitate with a-naphthylamine, which
obsecures the reaction.  If CrOQ4= is present, remove it with (AcQ).Ba
before making the test.

This test con be used to detect nitrates in nitrites by boiling the
test solution with saturated NH,Cl until a drop gives no color with
sulfanilic acid and a-naphthylamine.

NO2- + NH4+ and N; + 2Hg()

NO;s~ is not affected.  After all NO,~ has been removed, addition
of a little Devarda’s alloy will show whether NOs™ was present.

Acetic Acid and Its Ion

Acetic acid is formed in the bacterial fermentation of organic
matter. Vinegars are impure dilute solutions of acetic acid.
Acetic acid is the second of a long series of aliphatic organic acids,
formic HCOOH, acetic H;CCOOH, propionic H;C.,COOH, and
S0 on.

Properties. 'T'hc¢ anhydrous acid boils at 118° and freezes at
16.6°. It is frequently called “glacial” acetic acid. It is miscible
with water in all proportions. In 0.1 N solution acetic acid is only
1.349, ionized.

Solubility. All metal acetates are soluble in water except those
of Ag* and Hg,+*, which are sparingly soluble. Some basic acetates
are only slightly soluble.

Tests for Acetate Ion

Various tests for acetate have been proposed, none of which are
very sensitive. Among these are:
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Warm 1:1 H,SO, displaces from solid acetates acetic acid
detectable in the steam as a vinegar-like odor.

Ethyl alcohol or isoamyl alcohol, when added to the reaction
mixture of the preceding test, forms an ester of acetic acid, having a
characteristic odor. The odor of the ethyl ester (usually described
as “fruity”’) is not casy to distinguish from that of cthyl alcohol.
The odor of the isoamy! ester resembles that of bananas and is
more easily distinguished from that of the aleohol.

Lanthanum nitrate, when heated with a faintly ammoniacal
solution containing acctate ion and a very little colloidal iodine, is
hydrolyzed. The hydroxide or basic acetate of lanthanum formed
is dyed bright blue by the iodine just as is starch paste.  So many
anions and cations interfere with this test that it ix worthless in
practice.

Ferric ion forms with concentrated solutions of acetate ion deep
red [Fe(AcO)s|™ very similar in appearance to [Fe(NCS)g* but
not very stable.  On dilution the red color vanishes.  As a test for
AcO~ this reaction is not at all sensitive.

Acetone test. The most sensitive and reliable test for acetate
appears to be the formation of acetone in the decomposition of
solid acetates by heat and its deteetion by sodium nitroprusside as
described under “Test for acetate,” page 407.

(HiCCO0):Ca — CaCOs + (Hi():C0y

Al

Silicic Acid and Silicates

Occurrence. Silicon is the most abundant of all the clements
except oxygen. It never occurs as the free element but always com-
bined with oxygen as SiO,, quartz, or as silicates in many of which
AlO,~ partially replaces Si0Q,. In these forms it is estimated to
constitute more than 859, of the carth’s lithosphere.

Granite, a widely distributed rock, is a mixture of quartz,
feldspar (Na, K, Ca, aluminosilicate), and mica (K, Na, Li, Mg, Fe,
aluminosilicate).?

Solubility. Quartz and many silicates arc insoluble in acids. A
few silicates in which the cations are almost exclusively alkali and

¢ For classification and composition of silicate minerals consult. W. M.
Latimer and J. H. Hildebrand, Reference Book of Inorganic Chemistry, p. 241,
Macmillan, 1929.
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alkaline earth elements can be decomposed by hot 12N HCl. All
silicates can be decomposed by either of the following methods:
1. Treatment with HF and fuming with H,SO, or HCIO,.

MeSiO; + 2HF,~ + 4H*+ = SiF, 4 3H,0 4+ Me++
3SiF; + 3H,0 = 2H,[SiF,] + H.Si0;

Hot concentrated H,SO, or HCIO, by absorbing H,O prevents the
second rcaction from taking place.

2. Fus~ion with Na,CO,.

Acid-in=oluble silicates are changed to NazSiO; and metal
carbonate or oxide and the fused mass can then be decomposed by
acid. Silica forms colloidal or gelatinous [(H,0),Si(OH),] (ampho-
teric) like [(H,0);A1(OH);s) gel.  On evaporating and dehydrating
at about 120° some 99% of the gel becomes very slowly soluble in
dilute acid and can be removed. For exact analysis three or four
evaporations and dehydrations are necessary to remove the SiO,
sufficiently.

Both of the above methods require the use of platinum vessels.
For this rcason silicates arc not included in elementary courses in
analysis.

Some of the newer alloys contain a little silicon as silicide, for
example, Cu,Si. When such alloys are treated with HNO;,
gelatinous silica, resembling alumina, is formed. It must be
dehydrated and removed before one begins the detection of the
metals.

CusSi + 2H,0 = §i0, 4 2Cu++ + 4H+ + 8-
3Cu.Si + 8NO,~ + 20H* + 2H.0
= 3(H.0):8i(OH), + 8NO + 6Cu*+

Confirmation of Silica Gel

Metaphosphate beads do not dissolve silica gel. When micro-
cosmic salt, NaNH,HPO,-4H,0 is taken up in a loop of the platinum
wire and heated in the flame, sodium metaphosphate is formed as a
colorless glass.

NaNHHPO,4H,0 = NaPO, + NH; + 5H,0

If a little of the silica gel is taken up on the bead and the latter
reheated, a clot of SiO; (skeleton) can be seen moving about in the
molten bead. Alumina would dissolve and leave the bead clear.




CHAPTER 19

INTRODUCTORY STUDY OF ANIONS
REACTIONS OF CARBONATE ION (GROUP 1V)

Study pages 340, 341.

Experiment 1. Use of phenolphthalein asy an indicator in
removing CO;~. Read note 1, page 398.

Place 2 drops of 3N sodium carbonate reagent and 18 drops of
water in a centrifuge tube. Add a capillary drop of phenolphthalein
indicator, stir, and record color. Counting the drops, add 0.1N
AcOH until only a faint pink color remains and then add an equal
number of drops of the acid. Is a gas evolved during this latter
addition of acid? Test the solution with red litmus paper. Is the
solution basice or acid to this indicator? If the solution has become
acidie, add 0.1 N NH; until the solution has become faintly basic.
Use this solution for experiment 2.

Write an equation for the reaction during the first addition of
acid and another equation for the reaction during the second addi-
tion of acid. '

Experiment 2. Action of the group reagent. To the solution
from experiment 1 add 2 drops of calcium acetate, (AcO),Ca, and
stir thoroughly. Is a precipitate formed? (Test for Group 1V.)
Centrifuge any precipitate and discard centrifugate. In another
tube add (Ac0).Ca directly to 2 drops of COs~ test solution.
Centrifuge and compare volume of the two precipitates. Account
for difference in volume.

In the systematic analysis for anions, nearly neutralizing a Na,CO,
solution containing the anions is an essential preliminary to the group
precipitations. In consequence, carbonate must be detected by a special
test on the original material. This experiment shows, however, that at
least a little CO;~ may be precipitated in Group IV,

From a study of Table 10 (page 264) state what the result would
be if (AcO);Ba was used in place of (AcO).Ca.
If an unknown solution has been treated as directed in experi-

ment 1, will much CaCQj; be in the Group IV precipitate?
379
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Experiment 3. Action of H* (test for carbonate). To one-half
of the combined precipitates from experiment 2 add 6 drops of water
and 3 drops of 3N HCl. What is the gas given of? How could
you prove your answer?

When semimicro quantities are taken, our observations indicate that,
of all the anions forming volatile compounds when acidified with HCI, only
carbonate effervesces. Due to the smaller solubility of CO. as compared
with SO., H,S, and HCN, this ga: appears as small bubbles in the solution
while the other gases seem to be liberated only at its surface.

Experiment 4. Sensitive test for carbonate. Place the other
half of the precipitates from experiment 2 in the Erlenmeyer flask,
equipped as directed under ““Tests on gases,” (page 189) and proceed
as directed on page 405, “Test for carbonate.”

REACTIONS OF OXALATE ION (GROUPS II, II-A, AND 1IV)

Study pages 344, 345.

Experiment 1. Action of the group reagent. Place 2 drops of
C304~ test solution and 18 drops of water in a centrifuge tube. Add
(Ac0):Ca reagent as long as precipitate continues to form. Cen-
trifuge. Discard centrifugate. Wash twice with 3N AcOH using
6 drops cach time. Discard washings. Reserve precipitate for
experiment 2.

Experiment 2. Action of large Cii+. To the washed precipitate
from experiment 1 add 6 drops of 3N H,SO, and 3 drops of water.
Warm and stir. Cool the solution and use for experiment 4.

Experiment 3. Action of weak acids. To 10 drops of water
add 4 drops of 6 N AcOH, 2 drops of C,0,= test solution, and then
2 drops of (AcO).Ca reagent. Is CaC.Qq soluble in AcOH?

Experiment4. Action of permanganate (reagent for Group II).!
Place 3 drops of distilled HyO in a test tube. Make acid with
6 drops of 3N H,S0, and add dropwise very dilute 0.01 N KMnO,
solution until a permanent pink color remains. This solution is a
“blank’’ for comparison. Record the number of drops of KMnO,
required. Now to the solution from experiment 2 (H;C;0,in H,SO,)
add the same number of drops of 0.01 N KMnO, that was added to
the HoSO, solution (blank) above and then one drop more. Does
the solution have a permanent pink color? If not, add more drops

. 1 The electron partial equations for redox reactions in Groups I, II, and
II-A are tabuldated at page 393.
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of 0.01 N KMnO, until a permanent pink color is obtained or until
5 drops have been added. Now heat the solution nearly to boiling
(80°) and add dropwise 0.1 N KMnO, until a permanent pink color
remains. Record the number of drops of 0.01 N and of 0.1 N MnO
that were bleached by 1 mg of C,0,~. (Confirmation of oxalate ion.)

5 drops (0.25 ml) of 0.1 N
(as oxidant) should equal about 1 mg C:0Q,~.
5 drops (0.25 ml) of 0.01 N
(as oxidant) should equal about 0.1 mg C,04~

Experiment 5. Action of ferric ferricyanide (reagent fof
Group II-A). To 2 ml of distilled water add 2 drops of 1 N Fe(NOQs)s
solution, 1 drop of freshly prepared saturated solution of potassium
ferricyanide (K3Fe(CN)s), and 4 dropsof 3N HClL.  Mix thoroughly
and divide between two test tubes. To one add 2 drops of water;
to the other add 2 drops of C.04~ test solution.  Observe and record
any color change as compared with the blank.

REACTIONS OF PHOSPHATE 10N (GROUPS III-A AND IV)

Study pages 341--344.

Experiment 1., Action of the group reagent. To 2 drops of
HPO,~ test solution add 18 drops of water, stir, then add (AcO),Ca
as long as precipitate forms. Centrifuge. Wash and reserve
precipitate (CaHI’O,) for experiment 2. How would phosphate ion
react with Ba and Cd acctates in neutral solution?

Experiment 2. Action of small Cy+. To the precipitate from
experiment 1 add 3 drops of 6 N AcOH. Warm and stir until
precipitate all dissolves.  Reserve solution for experiment 3.

Experiment 3. Benzidine acetate test. Place 2 drops of the
H,PO,~ solution from experiment 2 in a test tube.  Dilute to 1 ml
Use this solution to carry out the benzidine acetate test (page 410).
Note possibility of interferences. L.

Experiment 4. Ammonium molybdate test. To 1 ml of
(NH,):Mo0, and 3 drops of 3N HNO; add 2 drops of HPO~ test
golution and warm to 60°. Repeat the test, using 2 drops of HAsO,~
ion test solution instead of HPO,~. If no precipitate forms at 60°
heat to 100° and observe results.

Experiment 6. Action of AgNO; in acid and in neutral solution
(reagent for Groups III and III-A). To two drops of HPO,~ test
solution add 16 drops of water, 2 drops 3 N HNO;, and 3 drops silver
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nitrate reagent. Is a precipitate formed? (Test for Group III.)
Now add very dilute NH; (2 drops 6 N NH; and 8 drops H.0) drop
by drop, stirring thoroughly after each addition until a precipitate
forms (test for Group I1I-A). Note and record color of precipitate
formed. Reserve precipitate for experiment 6.

Experiment 6. Solubility of Ag;PO, in small Cy* and in NH;.
To the precipitate from experiment 5 add 3 drops 6 N AcOH.
Reprecipitate the AgsPO; by adding 6 N NH;. Then add more
NH; and note that it dissolves the AgsPO,.

REACTIONS OF FLUORIDE ION (GROUP 1V)

Study pages 346-348.

Experiment 1. Action of the group reagent. To 2 drops of
fluoride ion test solution in a centrifuge tube add 18 drops of water
and 2 drops of (AcO)yCa. Centrifuge. Wash and reserve pre-
cipitate for experiment 2.

Experiment 2. Action of small Cy*. To the precipitate from
experiment 1 add 3 drops of 6N AcOH. Warm and stir.  Does the
precipitate dissolve? Wash and reserve residue for experiment 4.

Experiment 3. Zirconium alizarin sulfonate test. On cach of
four depressions of the spot plate place 1 drop of 3N HCl and 1 drop
each of zirconyl nifrate and “Alizarin red S"’ solution. Note color
of the mixture. Allow to stand for 2 minutes.  To one depression
add 1 drop of fluoride test solution. Stir thoroughly. Note and
record the time necessary to change the pinkish-red color of the
reagent to a greenish yellow.  To another add 1 drop of fluoride test
solution containing 1 mg - per ml. To the third one add a little
solid CaF,. To the fourth test portion add 1 drop of distilled water
(blank). Note that SO~, HPOy~, and C,04~ interfere (page 347).

Experiment 4. Etching test. Place the residue from experi-
ment 2 in a crucible and ignite strongly to completely remove water,
which is detrimental to the test.  Carry out the etching test very
exactly as directed on page 409.

REACTIONS OF SULFATE [ON (GROUP V)

Study pages 348, 349.

Experiment 1. Action of the Group IV reagent. T'o 2 drops of
sulfate ion test solution in a centrifuge tube add 17 drops of water
and 2 drops of (Ac0);Ca. If no precipitate forms use the solution
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for experiment 2. Compare the solubility of CaSO, with that of
the Ca salts of CO3=, C:0~, HPO,~, and F-, page 329.

Experiment 2. Action of the Group V reagent. To the solution
from cxperiment 1 add 2 drops of (AcO):Ba. Stir thoroughly
Centrifuge and reserve precipitate (BaS0,) for experiment 3.

Experiment 3. Action of large Cy+. To the precipitate from
experiment 2 add 3 drops of 3N¥ HCl.  Warm and stir thoroughly.
Does the precipitate appear to be dissolving? (Test for sulfate
ion.) Would you expect barium sulfate to precipitate in an acid
solution?

REACTIONS OF SULFITE ION (GROUPS 11, II-A, IV, AND V)

Study pages 349-351.

Experiments 1, 2. Repeat experiments 1 and 2, sulfate, using
sulfite ion test solution instead of sulfate ion. Reserve precipitates
from experiments 1 and 2 for use in the following experiments.

Experiment 3. Action of permanganate. Carry out the test
for Group II anions as directed for oxalate (page 380), but use one
half of precipitate from experiment 2 (BaSQOj;) treated with 6 drops
of 3N H,SO, instead of oxalate solution.

Experiment 4. Action of ferric ferricyanide. Carry out the
test for Group II-A reductant anions (page 401), using the other
half of the precipitate from experiment 2 (BaSO;) dissolved in
2 drops of 3N HCL ’

Experiment 5. Confirmatory test for SO, (sulfite ion). Using
1 drop (0.5 mg) of the SOy~ test solution, carry out the zine nitro-
prusside test (page 409).

REACTIONS OF CHROMATE ION (GROUPS I, I1I-A, AND V)

Study pages 351, 352.

Experiments 1, 2. Repeat experiments 1 and 2, sulfate, using
chromate ion test solution instead of sulfate ion.

Experiment 3. Action of large Cy*. To the precipitate from
experiment 2 (BaCrO,) add 3 drops of 3N HNO;.  Note and record
color changes. Reserve solution for experiment 4.

Experiment 4. Ether-hydrogen peroxide test. To the solution
from experiment 3 add 4 drops ethyl ether. Shake, cool under the
tap, then add 1 or 2 drops of H:0. solution and shake quickly. A
blue color in the ether layer is CrO(Oj); (confirmatory test for
CrO,™).
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Experiment 6. Action of manganous sulfate in phosphoric acid.
In one of two micro crucibles place one drop of chromate ion test
solution. Add 1 drop of saturated MnSO, solution and 4 drops of
syrupy Hs;PO4. In the other crucible prepare a blank by adding
1 drop distilled water and the same number of drops of MnSO, and
H;PO, that were added to the chromate. Now slowly heat the
crucibles just to boiling (see note) and allow them to cool. Violet-
colored [Mn(P0O,),] % is a test for certain strong oxidant anions.

Note: If overheated, oxidation by air may form [Mn(PO,)]-3 (meta-
phosphate bead test for Mn).

Experiment 6. Action of chloromanganous acid (reagent for
Group I). Add 1 drop of chromate ion test solution to 2 drops of
H,MnCl; solution. Heat carefully and let stand 10 minutes if a
color does not develop sooner. A brown color compared to a blank
that is run at the same time, using 1 drop of distilled water instead
of test solution, indicates oxidant anions.

Experiment 7. Action of AgNO; in acid and in neutral solution.
To 2 drops of CrO,~ test solution add 16 drops of water, 2 drops of
3N HNOj; and 3 drops of silver nitrate reagent. Is a precipitate
formed? Now add 1N NHj; solution dropwise with thorough
stirring after cach drop until a precipitate forms. Note and
record color of precipitate. Add excess NH; until the precipitate
redissolves.

REACTIONS OF SULFIDE ION
(GROUPS II, II-A, III, AND VI)

Study pages 353-355.

Experiment 1. Action of the group reagent. To 2 drops of
8= test solution add (AcQ),Cd dropwise with stirring until precipi-
tation is complete. Warm and stir (test for Group VI). Cen-
trifuge and discard centrifugate. Wash the precipitated CdS and
use for experiment 2.

Experiment 2. Test for hydrogen sulfide (sulfide ion). Use
part of the CdS precipitate from experiment 1. Carry out the test
as directed on page 411.

Experiment 3. Action of permanganate. Carry out the Group
II test for reductant anions as directed for oxalate, experiment 4,
using 1 drop of test solution diluted to contain 1 mg sulfide ion
per ml.
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Experiment 4. ‘Action of ferric ferricyanide. A Carry out the
Group II-A test for reductant anions as directed for oxalate,
experiment 5, using 1 drop of the test solution diluted to contain
1 mg S= per ml.

Experiment 5. Action of silver nitrate (reagent for Group III).
Place in a test tube 2 drops of sulfide ion test solution and 18 drops
of water. Add 3 drops 3N HNO; and 1 drop of AgNO;.

REACTIONSOF CYANOFERROATE (FERROCYANIDE) ION
(GROUPS 11, II-A, III, AND VI)

Study pages 355, 356.

Experiment 1. Action of the group reagent. Repeat experi-
ment 1, sulfide, using cyanoferroate test solution instead of sulfide
ion.

Experiment 2. Action of ferrous and ferric jons. Review
experiments 5 and 6, iron, page 283, and state the action of Fett
and of Fe*? on cyanoferroate ion. '

Experiment 3. Action of permanganate. ('arry out the Group
II test for reductant anions as in experiment 4, oxalate, using
ferrocyanide test solution.

Experiment 4. Action of ferric ferricyanide (reagent for
Group II-A). From results of experiment 2 predict what would
happen if you added [Fe(CN)g]™ to FeFe(CN)g reagent.

Experiment 5. Action of silver nitrate (reagent for Group III).
Place in a test tube 2 drops of ferrocyanide test solution. Add
3 drops 3N HNOj; and 1 drop of AgNO;.  Note color of precipitate.

REACTIONS OF CYANOFERRIATE (FERRICYANIDE) ION
(GROUPS I, III, AND VI)

Study pages 356, 357.
Experiments 1, 2, 3. Repeat experiments 1, 2, and 5, ferro-
cyanide, using ferricyanide test solution.

REACTIONS OF ARSENITE ION (GROUPS 11, 111I-A, AND VI)

Study pages 357, 358.

Review experiment 2, arsenic, page 293.

Experiment 1. Repeat experiment 1, sulfide, using arsenite test
solution instead of sulfide ion.
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Experiment 2. Action of AgNO; in acid and in neutral solution
(reagent for Groups III and III-A). To 2 drops of AsO,™ test solu-
tion and 15 drops of water add 3 drops of HNO; and 3 drops of
AgNO;. Does a precipitate form? Now add 1N NH;, drop by
drop, until a precipitate forms. After you have observed and
recorded the physical characteristics of this precqntabe add excess
NH, What happens?

Experiment 3. Bettendorf test. Place in one test tube 2 drops
of a 2 mg per ml solution of AsO,~ and in another 2 drops of a 2 mg
per ml solution of HAsO,~. Carry out the Bettendorf test (page
293). Note and record the time required for a yellow or brown color
to appear in each tube.

Experiment 4. Action of permanganate. Carry out Group II
test for reductant anions as in experiment 4, oxalate, page 380, using
2 drops of AsO,~ test solution.

REACTIONS OF ARSENATE ION (GROUPS III-A AND VI)

Study pages 358, 359.

Review experiment 1, arsenic cations, page 293.

Experiments 1, 2. Repeat experiments 1 and 2, arsenite, using
arsenate test solution instead of arsenite ion.

Experiment 3. Compare experiment 3, arsenite, above, Is it
possible to distinguish between AsO.~ and HAsO,~ by the Betten-
dorf test?

Experiment 4. Ammonium molybdate test. Review experi-
ment 4, phosphate, page 381.

N

REACTIONS OF CYANIDE ION (GROUPS II(?], III, AND VII)

Study pages 359-361.

Experiment 1. Action of the group reagent. To 2 drops of
CN~ test solution add 18 drops of water and then 4 N Co(NO;).
solution dropwisc as long as a precipitate forms. Then add 2 drops
more.  Centrifuge and wash precipitate.

Experiment 2. Benzidine acetate-cupric acetate test. Place
the precipitate from experiment 1 in the Erlenmeyer flask equipped
as described under “Tests on gases,” page 189. Test for cyanide as
directed on page 404. Test paper turning blue is test for HCN
(cvanide ion).

Experiment 3. Action of AgNO; (reagent for Group III).
Place in a centrifuge tube 2 drops of CN~ test solution and 18 drops
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of water. Add AgNO; reagent, stirring after each drop is added.
When a permanent precipitate is formed add 3 drops of 3N HNO,.

REACTIONS OF THIOSULFATE ION
(GROUPS II, II-A, III, AND VIII)

Study pages 361-363.

Dilute 2 drops of thiosulfate test solution to 1 ml.  Use one half
the solution for experiment 1.

Experiment 1. Action of large Cu+. To one half the above
solution add 3N HCIL. Stir and warm. What is the precipitate
formed? What gas is given off?

Experiment 2. Action of silver nitrate. To the remainder of
the diluted test solution add 2 drops AgNOj; solution. Observe
carefully and record results.

Experiment 3. Action of permanganate. Carry out the Group
II test for reductant anions, experiment 4, oxalate, page 380, using
1 drop of S;0;~ test solution.

Experiment 4. Action of ferric ferricyanide. Carry out the
Group II-A test for reductant anions, experiment 5, oxalate.

REACTIONS OF THIOCYANATE ION
(GROUPS II, 1I-A, III, AND VII)

Study pages 363, 364.

Experiment 1. Action of the group reagent. Place in a
centrifuge tube two drops of thiocyanate (NCS™) test solution.
Dilute to 1 ml; add 3 drops of 3N HNO; and sufficient AgNOj; for
complete precipitation. Centrifuge; wash the precipitate thor-
oughly, and use it for experiment 2.

Experiment 2. Action of ammonia. To the precipitate from
experiment 1 add 3 drops of 15N NH;; slime the precipitate
thoroughly, using a glass rod. Centrifuge. Has any of the
precipitate dissolved? How can you find out? Whether or not
the precipitate has dissolved completely, add 3 drops of colorless
NH,HS reagent and again slime thoroughly. Centrifuge and
discard the precipitate. Boil the NH; out of the solution and
centrifuge out any sulfur. Use this solution for experiment 3.

Experiment 3. Action of ferric ion. To the boiled solution from
experiment 2 add 6 drops of 3N HNQj,, 3 drops of CCly, and enough
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Fe(NOj); reagent to permanently color - the -solution. Shake
thoroughly and examine CCl, layer for color. Use the water layer
for experiment 4.

If the sulfide ion was not completely removed in experiment 2, a white
precipitate upon addition of Fe+? would be sulfur due to

2Fe+t + H,S = 2Fet+ + § + 2H*.

Experiment 4. Action of permanganate (reagent for Group II).
To the water layer of experiment 3 add KMnO, dropwise until the
red color of [Fe(NCS)s]™® disappears and the pink color of dilute
MnO,~ is permanent. Reserve for experiment 5.

Experiment b. Test for complete removal of thiocyanate. To
the solution from experiment 4 add 1 drop of H;O; and then 1 drop
AgNO; Has all of the NCS— been destroyed? What two ions has
it formed? :

Oxidation of Fe(NCS)s~2 by MnO,~ frequently causes some MnO; to
form. This is instantly reduced by Hz:0.. Some H:0, contains CI-. The
reagent should be tested for Cl- before using here.

REACTIONS OF IODIDE ION
(GROUPS II, II-A, III, AND VIII)

Study pages 364-366.

Experiment 1. Repeat experiment 1, thiocyanate, using iodide
ion test solution instead of thiocyanate ion. Use precipitate for
experiment 2.

Experiment 2. Repeat experiment 2, thiocyanate, using the
precipitate from experiment 1. Use solution for experiment 3.

Experiment 3. Repeat experiment 3, thiocyanate, using the
boiled solution from experiment 2 (test for iodide ion). Remove the
water layer to a crucible and boil gently until I, is completely
volatilized. Add another drop of Fe(NOs); if necessary. Solution
should be yellow and not brown. Test the solution by experiment
4 for complete removal of I,.

Experiment 4. Test for complete removal of iodine. To the
solution from experiment 3 add KMnOy dropwise until the pink
color of dilute MnO,~ is permanent. Test for I, by shaking the
solution with 4 drops of CCl,, Was all the I, removed in experi-
ment 3?
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REACTIONS OF BROMIDE ION (GROUPS II, III, AND VIII)

Study pages 366-368.

Experiment 1. Repeat experiment 1, thiocyanate, using bromide
ion test solution instead of thiocyanate ion. Use precipitate for
experiment 2.

Experiment 2. Repeat experiment 2, thiocyanate, using the
precipitate from experiment 1. Use solution for experiment 3.

Experiment 3. Repecat experiment 3, thiocyanate, using the
boiled solution from cxperiment 2. Use both water and CCl,
layers for experiment 4.

Experiment 4. Repeat experiment 4, thiocyanate, using the
solution (both water and CCl,) from experiment 3 (test for bromide
ion). Use the CCly solution for experiment 5 and the water solution
for experiment 6. Would the prescnce of NCS— and I~ interfere
with the detection of Br—? '

Experiment 5. Sensitive test for bromine. Spot a picce of
filter paper with 1 drop of fluorescein rcagent. Now add to the
spot 1 capillary drop of the CCly solution of Br.. A pinkish-red
ring will be formed if Br; is present (confirmation of Br~). Any
MnO; present will remain at the center of the spot.

Experiment 6. Test for complete removal of bromine. Place
the clear water solution from experiment 4 in a erucible and boil
to remove any Br; not removed by CCl,.  Test for Br, by shaking
the solution with 4 drops of CCl;. Continue boiling until no more
Br; is present. Add 2 drops of AgNO;. Has all of the Br~ been
oxidized?

REACTIONS OF CHLORIDE ION (GROUPS III AND VIII)

Study page 368.

Experiment1l. Repeat experiment 1, thiocyanate, using chloride
ion test solution instead of thiocyanate ion. Use precipitate for
experiment 2.

Experiment 2. Action of ammonia. To the precipitate from
experiment 1 add 3 drops of 15N NHj.  Stir thoroughly.  Does the
precipitate dissolve? Add 3 drops of NH,HS reagent. Stir
thoroughly. Centrifuge and discard the precipitate. Boil the
NH; out of the solution and centrifuge out any sulfur. Use this
solution for experiment 3.
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Experiment 3. Action of permanganate. To the boiled solution
from experiment 2 add 6 drops 3 N HNO3, 3 drops of CCly, and then
add KMnO, until the pink color of Mn(O,~ is permanent. Does
MnO,~ oxidize CI=? Use the water solution for experiment 4.

Experiment 4. Confirmatory test for chloride. To the solution
from experiment 3 add a drop of H,O, to reduce KMnO, and any
MnO,. Add AgNO; dropwise until precipitation is complete.
White AgCl proves chloride.

Test the reagent H,0, for Cl- before using. If Cl- is found in it, run
a blank using the same number of drops of H.O, as were used in the
unknown. Subtract the amount of C1- in the blank from that found in
the unknown.

REACTIONS OF CHLORATE ION (GROUP 1)

Study pages 369, 370.

Experiment 1. Action of silver nitrate. Place in a centrifuge
tube 2 drops of chlorate ion test solution. Dilute to 1 ml.  Add
3 drops of 3N HNOj; and 2 drops AgNO;.  Use solution for experi-
ment 2. Is AgClO; insoluble in dilute HNO;?

Experiment 2. Action of nitrous acid. To the clear solution
from experiment 1 add 3 drops of HNOj3 and 1 to 2 drops of chloride-
free KNO,.  What is the precipitate? Prove that it is not AgNOa.

Experiment 3. Action of manganous ion and phosphoric acid.
With 1 drop of chlorate ion test solution carry out the test as directed
for experiment 5, chromate, page 384.

Experiment 4. Action of chloromanganous acid. With 1 drop
of chlorate ion test solution carry out group test for oxidants as in
experiment 6, chromate, page 384.

REACTIONS OF NITRITE 10N (GROUPS I{?], II, 1I-A)

Study pages 372-374.

Place in a test tube 2 drops of nitrite ion test solution and 18
drops of water. What is concentration of NO,~ in mg per ml?
Use this solution for the following experiments. ‘

*Experiment 1.2 Action of manganous ion and phosphoric acid.
Using 1 drop of NO;~ test solution (10 mg/ml), perform test for
oxidant anions as in experiment 5, chromate, page 384. Repeat

2 Experiments so marked may be omitted in shorter courses.
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the test, using 1 drop of the dilute solution (1 mg/ml). Would you
rely on this test to find or to prove absent a small amount (0.5 to
1.0 mg per ml) of NO,~?

Experiment 2. Action of chloromanganous acid. Perform the
test for Group I anions as directed in experiment 6, chromate, using
1 drop of 10 mg/ml test solution. Repeat, using 1 drop of the
1 mg/ml solution.

Experiment 3. Action of permanganate. Carry out the Group
II test for reductant anions as in experiment 4, oxalate, page 380, but,
use 2 drops of the dilute solution of nitrite ion.

Experiment 4. Action of ferric ferricyanide. Carry out the
Group II-A test for reductant anions as in experiment 5, oxalate,
but use 2 drops of the dilute solution of nitrite ion.

Experiment 6. Sulfanilic acid-e-naphthylamine test. Carry
out the sulfanilic acid-a-naphthylamine test for nitrite, page 406.
A blank must be run.

Experiment 6. Brown-ring test. For interferences sce page 375.
In a test tube place a few drops of an aqueous solution or of the
“prepared solution’ which has been acidified with 3N H,80,.  Tor
this experiment use 1 drop of NO,;~ test solution. Add an equal
volume of concentrated H;SO, and cool the mixture as much as
possible by holding in a stream of tap water. Then with a pipet,
and holding the test tube as nearly horizontal as possible, run down
the side of the test tube about 0,5 ml of freshly prepared saturated
solution of FeSO47H:0 or of (NH,)Fe(S04)2:6H20 so that the solu-
tion does not mix with the acid layer. If nitrate or nitrite is present,
a brown ring will form at the junction of the two layers, the time
required being proportional to the amount present. The mixture
must be kept as cold as possible because Fe(NO)*+ is easily decom-
posed on warming. Interfering anions (except ClOs™) ecan be
removed before applying the test by adding saturated Ag.SO,
solution as long as a precipitate continues to form. Centrifuge and
discard the precipitate.

Experiment 7. Repeat experiment 6, using 6 N AcOH instead of
conc. HzSO(.

*Experiment 8. Reduction of nitrite to ammonia. Place 1 drop
of nitrite ion test solution and 8 drops of NaOH in the Erlenmeyer
flask, equipped with wedge point pin and red litmus paper, as in
test for ammonium ion (page 308). Test for NH; in the solution by
gently warming the solution. Litmus paper turning blue proves
NH; in the mixture. If present, remove as directed on page 308.
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To the solution free from NH; add a few fragments of Devarda’s
alloy. Litmus paper turning blue indicates reduction of nitrite ion
to NHj;. (Other nitrogen-containing compounds are also reduced
to NH3.)

*Experiment 9. Destruction of Nitrite Ion by Ammonium Ion
(test for nitrate in nitrite). In a crucible place 2 drops of NO,™ test
solution (10 mg/ml). Add 6 drops of saturated NH,Cl solution
and heat slowly just to dryness. Take up with 6 drops of water.
Test 1 drop of the solution for NO,~ as in experiment 5. If the test
is positive, repeat the evaporation to dryness. Take up with 6 drops
of water and repeat the test. If necessary evaporate a third time
or until 1 drop gives no test for NO;~. When a drop gives no test
for NO;~, add to this test mixture on the spot plate a fragment of
Devarda’s alloy. Any color appearing now is due to NOz;~ which
has been reduced to HNO,.

REACTIONS OF NITRATE ION (GROUP I[?])

Study pages 374-376.

Place in a test tube 2 drops of nitrate ion test solution and 18
drops of water. Use this solution for experiments 1 to 3.

Experiment 1. Action of manganous ion and phosphoric acid.
Using 1 drop of nitrate ion test solution (10 mg/ml), NO;~, perform
this test as directed in experiment 5, chromate, page 384. Repeat
the test, using 1 drop of the dilute solution (1 mg NO;~/ml).
Would you rely on this test to find or to prove absent a small
amount (0.5 to 1 mg per ml) of nitrate?

Experiment 2. Action of chloromanganous acid. Perform the
group test for oxidant anions as dirccted in experiment 6, chromate.
page 384, using, instead, 1 drop of test solution of nitrate ion.
Repeat the test, using 1 drop of the solution made above (1 mg/ml
NO;™). Would you rely on this test to find or to prove absent a
small amount of nitrate?

Experiment 3. Repeat experiment 5, nitrite, using 1 drop of
the dilute nitrate ion solution instead of nitrite ion. Use test
mixture for experiment 4.

Experiment 4. Reduction of nitrate to nitrite. If the sulfanilic
acid-a-naphthylamine test in experiment 3 was negative, add a
fragment of Devarda’s alloy. A red color should gradually develop.

Experiment 5. Repeat experiments 6 and 7, nitrite, using 1 drop
of nitrate ion test solution instead of nitrite ion.
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. Experiment 6. Repeat experiment 8, nitrite, using 1 drop of
nitrate ion test solution instead of nitrite ion.

REACTIONS OF BORATE ION (NO GROUP REAGENT)

Study pages 370-372.

Experiment 1. Turmeric paper test. Using 1 mg BO, - per ml
acidified with HCI, perform the turmeric paper test (page 405).

Experiment 2. Flame tests. Using a little solid borate salt in
each case, perform the two flame tests on page 371.

REACTIONS OF ACETATE ION (NO GROUP REAGENT)

Study pages 376, 377.

Formation of acetone and its action on alkaline nitroprusside.
Perform the test for acetate ion as described on page 407 on each
of the following materials:

1. 5 mg of solid (AcO).Pb.

2. 5 mg of solid AcONa.

3. 4 drops of AcO— test solution.

REDOX REACTIONS IN GROUPS I, II, AND II-A

Group I. Reductants [MnCls]=# = [MnClg]=2 + e~
Mnt+ + 2H,PO4 =2 [Mn(POy)o] -2 + 4H+ + e
Oxidants ClO;~ + 6H* + 6e~ = C1- 4- 3H,0
HCrO4~ + 7TH* + 3¢~ = Cr*3 + 4H,0
[Fe(CN)g]~® 4+ e~ == [Fe(CN)q} 4
HNO; + H* 4+ ¢~ == NO + H,0
NO;~ + 4H* + 3¢~ == NO + 2H,0
Group II. Oxidant MnO;- + 8H* 4 5¢~ «> Mn't+ 4+ 4H,0
Reductants [Fe(CN)e] ™ @ [Fe(CN)y]=3 + ¢~
HSO,~ + Hy0 2 S0~ + 3H*+ + 2¢-
3503~ + 5H,0 =2 280,~ 4+ S406~
(tetrathionate) + 10H* + 10e-
HAsO. + 2H,0 & H,As0,~ + 3H* + 2e-
HC,04~ & 2C0O,; + H* + 2e¢~ (hot solution

only)

3H0 + I- 210;- + 6H+ + 6e-
2Br- = Br; + 2¢-
NCS- + 5H;0 = 80,~ + NCO- + 10H+
+ 8¢~
HS + 4H.0 K=d SO~ + 10H* + 8e~
HNO: + H,O &2 NO,;~ + 3H* + 2¢-
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Group II-A. Oxidant [Fe(CN)e]=2 + e~ = [Fe(CN)]*; Fe+?
+ e~ = Fe++
Reductants j/H.S < § + 2H* + 2¢-
which re- HSO;- + H,O « S04~ + 3H+

duce Fe + 2- lf‘lurnbull 8
more 28:0;~ =2 8,06~ (tetrathionate) ue
rapidly. + 2~
Reductants (2]~ =21, + 2¢~

which re-

duce HNO: + H:0 & NO;s~ + 3H* Prussian
[Fe(CN)y]-* + 2¢~( blue

more

rapidly.

REMOVAL OF INTERFERING CATIONS
Make a ‘“{ransposed solution” of each of the following salts
separately ax directed on page 397. Notice carefully colors of
insoluble residues.  Test each prepared solution for the anion (not
carbonate) supposed to be in it, following directions below for each
salt. Centrifuge out precipitates and estimate and record amount
of anion in the | ml of solution.

1. BaSO;. Acidify 1 ml with HCI, add (AcO).Ba reagent
until precipitation is complete.

2. MgNI[PO,.  Acidify 1 ml strongly with HNO; and test
for phosphate ion with (NH4):MoO,.

3. Cays(P’Oy)s.  Proceed as in 2.

4. Cal's. Neutralize 1 ml as directed on page 398 and add
(AcO).('y reagent. Wash any precipitate thoroughly; extract any
CuC0); present with AcOH. Test any residue for F— with zir-
conium alizarin sulfonate.

5. CuCrO,. Neutralize 1 ml as directed on page 398. Does a
precipitate form on neutralization? What does it appear to be?
Judging by the color of the solution, has much CrO,~ gone into
solution?

6. Al(H:0)¢Cl;. Neutralize 1 ml as above. What is the
precipitate that forms? Should large Cu- be in the solution?

7. AssS;. Neutralize 1 ml as above. What is the precipitate
that forms? Centrifuge and discard it. To the clear centrifugate
add (AcO).Cd as long as any precipitate forms. Centrifuge, wash,
and treat precipitate with 3N HCl. What is the yellow residue?
Explain its formation.
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8. ZnS. Neutralize with AcOH and test for S~ as directed on
page 411.
9. FesFe(CN)gls. Acidify 1 ml with HCI and test for Fe-
(CN)s*.
10. Hgl,. Acidify 1 ml of the solution with HNO, and test,
for I-.

Theory of the Transposed Solution

Since the carbonates or hydroxides of all cations except Na', K+, and
NH,* are insoluble in water and the Na salts of all anions are soluble,
boiling with conc. Na.CO; should remove most cations and bring most
anions into solution. At 100° Na.CO; is considerably hydrolyzed.

CO;= + H:0 = HCO;~ + OH-

Since both CO;~ and OH- are present, carbonate, hydroxide, or basic
salt of a given cation may precipitate, depending upon which of the three
is least soluble. Since a large excess of Na.CO; is used, CO;= is rarely
used up and the HCO;~ remains unacted upon.

NH.Fe(S04)>12H:0 + 3C0,- + OH- = FeOOH + 280,~ + 3HCO," +

NH; + 11H,0
ZnCrO, + (03~ = ZnC'0; + (10~

Ammonium salts are completely decomposed.

v

NH* + COs + M0 = NH; + 110 + HCO-

Amphoteric hydroxides are dissolved only a little, since ('oq— cannot
become very large.

AlOOH + OH- + H:0 = Al(OH)+

CuCO; + 30H- 4+ H.0 = Cu(OH),~ + HCO,~
- (blue)

The blue color produced by cupric salts is probably due mostly to
[Cu(CO;)zl-.

On neutralizing the Na:CO; solution, the amphoteric hydroxide repre-
cipitates and is removed.

Sulfides of Cation Group II-B, except HgS, may form thioanions.

As:S; + 60H- < [AsS:0]~3 + [AsSO,)~2 + 3H.0
§!}§_¢ + 20H- =[SnS:0]~ + H0

On neutralizing the solution, the sulfides reprecipitate.
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As shown in Chapter 8, page 112, the extent to which an insoluble salt

K., salt
. b . O.P. . .
is transposed by Na,CO; dependson the ratio K.y, carbonate (or hydroxide)

For example, BaSO, is only partially transposed,

BaSO, + C0s~ = BaCO; + SO,

because BaSO, is considerably less soluble than BaCO;. On the other
hand, PhCrO,, which has about the same solubility as BaSQ,, is almost
completely transposed because PbCO; (or basic carbonate) is very much
less soluble than PbCrO,.



CHAPTER 20
SYSTEMATIC ANALYSIS OF ANIONS

In general the cations, except Nat, K+, and NH,*, interfere
with anion analysis and should be removed before proceeding.  As
shown in the preceding chapter, most material is decomposed when
boiled or fused with Na,COj;.  The cations are precipitated and the
anions pass into solution.  This solution, referred to in various texts
as the ‘“transposed solution,” the “prepared solution,” or the
“sodium carbonate solution,” is the test solution most frequently
used in anion analysis.

According to the nature of the material to be analyzed, a
transposed solution may or may not have to be made. Four cases
have to be considered.

REMOVAL OF INTERFERING CATIONS:
THE TRANSPOSED SOLUTION

Cases 1and 2. Material completely soluble in water. Dissolve
50 mg of the solid material in 2.5 ml of water. To a drop of the
aqueous solution add a drop of 3N Na,CO; and stir thoroughly.
(1) If no precipitate results, interfering cations are absent and the
solution is ready for analysis. (2) If Na.CO, forms a precipitate,
treat 2 ml of the solution with 1 ml of 3N Na,CO; and heat as
directed under case 4.

Case 3. Material partly soluble in water. The water-soluble
part may be extracted and tested separately and the thoroughly
extracted insoluble part treated with Na,COj; as in case 4. This
method has the advantage of later indicating to some extent which
anions were combined with which cations. It has the disadvantage
of requiring two anion analyses instead of one. Of course, the
material may be treated at once with Na,CO; without previous
extraction with water.

Case 4 (and 3). Material entirely or partly insoluble in water.
Make the transposed solution by placing 50 mg of the solid in a small
Erlenmeyer flask, adding 2.5 ml of 3N Na,COj;, and keeping it at a
gentle boil for five minutes. Note whether NH; is evolved. Kach

minute replace the water that has boiled away and stir the mixture
397
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thoroughly. Transfer the hot mixture to a 15 ml eentrifuge tube
and centrifuge. Add water to make the solution 2.5 ml.  (Save the
residue until the cation analysis has been made. It may be needed!)

Substances not transposed by sodium carbonate. The following
substances are not much affected by the Na;COj treatment ;

1. All phosphates, except those of Nat, K+, and NH,*.

2. Most sulfides, except those of As, Sh, and Sn*4, which are
amphoteric.

3. Mineral fluorspar, CaF, The freshly precipitated salt is
much more soluble.

4. Halides of Ag*, that is, AgCl, AgBr, Agl, and AgSCN.

5. Most mineral silicates.

Since in certain cases these anions may not pass into the Na.CO;
solution but remain entirely in the carbonate-hydroxide residue, this
residue must always be preserved until the anion analysis has been
made. In many cases a consideration of solubilities will show that
it will not be necessary to analyze the residue for all the possibilities.
For example, if a solid unknown is entirely soluble in dilute HNOj,
it cannot contain a halide of silver. Directions and methods for
testing this insoluble residue will be found on page 413.

Neutralization of the “prepared solution.” Add to the clear
Na,COjs solution in a clean Erlenmeyer flask 1 capillary drop of
phenolphthalein (see note 1). Then add 6 N AcOH 1 drop at a time
with vigorous shaking after each drop. Count the drops until the
pink color just disappears. Spot a strip of filter paper with a
capillary drop of (AcO).Pb. Continue the dropwise addition of
AcOII with vigorous swirling of the liquid to remove CO, until as
wuany more drops have been added as were required to decolorize
the indicator. Expose the test paper to the escaping gases while
the second and third drops of acid (after phenolphthalein was-
bleached) are added. As little as 0.5 mg of S=in the solution can be
detected as H,S at this point (see note 2). In nearly all cases the
solution will be basic to litmus. Now using litmus paper as indi-
cator and 1 N AcOH, cautiously bring the solution just to the basic
side of neutrality (see note 3). If the solution becomes acid, make
it just basic by using 1N NHj.

Notes: 1. Phenolphthalein is pink to CO;= and colorless to HCO;-.
If, of the 1.5 molal COs™, z moles have reacted with cations or with water,

- moles of HCO;~ have been formed and 1.5 — £ molar COy~ remains.
When the AcOH is added,

COs= + AcOH = AcO- + HCO;-.
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When all CO;~ has become HCO,~, the phenolphthalein becomes colorless
But since

HCO;~ + H.0 = CO; + OH- + H,0,

the solution, though neutral to phenolphthalein, is still distinctly basic
to litmus. Since if any CO;~ reacted with cations there must be more
HCO,~ than COs~ in the solution, as many drops of AcOH can safely be
added after the phenolphthalein becomes colorless as were required to
decolorize it. The solution will still be basic to litmus.  After all CO;= has
become HCO;~, each drop of AcOH causes evolution of CO,.  After half
or more of the HCO;~ has been neutralized, it is safer to finish with
1 N AcOH 50 as not to let the solution reach distinct acidity. CO, should
be removed as completely as possible by swirling the liquid, but the solution
must not be heated nor allowed to become acid, since this might result in
loss of H:80; HCN, or HNO..

2. HS- is a much weaker acid than HCO;~ and will be changed to Ha3
before all HCO;~ is neutralized. The evolution of large amounts of CO,
appears to remove H.S completely from the solution at this point unless
an unusual amount of sulfide is in the solution. It has been found rather
easy to detect the H.S if the test is made ezactly at the point directed.
Small amounts of S~ are likely to give no precipitate of Cds in Group V.
Larger amounts usually give some precipitate, although part of the 8= will
have been lost during neutralization of the sodium carbonate solution.
It is to be remembered that only if alkali sulfides are present in an aqueous
solution is much 8~ likely to be found in the “prepared solution.” As a
rule S~ must be sought in the insoluble residue from this solution.

3. The solution neutralized as above directed will still contain a little
CO2. This may cause precipitation of a little CaCOy in Group IV. How-
ever, the amount will not be sufficient to cause serious confusion.

SYSTEMATIC ELIMINATION OF ANION GROUPS

Study (pages 331-339) two examples of correct use of the A.E.S.

Color and pH (test A). Observe and record whether an unknown
aqueous solution, the aqueous extract of a solid unknown, or the
“‘prepared solution” is colored or colorless. In a colorless solution
CrO;~ and [Fe(CN)g]™* are certainly absent. Determine whether
an unknown aqueous solution or the water extract of a solid unknown
is neutral, basic, or acidic. This preliminary test is to be indicated
on the A.E.8. by “A.”

Note: A basic aqueous solution indicates the presence of alkali salts of
weak acids. An acidic aqueous solution may occasionally be due to
hydrolysis of a salt of a weak base and a strong acid. In an aqueous
unknown solution it may be due to the presence of free acids such as
H2S0; or H,C,04. A neutral solution is not to be taken as proving absence
of weak acids or bases. A solution of AcONH, is neutral, although it is
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the salt of a weak base and a weak acid. Two hydrolyses, one producing
H+, the other OH-, might neutralize each other. This test is of chief
importance in determining the measures necessary for neutralizing an
aqueous solution for the precipitation of Groups IV to VIII when no
““prepared solution” has to be made.

Preliminary Group Tests

Indicate on the A.E.S. cach of the following group tests by the
number assigned below to the test. For example, if in test I no
color is observed, place I in the “ Certainly Absent” column opposite
ClO3~ and CrO4~ and place a check in the “Try Other Tests”
column opposite NO;~, NO,~, and [Fe(CN)4]-3.

Tests for Group I (oxidant anions). Either or both of the two
tests below may be used. Except as to NO,~, the results should be
alike. Enter cither or both tests on the A.E.S. as I.

1. Anions which oxidize chloromanganous acid. Add 1 drop of
test solution to 2 drops of H;MnCl; solution. Heat carefully and
let stand 10 minutes. A brown ecolor compared to a blank that is
run at the same time, using 1 drop of distilled H,O instead of test
solution, indicates the presence of ClOs~, CrO;~, [Fe(CN)g-?,
NOs™, or NO,~. This test.is more reliable for NO,~ than is test 2.
Small NOg~may rcact slowly. A negative result is not absolute proof
of absence of small NOy~ and NOs~.

2. Alternate test. In a miero crucible place 1 drop of test solu-
tion, either original aqueous or “prepared solution.”  (If test solu-
tion is strongly basic, acidify with H3PO,.) In another crucible
(the blank) place 1 drop of distilled water. To each add 1 drop
saturated MnSOy solution and 4 drops of syrupy H;PO,; Heat
both at the same time slowly to boiling then let the crucibles cool.
Violet-colored [Mn(POy) [* indicates ClOs~, CrO;~, or (NOz).
Large amounts of NO.~ may give the test. [Fe(CN)gl™® causes,
hefore heating, precipitation of brown MnyFe(CN)gl,. If this
precipitate forms, pipet off the clear liquid to another crucible and
add more MnSO,.

Care must be exercised not to overheat the crucibles because in
presence of fuming HsPO, air will form the violet anion.

Test for Group II (anions that reduce MnO,~ in acid solution).
Place 3 drops of distilled H:O in a test tube. Make acid with
6 drops of dilute H»SO, and add dropwise very dilute (N/100)
KMnO; solution until a permanent pink color remains. Now in
another test tube place 3 drops of test solution, 6 drops of dilute



Cuar. 20] SYSTEMATIC ANALYSIS OF ANIONS 401

H,S04, and 1 more than the number of drops of 0.01 ¥ KMnO, that
was added to the blank. Bleaching of the KMnO, indicates the
presence of one or more of the following reducing anions: [Fe(CN)g] 4,
80s~, 8:05=, AsOy~, Cy0;~, I-, Br~, NCS-, 8=, NOs,~. Stir or
shake for 2 minutes after each addition. Reduction by some
anions may be slow. If KMnOj, is bleached, add three more drops
of dilute KMnO,. If the solution is still colorless, add dropwise
0.1N KMnOy solution until a permanent pink color remains. 3
drops of CCl; are now added and the mixture shaken vigorously.
A brown-yellow CCly layer indicates presence of hromide.  Color-
less CCly layer proves absence of Br-. If the KMnQ, is not
bleached, heat and note the results.  If bleaching takes place only
upon heating, the presence of C:04~ only is indicated. A negative
test shows absence of all anions of this group eéxcept CN- whiceh, if
very dilute, may not act on KMnO,. CN~ must always be looked
for in Group VII.

Test for Group II-A (anions that reduce Fe[Fe(CN),] reagent).
To 2 ml of distilled water add 2 drops of 1N Ke(NOy)s solution,
1 drop of freshly prepared saturated solution of K3Fe(CN)g, and 4
drops of 3N HCl. Mix thoroughly and divide between two test
tubes. To one add 1 drop of the test solution.  Blue or green color
(see note), as compared with that of the blank, indicates S, NO,~,
SOs~, I=, S:05=, [Fe(CN)g4, (C2047). A red coloration, [Fe-
(NCS)s)3, indicates NCS—.  C,Q4~ if large may give a green color
that does not become blue.  This is probably due to formation of
[Fe(CyO4)s]™®. Too large Cu+ makes the reagent greenish instead
of brown. 1t also slows up the redox reactions.

Note: A mixture of a little soluble iron blue and excess [Fe(CN)g)-* may
give a green color. The reagent itself may become blue after standing
5 to 10 minutes.

Test for Group III (anions whose silver salts are insoluble in
dilute HNO;). Place 5 drops of the aqueous known or unknown
solution or of the transposed solution in a centrifuge tube and add
3 drops of 3N HNOj;. Test solution with litmus to be sure solution
is distinctly acid. Now add dropwise AgNO; solution as long as a
precipitate continues to form. Note appearance of black or yellow-
ish tints. Black Ag.S would indicate presence of S= or S;0,~.
Centrifuge and add 1 drop of AgNOj to insure complete precipitation
and reserve the clear centrifugate for a test for chlorate. A precipi-
tate indicates Cl-, Br—, I-, N C’S’“, CN", 8=, 8:0s~, [Fe(CN)4)™3,



402 SYSTEMATIC ANALYSIS OF ANIONS [CHar. 20

[Fe(CN)e]=%. Note color of precipitate. Which of these ions form
Ag* salts that are not white? Record results on A.E.S.

Na;COj3 usually contains a trace or more of Cl=. The reagent
must be tested and its content of Cl- allowed for here and in
Group VIII.

Test for chlorate ion. Make this test only if oxidizing acids
were found present in Group I. Heat one half of the clear cen-
trifugate from Group IIT and add 1 drop of chloride-free KNO,. If
a white precipitate forms, stir vigorously and centrifuge. A white
precipitate insoluble in excess of HNO; but soluble in dilute NH,
is AgCl and proves ClOs~. Record result on A.E.S. as test I11.

Test for Group III-A (anions whose silver salts are colored and
soluble in HNO; but insoluble in neutral solution). To the remain-
ing half of the clear centrifugate from Group III add 3 drops of
AgNOs, then add capillary drops of 1 N NH;, stirring thoroughly
after addition of cach drop (see note). Continue the dropwise
addition of NHj until a precipitate forms or until the solution
becomes just basic to litmus. A reddish precipitate indicates
CrO;~ and/or H.AsOgp. A yellow precipitate would indicate
HAsOy and/or 1IPO;~. If the solution is very nearly neutral,
absence of precipitate proves absence of all these ions from the solu-
tion tested. Rccord results on A.E.S.

W hite silver salts of other anions may precipitate. No inference
as to their identity is possible at this point.

Note: The silver salts of Group III-A anions are soluble in excess of
NH,.

Precipitation Group Tests

A Na,COj extract of a solid unknown (the transposed solution)
was made faintly basic to litmus at the time of preparation and is
ready for these precipitation tests.

Test for Group IV. Place 1 ml of the cool solution which is just
basic to litmus (see note 1) in a centrifuge tube and add dropwise
from a pipet 2N (AcO):Ca solution as long as a precipitate con-
tinues to form. Centrifuge, add 1 drop of (AcO).Ca to ensure
complete precipitation, and reserve the clear centrifugate for Group
V. Wash the precipitate with 2 to 3 drops cold water, stirring
up the precipitate thoroughly, and collect this wash water with the
original centrifugate. Wash the precipitate at least twice more
with about 2 drops of water at a time.
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The precipitate may be (CaCOj) (see note 2), CaHPO,, CaC.0;,,
CaF,, (CaS0;), (Ca(AsO,)z). Compounds in parentheses may or
may not precipitate according to amount present. Reserve a
precipitate for later examination. Record results on A.E.S.

Notes: 1. As stated on page 330, the solution should be cold and only
slightly basic to litmus to prevent AsOQ.~ and HAsO,~ from precipitating.

2. If a solution has been neutralized as previously directed, very little
CaCQ; should be precipitated. The original solid or solution should be
used to test for (04,

Test for Group V. To the filtrate from Group I'V that must be
just hasic to litmus add 2N (AcQ).Ba dropwise as long as precipi-
tate forms. Centrifuge, then add 1 drop of (AcO);Ba to test for
complete precipitation.  Reserve solution for Group VI. Wash
precipitate thoroughly with water containing a drop of (AcO).Ba.
Precipitate may be BaSO,, BaSO0; BaCr0O,, (BaS.,0s;, BaHAsO,).
Reserve a precipitate for later examination.  Record results on
AE.S.

Test for Group VI. To the filtrate from Group V made just
basic to litmus (see note 1) and heated nearly to boiling add 2N
(Ac0).Cd dropwise as long as precipitate forms.  Centrifuge and
reserve solution for Group VII. Wash a precipitate thoroughly
with water containing a drop of (AcQ).Cd. Precipitate may be
CdS (sce note 2), Cdg[Fe(CN)gl, Cds[FFe(CN)s)s, Cd(As0y)q, CdH AsOy.
No precipitate with Cd** does not prove absence of AsQp~ or
HAsQ,~, since these ions may have been precipitated by Catt or
Bat+. A more reliable test is given later.  Reserve a precipitate
for later examination. Record results on A.E.S.

Notes: 1. Tt is well to recheck at this point the reaction of the solution
to litmus.  Reactions may huve caused considerable change of pH.
2. Only if the “prepared solution’ contained a large Cs~ (see p. 399).

Test for Group VII (only if Group III test was positive). To
the filtrute from Group VI, made just basic to litmus, add 4N
Co(N()y). solution dropwise as long as a precipitate forms, then
2 drops in excess.  Centrifuge (see note 1) whether a preeipitate is
visible or not and reserve the solution for Group VIII. Wash a
precipitate once with water containing 2 drops of Co(NQOy).. A pre-
cipitate must always be confirmed (see note 2).

Notes: 1. Co(CN),, yellowish-brown, strongly tends to be colloidal.
It is less soluble and less dispersed in high C¢.*+.  For these reasons a large
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excess of precipitant must be used; the solution must be centrifuged even
when no precipitate is visible, and a precipitate must be washed with
water containing considerable Co™*.

2. Blue CoOOHNO; sometimes precipitates.

Confirmation of CN~. 'T'ransfer the precipitate to the Erlen-
meyer flask, which has been fitted with a cork carrying the wedge-
point pin.  In the loop of the pin place a strip of filter paper spotted
with 1 drop of (AcO).Cu and 1 drop of benzidine acetate. To the
precipitate add 6 drops of 3N H,SO4 and close the flask. Warm
the solution gently. A blue color on the filter paper proves CN—.

Test for Group VIII (only if the Group III test was positive).
The filtrate from Group VII is made strongly acid to litmus with
3N HNO;, and AgNO; is added until precipitation is complete.
Heat to boiling. Centrifuge and discard liquid. Wash the pre-
cipitate with a few drops of water containing HNQO;. Precipitate
may be AgeS (black) from S;05~, AgNCS, Agl, AgBr, AgCl. Note
carefully color of precipitate. A black precipitate here is proof
of S;0;™.

TESTS FOR INDIVIDUAL ANIONS

These individual tests are to be made only if the A.E.S. shows
that preceding tests have not proved the ion absent.

Tests in HCl Solution

Test for carbonate (HCl,).

1. If the unknown is an aqueous solution, put 4 drops in & small
centrifuge tube and add 3N HCI dropwise until the solution is
decidedly acidic.

2. If an unknown solid is to be tested, place about 5 mg in a
centrifuge tube, add dropwise about 4 drops 3 N HCl, warm, and
stir.

In cither 1 or 2 observe carefully, holding the tube between the
eye and a window, whether a fine stream of gas bubbles is formed (a)
at contact of the HCl with the solution or (b) with the solid (see
note 1). A colorless, odorless gas evolved in bubbles (see note 2) is
practically always CO; from carbonate. This characteristic test
for COs™ is given by amounts larger than a trace. If doubtful,
confirm by more sensitive test (page 405). A permanent gelatinous
precipitate from a water soluble unknown would suggest possible
presence of [Si(OH)e¢~, [Sn(OH)¢~, [Sb(OH)e]-. Formation of
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colloidal sulfur would be a result of 8,;0;~ or of the interaction of
SO, with H,S.

Notes: 1. Many alkali salts of weak acids sueh as NaAsQ; and basie
oxides such as MgO may have taken up CO; from the air and give a feeble
test for COy~. In such a case careful observation is required to see the
exceedingly minute stream of bubbles. From a solid surfare adsorbed
air is likely to be released at irregular intervals in rather large bubbles.
This bears little resemblance to the regular evolution of CO..

2. Of the volatile weak acids that can be formed here (HLCO;, H.SO;,
HCN, HNO., H.S) carbonice is by far most frequently met and is practically
the only one to form bubbles, as the others are much more soluble in water.
S0, and HCN have characteristic odors. HNO, decomposes, giving
vellow-brown NO.. In semimicro analysis lack of odor and color is not
very reliable proof of absence, since quite small amounts may he present.

Sensitive test for CO,~.

1. Unknown an aqueous solution. Place 10 drops in Erlenmeyer
flask equipped for gas tests (page 189).  Add bromine water drop-
wise, with thorough shaking until the solution has a permanent
yellow color. This is to oxidize any 803~ which may™ be
present to SO~ (SOz would form CaS0;.) In a depression of the
spot plate mix 3 drops of 2N (Ac0).Ca and 3 drops of 6 N NH,.
Dip the carefully cleaned loop of the wedge-point pin into the
mixture so that a film is formed within the loop.  To the solution
in the flask add 5 drops of 3N H:80, and quickly stopver the flask
with the cork carrying the test film.  Set on the hot plate for two
minutes. If the filin becomes milky from the formation of CaCOs,
the presence of COs= is proved.

Notes: 1. If the pin is not freshly cleaned, the film may beecome blue
because of formation of Cu(NH;),**. A elean pin will not give this eolor.

2. The CO; present in air will produce a turbidity in the test film but
only after some time. In the test for very small amounts of carbonate a
blank should always be run.

2. Unknown a solid mixture. Place about 5 mg in the Irlen-
meyer flask and proceed as directed in 1 above.

Preparation of an HCI solution for tests HCl;;v. Place in a
centrifuge tube 10 drops of cither transposed solution or an original
unknown solution, if a transposed solution was unnccessary (sec
page 397). Add 3N HCI dropwisc until the solution is decidedly
acidic. Notice carefully color and texture of any precipitate.
Centrifuge and use the clear liquid for tests HCly to HCly.

Tests for borate (HCly). Place 1 drop of the HCI solution on
turmeric paper, place the paper on a watch glass, and dry thoroughly
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on the steam plate. Pinkish-red color turning green-black where
touched with a 1% solution of NaOH (1 drop 6 N NaOH +- 19 drops
H.0) proves borate. Strong oxidants (see note) may interfere.
Note whether these have been indicated and, if so, use the flame
tests on page 371.

Note: Oxidants, ClO;~, CrO4~, [Fe(CN)¢~3, NO,~ bleach turmeric.

I- also interferes.

.

Test for sulfate (HCl;;). To 1 drop of the HCI solution add
1 drop BaCl,. A white precipitate, BaSO,, insoluble in HCI, proves
sulfate.

Tests for ferrocyanide, ferricyanide, and thiocyanate (HCly).
Place in each of two depressions of the spot plate 1 drop of the HCI
solution. To one add 1 drop FeCl; solution. A blue. solution or
precipitate is Prussian blue and proves [Fe(CN)q]~* present. A red
solution (sce note) would be [Fe(NCS)¢]™. To the other test drop
add 1 drop of a freshly prepared solution of FeSO47H:0. A blue
solution or precipitate is Turnbull’s blue and proves [Fe(CN)]?
present.

Note: A blue precipitate or suspension might obscure this color. Even
if NCS- is not detected here, it will be found in Group VIII.

Tests for arsenite and arsenate (HCly). Boil 5 drops of HCI
solution to remove any SO, that may be present. Centrifuge to
remove any turbidity. Saturate the clear cold solution with H,S.
If there is an immediate formation of a yellow precipitate (AsSs),
the presence of AsO;~ is shown. Centrifuge,.again pass HoS into the
solution to make sure all AsO;~ has been removed. To the clear
solution add an equal volume of conc. HCI, heat to boiling, and pass
in H,S. Formation (which may be slow) of a yellow precipitate
consisting of As;Se, and S indicates arsenate (see note).

Note: Study action of H.S on arsenious and arsenic acid, page 224.
In case of doubt as to presence or absence of As, try the Bettendorf test,
page 203. Consider the different time required for HAsO. and for H;AsO;
to be reduced to As". Consider also indications given by Group ITI-A test.

Remaining Anions of Group IX

Test for nitrite (IX-A). In each of two depressions of a spot
plate place 2 drops of 6 N AcOH. To one (the blank) add 1 drop of
water, to the other 1 drop of aqueous unknown or “prepared solu-
tion.” Stir thoroughly. Add to each 1 drop of sulfanilic acid and
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then 1 drop of e-naphthylamine solution. An immediate red color
(see note) shows the presence of NOy~. This test is said to detect
0.00001 mg of HNO,. Record on A.E.S. as IX-A.

Note: A brown precipitate would indicate a large amount of NO.~. In
this case greatly dilute a drop of the test solution and repeat test on one
drop of this very dilute solution.

Test for nitrate (IX-B). If the above test was negative, a test
for NO;~ can be made in the same solution by adding two or three
fragments of Devarda’s alloy. A red color slowly spreads out from
the metal if NOjy is present.  ClO3~ does not interfere.  This test
is said to deteet 0.00005 mg of HNOj; CrOg~ forms a black
precipitate with a-naphthylamine and obscures the test.  Record
on A.E.S. as IX-B.

CrOy~ if present could be reduced to Crt* by H,S in HCL solution
and S and H,S removed before making the test,

. Detection of nitrate in presence of nitrite. Proceed as directed
in experiment 9, page 392.

Test for acetate (IX-C). 1. Unknown a solution. TIn a erucible
place approximately 20 mg of solid CaC'O3. Add 1 ml of the solu-
tion to be tested. Ivaporate carefully just to dryness. To the
residue add 10 drops ethyl alecohol, mix thoroughly, and again
evaporate to dryness.  Proceed as directed in 2,

2. Unknown a solid mixture. Mix together intimately 20 mg of
dry original solid unknown (see note 1) and 20 g of calcium car-
bonate. Transfer the mixture to a 15 ml pyrex centrifuge tube.
Tap the tube to pack the powder at the bottom.  Then cover with
alayer of CaCOyabout 3 mm thick. Fold a piece of filter paper one
inch square to form a cone.  This is done by taking a corner of the
square and folding it across the paper so that a triangle is formed.
Again fold the paper so that the 2 points of the triangle are together,
Open the cone and place in it 2 drops of a freshly prepared saturated
solution of sodium nitroprusside.

Insert the pointed end into the centrifuge tube and press the cone
down into the tube so that it forms a fairly close-fitting plug. Hold-
ing the tube in a horizontal position with a test tube holder, heat the
powder until drops of water are visible on the inner walls of the tube.
Continue heating the powder until it darkens. Now carefully
warm the walls of the tube o that the collected moisture is driven
up toward the plug. Do not heat the tube within one-half inch of
the plug. Remove the plug, open it, and moisten the paper with
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capillary drops of 1N NaOH. A brownish-red color proves acetate
(see note 2). Always compare the test paper with another spotted
with 1 capillary drop of sodium nitroprusside and 1 capillary drop
of IN NaOH. If the first test is negative, repeat the test using a
larger sample.

Notes: 1. If the solid appears moist, indicating highly hydrated salts,
the test portion should be treated with 1 ml of ethyl alcohol and the latter
removed by evaparation to dryness.

2. This test, which cannot be trusted to detect much less than 1 mg of
AcO-, depends on formation of acetone, HsC-—CO-—CHs, when metal
acetates are heated. For example,

CaCHL00; = CaC0; + CHHLLO.

Presence of moisture in the reaction mixture, for example hydrated salts,
seems to interfere with the reaction. Alcohol is used for its dehydrating
effect. .

The nature of the reaction of acetone on Nay[Fe(CN);NO] and NaOH
is not known.

SUMMARIZING RESULTS

The information gathered from all the preceding tests should
now be summarized on the A.E.S. Every anion included in the
coursc must be checked at least once on this sheet. When this has
been done, a thoughtful study should show that ¢n no case will more
than the following tests now have to be made.

1. Test of Ca precipitate for F-, C.0,~, HPO,~, SOs~. (A
given precipitatc may contain none of these ions since Cat+ might
precipitate some other ions if they were present in large amounts.)

2. Test of Ba precipitate for SOz~ If in doubt about CrO,=,
confirm it by formation of blue CrO(O,),.

3. Test of Ag precipitate (Group VIII) for I-, NCS—, Br-, Cl-.

4. Confirmation of doubtful HCI; test for COs~ by the more
sensitive test (page 405).

TESTS SHOWN. NECESSARY BY THE A.E.S. SUMMARY

Group IV Precipitate

Tests for fluoride. (@) In each of two depressions of the spot
plate place 1 drop of 3N HCI, 1 drop of zirconyl nitrate solution,
and 1 drop of ““alizarin red 8”’ solution. Allow to stand 2 minutes.
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Note the color of the mixture. To one (the blank) add a drop of
water. To the other add a small portion of the caleium group
precipitate. Stir thoroughly. Color changing from pinkish-red to
greenish-yellow proves fluoride.

(b) Place a portion of the caleium group preeipitate in a micro
crucible and ignite strongly to entirely remove water, which inter-
feres with the following test.

Clean two micro slides with aleohol to remove grease.  Make a
circle with the finger (sce note) around an area 1 to 2 mm?2  On this
clean area place a small amount of the powdered strongly ignited
precipitate.  On the clean face of the other slidegplace a capillary
drop of cone. H:80,. Remove most of it with the pipet.  Bring
the two slides together with the acid spot over the precipitate.
Keeping the slides pressed together, hold them 6 to 8 inches above a
flame for three minutes. Wash thoroughly and examine for
ctching.  If both slides are ctched =0 as to form similar patterns,
E~ is proved. Put a drop of HCI on the etehed spots and wash
thoroughly to ensure that a solid residue is not. mistalken for etehing.
Try a second time if the first test is negative.

Note: The purpose of the cirele is to have the Cals and H.50), confined
within a small area. The thin filin of oil deposited by the finger presum-
ably prevents the Cal’, from spreading out when moistened by the acid.
It also serves to form a seal between the plates and thus eonfines the
liberated HF to a small area. .

Kxperience has shown that the etching test is actually considerably
more sensitive when conducted as preseribed above than it is when the
film of oil is omitted.

Test for sulfite (to be made only if the A.J.S. indicales its possible
presence). In a depression of a spot plate place 2 drops of saturated
zine sulfate solution, one drop of 6 N NHj, and one drop of saturated
nitroprusside solution. Mix thoroughly. Suspend a strip of filter
paper from the loop of the wedge-point pin.  Dip the filter paper
into the zine nitroprusside paste.

Place in the Erlenmeyer flask a portion of the Ca precipitate,
Add three drops of 3N H,S0, and insert the cork carrying the test
paper. Warm gently (solution must not boil).  Test paper turning
pink to red according to the amount of SO; proves SO;™.

This test can be made directly on any unknown solution or
finely powdered solid mixture if 8= and/or S:05™, when present, are
previously precipitated by HgCl,. If either or both these ions are
present, place in the Erlenmeyer flask 5 drops of unknown solution
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or 5 to 10 mg of finely powdered solid mixture. Add 2 or 3 drops of
HgCl, test solution, stir thoroughly, and let stand a few minutes.
Then add H.SO, and proceed as above. The HgS need not be
removed.

Separation of phosphate and sulfite from oxalate and fluoride.
To the rest. of the calcium precipitate add 1 drop of 6 N AcOH and
note carcfully whether tiny bubbles of carbon dioxide ecscape
(indication of carbonate, not however in the unknown in case a
transposed solution was used). Continue dropwise addition of
AcOH until 5 drops have been added and warm gently for a few
minutes.  Centaifuge.  Residue may be CaF, CaCqoQy4, or CaSO;.
Solution may contain H.PO4~, HSO;~.

Test for phosphate. Warning: Do not touch test paper with
Jingers! On a piece of silica-free (“HF-washed”’) filter paper place,
in the following order, a drop of the AcOH solution of the calcium
precipitate, a drop of (NH,).MoOy, and a drop of benzidine acetate.
Using forceps, hold paper for three minutes over a test tube con-
taining 15N NH;. (Caution—Do not let the paper touch the
tube.) A blue color indicates phosphate. Large amounts of
arsenate and silicate may give the color, but they are unlikely to be
in the calcium precipitate. Both react in the cold much more
slowly than H;PO, to form complex ions with HMoeO4~.

Test for oxalate (to be made only if the A.E.S. indicates its possible
presence). Wash the residue insoluble in acetie acid with 3N
acetic acid, warming and stirring. Remove wash liquid and test it
for reductant anions with 0.01 N IKMnQy,, comparing it with 6 drops
of 3N acetic acid as a blank.  Continue washing with fresh portions
of 3N AcOH until the wash liquid uses no more 0.01 N KMnO4 than
was required for the blank.

Dissolve washed residue in hot 3N H,S0,.  Add one drop 0.01 N
MnO,~.  If the drop is bleached, continue dropwise addition with
constant. stirring until 2 more drops have been added than are used
in a blank (page 400). Tf the solution is still colorless, add 0.1 N
MnQO,~ dropwise until a faint pink color persists.

Five drops of 0.1.N MnO,~ is equivalent to 1.1 mg of C,047, from which
relation the weight of (204~ in 1 ml of unknown solution can be calculated.

Group V Precipitate

Test for sulfite (to be made only if the A.E.S. indicates its possible
presence). Whether or not SO~ was found in the Ca precipitate,
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test a small portion of the Ba precipitate exactly as directed above
for the calcium precipitate.

Test for chromate (to be made only if the A.E.S. indicates its
posstble presence). To a small part of the barium group precipitate
add 2 drops of dilute nitric acid and 2 drops of ether. Shake, cool
under the tap, then add 2 drops of H,0, solution and quickly shake.
A blue color in the ether layer is due to CrO(0,); and proves CrO4~.

Group VI Precipitate

This precipitate will have to be tested only for S, since the other
anions of the group will have been detected by previous tests.

Test for sulfide (to be made only if the A.E.S. indicates its possible
presence and if the Cd group precipitate is at all yellow). Place in the
Erlenmeyer flask, equipped as usual for gas tests, a portion of the
cadmium precipitate. Suspend in the loop of the pin a strip of
filter paper. Spot the paper with a drop of (AcO).Pb reagent.
Add to the precipitate 3 drops of 3N H,80, and closc flask. Warm
on a steam plate. Brown or black spot on the test paper proves 8=,

Group VIII Precipitate
[AgeS (from S,03~), AgNCS, Agl, AgBr, AgCl]

Note from the A.E.S. which of this group of anions have already
been detected (see note 1). '

Dissolution of the silver salts and removal of silver. The well-
washed Group VIII precipitate is slimed very thoroughly with 2 to 5
drops 15N NHj; solution, then 5 drops of colorless NH,IIS i« added
and it is thoroughly slimed again (see note 2). Centriluge. The
solution may then contain I=, Br—, Cl~, or NCS~.

Boil in a crucible until NHj; is removed. Centrifuge out any
precipitate. Transfer the solution to a 2 ml test tube and add
3 drops 3N HNOsj, 1 drop of Fe(NOjy)s solution, and 3 drops of
CCl,. Shake vigorously for 1 minute. Proceed as directed in
Table 22.

Notes: 1. The use of CCly in Group II test should have detected Br-.
If present, NCS- should have been detected in test HCl;y unless the red
color was hidden by an iron-blue. From these tests and from the tint of
the Group VIII precipitate it may be possible to omit more or less of the
procedure outlined in Table 22. For example, if in Group II CCl, was not
at all colored and if in HClyy no NCS~ was indicated, a white Group VIII
precipitate which dissolves readily in NHj, is almost certainly only AgCl,
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TasLE 22
SEPARATION OF HALIDES

Purple CCly layer | Water layer, I,, [Fe(NCS)e]=3, Br-, Cl~. Remove to a
proves todide crucible® and boil gently until I is all volatilized. Add
more Fe(NQO;s); if necessary. Solution should be yellow,
Red water layer | showing excess of ferric ion. Return to test tube and
proves NCS— " | shake again with I drop of CCl, to make certain that all
I, has been removed. Add 4 drops of 3N HNO,; and
3 drops of CCly, then 0.1 N KMnO, dropwise until &
permanent pink color remains.t  Shake vigorously.

CCl, layer Water layer, Brs, SO~, NCO—, Cl-. 1If
(brown-orange) | Br, is present, remove to a eruciblee
proves bromide. | and boil until all Bry is removed. The
Confirm a color of the soln. must still be pink.
doubtful color | Test again for Br, with CCl,.

with fluorescein.

When Br, is all removed, reduce excess
KMnO, and any MnO: by adding a
drop or two of H,0:; Add AgNO;
dropwise until precipitation is com-
plete. White AgCl proves chloride.c
Some H;0; contains Cl=. Test the
laboratory solution hefore using here.

o I, is 85 times and Br, is 26 times as soluble in CCly as in water. It is not
desirable to remove these halogens completely by shaking the aqueous solution
with CCl..  After presence of the halogen has been detected by the use of CCl,,
the rest of it is more quickly and easily removed by boiling the solution as
direeted. Fet3 oxidizes 1™ to I, but does not affeet Br~ and Cl-.

b In acid solution KMnOj oxidizes NCS~ to SO~ and NCO~ more readily
than it oxidizes Br— to Br,. If Cy* is too small, MnO,~ is reduced to MnQO,
instead of to Mn*+, If CCl,is shaken with the water layer, it is likely to form
globules which are prevented from coalescing by a skin of MnO,. A mass of
globular CCly may assume a brown color somewhat like that duc to Br,. In
case of doubt the fluorescein test can always be applied. The formation of
MnO, indicates that more HNO, should be added. Cl~ is oxidized by MnO,~
to Cl; only in very high Cn*.

< In the analysis of solid mixtures a small amount of Cl~ is nearly always
found. This may be due to traces of Cl~ present (1) in the reagents used and
(2) in the original solid mixture. When the amount of Cl~found in Group VII1
is so small as to suggest either of these origins, it is well, provided that
[Fe(CN)el™4, [Fe(CN)qJ3, and CN~ are absent, to extract a few mg of the
original solid unknown with 3 N nitric acid and to the clear solution add 0.1V
KMnO, until a permancnt pink color remains. Reduce excess MnO,~, and
any MnO, formed, with H,;O; Then add 1 drop of AgNO,. Frequently
no AgCl will be obtained, showing that Cl~ in Group VIII came from reagents
and not from the material analyzed.
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2. Agl is nearly insoluble in 15N NHj,, but it turns white in the NH,
because of the formation of AgNH;I. AgBr and AgNCS are sparingly
soluble in 15N NH,, while AgCl dissolves readily and largely. If the
Group VIII precipitate dissolves readily and completely in the NI, it is
probably only AgCl, although it might contain a trace of Br=. This should
have been detected in Group II.

Silver halides, when shaken and centrifuged, tend to form curds. By
“gliming’’ is meant disintegrating these curds into very fine portions so
that the reagents may come in contact with all the precipitate.  Unless
this is done, NH4HS will form Ag.S on the outside of the curds and the
halide will not be dissolved or decomposed. This is particularly likely to
happen in the case of Agl. The larger the Group VILI precipitate the
greater is the necessity for thorough sliming.

Analysis of the Residue from the Prepared Solution

As stated on page 398, most sulfides (cxcept those of As, 8b, and
Sn*¥) and most phosphates (except those of K+, Na*, and NIl t)
are little transposed by boiling with 8N Na,COs.  Silver halides are
niot detectably affected. Mineral CaF,, fluorspar, is little trans-
posed, the precipitated salt somewhat more.

It follows then that the residue from the “prepared solution”
must be reserved and frequently examined for such of the above
four ions as have not been found.

Test for phosphate. Treat a few mg of the Na,(O; residue
with hot 3N HNO,. (If it dissolves completely, no silver or
mercurous halides are present.) Add 2 to 3 drops of the clear
solution to 1 ml of (NH,):MoO, solution and heat to 60°.  Yellow
(NH,);3[P(M03010)4])-H20 proves HPO,~. Since all phosphates are
more or less soluble in hot 3 N HNOj;, all water-insoluble salt. mix-
tures can be tested directly for HPO 4~ by extracting with 1INOj and
testing as above. (NH,)i[As(Mo03010)(]-H:0, also yellow, precipi-
tates only at 100° if HPO,~ is not present, but it {requently copre-
cipitates with HPO4~ at 60°. However, the larger part of any
arsenate will have been transposed by Na,COj.

- Test for sulfide. All sulfides give off H:S when treated with
Zn and 3N HCL The H,S is detceted by paper spotied with
(AcO),Pb. This test can be made on an original solid as well as on
the Na,COj; residue. The interference of NCS™, S:05~, and S04,
all of which are reduced to H,S by Zn and H*, must be considered.

Test for fluoride. Perform the tests for fluoride (page 408) on
the original solid or on the Na,COj; residue.

Test for silver halides. The residue from the ‘“prepared
solution” should never be examined for these compounds until
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Ag* or Hg,** has been found in the cation analysis. Silver halides
are not frequently met in analysis.

If the halides are treated with Zn and hot 3 N H,SO,, such
reactions as the following occur slowly:

2Agl + 2Zn + 2H* = 2Zn*+ + 2Ag + He + 21~
Ag:S + Zn + 2H*+ = 2Ag + H.S + Zn*t
When the reactions are complete, a black residue is to be removed.

In the solution I-, Br~, and Cl- may be treated as directed for
separation and detection of these ions (Table 22, page 412).



CHAPTER 21
SYSTEMATIC QUALITATIVE ANALYSIS

A systematic qualitative analysis consists of a series of procedures
which may be classified under five main divisions:
I. Preliminary Examination of the Material.
II. Preparation of Material for Analysis.
II1I. Systematic Analysis for Anionsr
1V. Systematic Analysis for Cations.
V. Critical Examination of the Results of I, II, I1I, and IV for
Obvious Inconsistencies.

I. PRELIMINARY EXAMINATION

The unknown material may be (1) a solution; (2) a nonmetallic,
salt-like material; (3) a metal or alloy.
1. Unknown material a solution.

(a) Test it with litmus paper. Record whether solution is
acid, basic, or neutral.

(b) Observe and record color.

(¢) Notice whether solution is clear. If precipitate is present,
centrifuge and analyze solid and solution separately.

2. Unknown material a solid and salt-like.

(a) Spread out the material in a thin layer and with a lens, if
one is available, observe and record whether sample appears homo-
geneous or is obviously a mixture.

() Record form (crystalline or amorphous) and color of each
distinguishable ingredient. These observations will be of great
importance in division V.

Two instances will emphasize this point. (1) An unknown solid consists
of blue crystal fragments and a white amorphous powder. On analysis
only SO,~ and Cu++ are found. These results of Divisions III and IV
seem to be incompatible with the observations made in Division I until it
is considered that CuSQ.5H:0 is blue while anhydrous CuSO; is white.

(2) An unknown solid clearly consists of three distinet amorphous
powders; one yellow, another bright red, a third purplish brown. On
analysis no anions are found and only one cation, Pb++., The observations

415
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of Division I are not incompatible with those of III and IV, for three
different oxides of lead have the colors observed in the mixture.

3. Unknown material a metal or an alloy. Note and record
color, density, hardness, and brittleness.

1I. PREPARATION OF MATERIAL FOR ANALYSIS

Mechanical reduction of particle size. Solid material should
always be ground to the finest possible powder before determining
the action of solvents. There are two good reasons for this pre-
caution: (1) the material may not be homogeneous and, unless it is
thoroughly mixed by grinding, a portion taken for analysis may not
include all the ingredients; (2) the rate of action of a solvent on solid
material is largely dependent upon the size of the particles. Begin-
ners frequently err in assuming that slowly dissolving large particles
are insoluble and ncedlessly proceed to try another solvent.

III. SYSTEMATIC ANALYSIS FOR ANIONS

Proceed as directed on pages 397-414, et seq.  Rescrve the residue
from the transposcd solution until after the analysis for cations has
been completed.

IV. SYSTEMATIC ANALYSIS FOR CATIONS

A solution for anion analysis is invariably a Na,COj solution.
Ior the bringing of cations into aqueous solution suitable for analy-
sis, reagents must be used to convert water-insoluble substances into
others which are water-soluble.  IFxperience has shown that for the
majority of substances acids are proferable to bases for this purpose.

HCl is always preferred to HN Oy as a solvent because the latter,
when hot and concentrated, is a ~trong oxidant and may oxidize
the unknown so that the resultins solution may contain entirely
different ions from the original sol'td.  Possible reactions with hot
cone. HNOj: (1) formation of 81:0g, SheO, 5; (2) oxidation of
8= or 8 to SOz~ or S0,™ (see note), arsenites to arsenates, I~ and
Br— to I, and Br..

Note: Roasting sulfides with constant stirring before cation analysis is

often useful. Elemental and sulfide sulfur is burned off as S0., leaving
oxides which are soluble in acid if the roasting temperature is not too high.

Relative merits of HCl and HNOj; as solvent. Hot concentrated
HCI dissolves dioxides such as MnOz, PbO,, CoO,, NiO,, which are
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insoluble in HNOj;. It does not dissolve the most insoluble sulfides.
It forms acid-insoluble compounds with Ag* and Hg.*+. When an
HCI solution is evaporated to-dryness to remove .excess of aeid,
nearly all HAsO, present is volatilized as AsCl; and a little HgCl,
may be lost.

Concentrated HNOj; is a powerful oxidant and dissolves many
sulfides that are insoluble in HCI. In this process, however, some
SO, is always formed which will precipitate Bat+*, Srt+, and Pb+4,
and may partially precipitate Cat+, if any of these ions are present,
It also oxidizes Hge™t to Hgtt, HAsO. to HiAsQy, Fett to Fetd,
and Sntt+ and Sb*? to the acid-insoluble oxides SnO. and ShaO,_s.

‘

On account of the possible presence in alloys of certain “‘metalloids,”
C, Si, P, As, and 8§ which with TICl would form volatile ("Hy, Silly, PHy,
AsH;, H.S, an oxidizing solvent such as HNO; or Brs must be employed.
See following chapter.

Aqua regia as solvent. This solvent has the disadvantage of
forming AgCl and PbCl,. It may also form BaSO,, SrSO,, and
Ca30), if sulfides are present. When aqua regia is required, the
solid should be heated with 12N HCI, and 16 N HNQO; should be
added a few drops at a time. No more of this acid should be used
than is required to complete the dissolution of the material,

Dissolutipn of Solids

Preliminary tests for solubility in various solvents. These tests
are made by placing about 1 mg of unknown in a small test tube
with 5 drops of water. Stir thoroughly, then, if undissolved
material remains, heat the mixture to boiling, with constant stirring,
Observe and record whether the unknown dissolves completely,
partly, or apparently not at all.  If the material is partly or wholly
insoluble in water, repeat the experiment, using {resh material and
the next solvent in the following order: (1) dilute HCL, (2) econc.
HCl, (3) dilute HNOj3, (4) cone. HNOj3, (5) aqua regia, until com-
plete dissolution is attained. '

Some substances dissolve very slowly. As long as a substance
seems to be dissolving, the presumption is that it will all dissolve
in time if sufficient solvent is used. Many water-soluble salts are
insoluble in concentrated acids, for example, NaCl in concentrated
HCI; Ba(NQj); in concentrated HNO;. Whenever a crystalline
solid is seen to form during attempts to dissolve a solid in acid, it
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is very likely to be a water-soluble salt. Addition of a little water
will frequently cause it to dissolve.

The analyst frequently secures valuable information by careful obser-
vation of the action of the various solvents. For example: If an unknown
is soluble in water, all salts insoluble in water can be eliminated at once.

New water-insoluble substances may be seen to form during the treat-
ment with water, for example,

Sr(NOs): + NasCO; — SrC0;
Bi(NOa)s + 2H:0  — Bi(OH):NO; + 2H*

If an unknown is partially soluble in water, it is frequently time saving
to completely extract the water-soluble part and analyze it separately
from the insoluble portion. This frequently obviates unpleasant difficul-
ties. Consider:

Ag:COs + KI - Agl

An acid-insoluble compound results that would have been easily avoided
had the water-soluble KI been completely extracted hefore treating with
acid.

When testing the solubility of a solid unknown in acids the analyst
should observe whether volatile compounds are formed. In such a case
very cautiously note the odor, color, and so on. The following compounds
give rise to characteristic odors, colors, or reactions with acid.

1. Nitrites—brown choking fumes of NO..

2. Sulfides—odor of H,S, formation of sulfur.

3. Sulfites—odor of burning sulfur (S0O.).

4. Thiosulfates—30: + free sulfur.

5. Carbonates—effervescent evolution of a colorless, odorless gas.

Preparation of a solution for cation analysis. From the infor-
mation obtained in the analysis for anions and that obtained from
the preliminary tests of solubility, decide which solvent is to be used.
Dissolve 20 mg of the homogeneous sample in 1 ml of this solvent
and proceed as directed on page 307, et seq.

Acid-insoluble substances. Occasionally material contains sub-
stances that arc not decomposed by any of the acid solvents.  Of
such substances those most likely to be encountered are the following:

1. Silicates and silica, SiO: (absence assumed in this course).

2. Sulfates of Pbt+, Ba*t+ Sr++, Catt. *

3. Halides of silver.

4, Ignlted sulfates: Cr2(SO4)3, F&:(SO;):{, Alz(SO4)s

5. Native or ignited oxides: iron ores (Fe20;3 and Fe;0,), Cry0s,
Sn02, and szOc
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6. Can.

7. The iron blues, carbon, and sulfur.

Treatment of acid-insoluble material. An acid-insoluble residue
is best submitted to individual tests of small portions after one has
considered the anions found present. For example:

PbSO, can be extracted with hot 3N AcONH, and the solution
tested for Pb++.

PbSO,, SrS804, and CaSO, are readily transposed by boiling with
3N NaCQj; solution. About 75% of BaSOy is similarly transposed.
Ignited anhydrous sulfates become acid-soluble after boiling with
Na;CO;. Hence it is frequently advantageous to extract repeatedly
part of the residue from the transposed solution for anions with
hot 3N HCL. If the HCI extract is cooled under the tap, PhCl; may
crystallize out. The residual liquid may be tested for Pbt+, Alt+3,
Fet3, Cr+3, Bat+, Srt+ and Cat+.

Of the insoluble silver salts only ferrocyanide and ferricyanide
are transposed by boiling with Na,COis.  AgCl, AgBr, and Agl are
best decomposed by Zn and dilute HoSO4.  See page 414.

V. CRITICAL EXAMINATION OF THI; RESULTS
OF I, II, III, AND IV

After finding what anions and what cations arc in-the material,
the analyst should review the observations recorded nnder I and I1
and be certain that the physical propertics and the observed
solubilities can be accounted for. In this connection should be
remembered :

1. Reaction (metathesis) may occur between the ions of water-
soluble salts when a solid is put into water, and a water-insoluble
compound may form.

ZnS0, 4+ Na,CO; — ZnCO,

Ca(NOa)z + HzCzOrszO bad QPLQ}Q!,

2. From (1) it follows that a water-soluble salt mixture contain-
ing, for example, Hg** cannot contain any anion that forms a water-
insoluble compound with Hgt+. A water-soluble unknown which
contains secondary phosphate ion can contain no cations except
Na*, K+, or NH+.
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3. An unknown aqueous solution which is distinctly basic con-
tains either a free base such as Ba(OH), or the alkali salt of a weak
acid, for example, KHCO,.

4. An unknown aquecous solution which is strongly acid may con-
tain frec mineral acid added to prevent formation of insoluble basic
salts. Onc that is slightly acid may contain hydrolyzed salts, such
as Aly(SO,)s, or anions which are weak acids, such as H.PO,,
HSO{', }IC2()4_.

5. Attention should be paid to the visible colors of a solid
unknown but with consideration of the effeet of color mixing, for
example, ycllow + blue = green; red + yellow = orange; red 4
blue = purple; white 4+ black = gray.



CHAPTER 22

ANALYSIS OF NONFERROUS ALLOYS
INTRODUCTION

For purposes of rapid analysis it is usc¢ful to be able to recognize
at «ight the base-metal (principal constituent) of the various classes
of alloys. The base-mctals of some common alloys are:

. Copper—brasses (Cu-Zn), bronzes (Cu-Sn).

. Al-Mg—duralumin, magnalium, dowmetal.
Bismuthi—fusible alloys.

Lead—type metal.

Tin—solders, bearing metals.

Zince—Dbearing metal, white metal, zine babbitt.

. Nickel-—nichromes, chromels.

Antimony—cheap cast ornamental objects.

. Silver---coins, table ware, dental alloys.

10. Brittle alloys—phosphor-copper, and others (sce note).

R R

Note: Elements like Si and I can be added to alloys only in the form of
metal silicides and phosphides. Since these elements are used in small
and carefully controlled amounts, the compounds employed need to be
reducible to powder form for exact weighing. For example, in making
phosphor-bronze, copper phosphide would be used; in tin-base alloys, tin
phosphide would be used. These metal phosphides are likely to be
encoutitered.

The physical properties of the base metal are greatly modified
by small additions of other elements and by variations in the
amounts of the added clements.  Note the stated composition of :

1. Four zeppelin alloys:
Al Zn Cu Fe Si Mn Sn

Angles.. ... ... .. ... 909 7.89% 0.7% 0.5% 0.4% 0.3% 0.19%
Braces... . . ...... 99 0.1 0.06 0.4 0.4
Channels ... . . ..... 89 9.0 0.7 0.4 0.5 0.5 0.2
Rod.... ....... ..... 95 4.2 0.4 0.5 0.6 .

Mg Cu Cd Mn Al Zn
Do 889, 2.09 1.09% 0.29% 8.3% 0.59%
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3. Illium, a special alloy synthesized for Parr calorimeter bombs:

Ni Cr Cu Mo w Fe Mn Al

63% 219, 6.5% 5% 2% 1% 1% 1%

Since physical and mechanical properties depend on the metals
added to the base, very wide variations are to be expected. Navy
brass contains 19 tin, which greatly increases its resistance jto
corrosion by sea water. Both brasses and bronzes frequently con-
tain lead. So wide is the variation of amounts that it is sometimes
difficult to classify an alloy as a brass or a bronze.

In alloy analysis the presence of minute amounts of some ele-
ments has to be kept in mind. Pure metals are not always used.
Antimony and bismuth—copper also if it is not the electrolytic
metal—may bring in a little arsenic. Zinc may carry lead, and
lead may carry zinc. Iron is always possible either from con-
tamination or as a constituent. Dental alloys or old fillings may
contain mercury. Barium and calcium are being used in a few new
special alloys but arc rarely encountered. Outside of the light
alloys, Mg or Al in small amnounts may be encountered, since either
is often used as a combined decoxidant and denitridant. Since these
are likely to be adsorbed on precipitates, especially Group III, great
care in this group must be observed.

DISSOLUTION OF ALLOYS

An oxidizing solvent must invariably be used. Since the
metalloids are present as anions (arsenides, phosphides, silicides), a
reducing solvent would cause their loss as volatile hydrides (AsHj,
PH;, SiH;). HNO; 1:1 (equal volumes of 16 N HNOj; and water)
is the usual solvent. It forms with the metalloids HzAsOQ4, H;POy,,
H,Si0;. Tt also oxidizes tin and antimony to SnQ, and ShyO4_,
insoluble in 2 N HNOj; after having been evaporated to dryness.
High Sn-Sb alloys have to be frequently stirred during dissolution
in HNOjy to remove the oxides adhering to particles of alloy and
protecting them from the acid attack.

Aluminum-base alloys are scarcely attacked by HNO;. Chro-
mium-hase or high Cr alloys are not attacked, or, if disintegrated,
they may leave the Cr unaffected. For these, bromine (not its
aqueous solution), together with 12N HCI, is used.

General procedures for dissolution of alloys. Try the action
of 1:1 HNOj; on a small fragment in order to decide whether the
alloy should be treated by procedure A or procedure B.
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Weigh out as accurately as possible 20 mg of sample and transfer
it to a large crucible.

A. Al-base or Mg-base alloys (readily recognized by their light-
ness) and also high Cr alloys. Add to the alloy in a large crucible
2 drops of bromine (not bromine water!) then 1 ml of 12N HCL
Warm on a water bath, stirring with 1 mm glass rod (not a Pt wire!)
until dissolution is complete. Notice carefully whether small black
scales (graphite?) float to the surface of the liquid. If these remain
unaffected by the solvents and are found to burn readily, report,
carbon. A heavy black residue may be a metal which has become
passive (see note 1).

When dissolution is complete, evaporate to dryness over the
water bath, add 5 drops of 16 N HNO; and again evaporate on
water bath to dryness (see note 2). Add 1 ml of 2N HNO);, warm,
and stir thoroughly. If a white insoluble residue remains, proceed
according to Case 1. If a clear solution is obtained, go to Casc 2.

Notes: 1. In some Cr alloys the Cr becomes passive.  After centrifuging
and washing, it can be brought into solution by heating in a crucible with
HCIO, until the acid fumes strongly. The metal dissolves to form Cr,Oq
or CrO; (red) very slowly and only when the HCIO, is fuming strongly.

2. This is done to precipitate and dehydrate SnO; and SbsOy4_s.

B. Other alloys. To 20 mg add 1 ml of 1:1 HNO; in a large
crucible and warm on water bath. If a white precipitate forms, stir
constantly with a glass rod to uncover particles of alloy. When
metallic particles are no longer visible, evaporate just to dryness,
add 4 drops cone. HNOj, and evaporate again to dryness. Add
1 ml of 2N HNO;, warm, and stir thoroughly. If a white insoluble
residue remains, proceed according to Case 1. If a clear solution is
obtained, follow Case 2.

ANALYSIS OF ALLOYS

Case 1. The Alloy Contains Tin and/or Antimony

If a white precipitate [SnO2, Sb;04_5, Sn(H,PO,)4] has formed
during dissolution of the alloy, transfer precipitate and solution to a
small centrifuge tube.

Wash out the crucible with 1 ml of warm 2N HNO; a few drops
at a time, transferring each washing to the centrifuge tube. Stir up
the precipitate and liquid thoroughly, centrifuge, and return the
liquid (solution 1) to the crucible. Wash the residue several times
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with 4 drops of hot water containing NH4NO;, adding the first
washing to the HNOj; solution. Treat the washed residue (residue
1) as outlined in Table 23, and as directed in the procedures follow-
ing it. '

TaBLE 23
DISSOLUTION AND ANALYSIS OF RESIDUE INSOLUBLE IN HNO,

Restdue 1. SnO,, Sn(H,PO.,)s SbiO«s, SiOzaxH,0. Extract repeatedly
with warm NaOH and NaHS.

Residue 2. Sulfides and hy-|Soln. 2. SnSy=, SbS;~3, HPO,~. Acidify
droxides of Cation Groups IT | with 3N HNO;.

and II1 and Mg, Wash, dis-
solve in hot 2N HNO,. Cen- h ’ B | -

trifuge out S, cte., add clear | ppt. 3. SnS,, SbyS;.  Wash, | Soln 3.

soln. to soln. 1. extract water with alcohol. | ILPO4.  Re-
Add 5drops 12 N HCL.  Pro- | move H,S, test
cced as in Cation Group | for H;PO, with
11-B, page 316. (NH,):MoO..

Procedures. To the residue (residue 1) which may contain Sn,
Sb, and the like, add 2 drops of 6 N NaOH and 6 drops of NaHS.
Stir thoroughly, heat in a water bath, and stir frequently for several
minutes. Centrifuge, remove the liquid (solution 2) to a small
centrifuge tube, and at once acidify slightly with HNO;.  If any
colored sulfide (precipitate 3) is formed, repeat the extraction of the
residue with 1 drop of NaOH and 3 drops of NaHS at a time until
the acidified extract no longer shows Sn or Sb.

Wash the residue (residue 2) until the washings are only slightly
basic and dissolve it in a few drops of hot 2N HNO;.  Centrifuge
out any S and add the solution to solution 1.

Sn0s,, and the like, will have adsorbed to a greater or less extent the
ions of Groups II-A and 11I. Treatment with NaOIl and NaHS changes
these ions to hydioxides and sulfides. An insoluble, dark-colored residue
will nearly always remain at this point.

Solution 2. Combine the acidified extracts containing Sh,S;,
SnS,, and also possibly H,PO,~. Centrifuge out the sulfides (pre-
cipitate 3) and test the centrifugate (solution 3) for H;PO,.

Since Sn(H,PO,), is insoluble in HNQj3, all the P in an alloy or only a
part of it may precipitate here, according to the relative number of equiva-
lents of Sn*+ and H;P04 present. H3yPOy therefore must be tested for in
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the insoluble residue and also in the HNO; solution of an alloy. The
solution is acidified with HNO; instead of the HCI ordinarily used because
the latter would interferc with the test for H;PO, with (NH,)aMoO..

Solution 3. Kvaporate the solution to a few drops, centrifuge
out any sulfur, pour the clear solution into 2 ml of (NH,)aMoO,
solution, and heat to 60°. Yellow (NH,);’(Mo3O10)s indicates P
in the alloy as phosphide.

Precepitate 3. Wash the precipitate several times with water
containing a little NH,NOjs, add 1 ml of ethyl aleohol, stir thor-
oughly, and let stand 5 minutes to extract water. Then add
5 drops of 12 N HCI and proceed as in Cation Group II-B, page 316.
(Remember the Sn and Sb found here come from 20 mg of alloy.)

Analysis of the HNO; solution (solution 1). Add a few drops
of the solution to 2 ml of (NH,):MoO, and heat to 60° (see note 1).
Bring the balance of the HNOj solution to a volume of exactly
2 ml. Take 1 ml for the remainder of the analysis. Add 1 drop of
HCI to test for ions of Group I.  If Group I is present, precipitate it
completely. Transfer the solution and first washings to a cen-
trifuge tube.  Or, # Group Iis not present, transfer 1 ml of the HNQ;
solution. Evaporate to 1 drop, add 3 drops of 12N HCI, and again
evaporate almost to dryness. Take up with 1 ml of 12N HCI.
Heat and pass in HoS to precipitate HzAsOy (see note 2).  If As iy
present, make sure that all of it is precipitated. Fwaporate the
solution to 1 drop. Take up with 17 drops of water. Adjust Cy+
to 0.3N, using M.M.O. Saturate with H.,S and analyze any
precipitate as usual for ions of II-A and for Hg**+. Test filtrate for
all ions of Cation Groups III and IV, pages 318 and 325.

Notes: 1. (NHy)3[P(Mo3O14)4] should always be precipitated in an
HNO; solution. For this reason it is more convenient to test for H;PO,
at this point than in the 0.3 N HCI solution at the beginning of the analysis
of Group III.  Usually no more than very minute amounts of I3AsQ, are
in the solution. They will not react unless the solution is heated to boiling.

2. Since the oxidizing solvents always used for alloys will have oxidized
P to H;PO4 and As to H3AsQ,, the conditions for the rapid precipitation of
As from its 5-valent state must always be observed in alloy analysis.

Case 2. The Alloy Contains Little or No Tin and/or Antimony

If the alloy dissolves without apparent residue, transfer the
solution to a centrifuge tube and dilute to exactly 2 ml, using 2N
HNO:; as a diluent. Centrifuge. A very small precipitate may e
a little SnO,, Sby04_s, or Si0-xH:0. Remove the liquid to another
tube. Examine precipitate for Sn and Sb as directed in Case 1.
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Test a few drops of the HNO; solution for H;PO, with (NH,):MoO,.
Evaporate or dilute the rest of the HNOj; solution to exactly 2 ml
and take 1 ml for the following analysis.

Test for Group I with HCl and remove it if present. Evaporate
solution or the filtrate from Group I precipitate to 1 drop. Add
5 drops of 12N HCI and again evaporate. Take up with 1 ml of
12 N HCI, precipitate HzAsO, with H,S, and make the solution 0.3 N
in HCI as in Case 1 above. Then analyze for Cation Groups II
(see note), II1, and I'V asin Case 1.

Note: Small amounts of Sb and Sn may be found in the HNOj solution.



APPARATUS

APPENDIX
SET FOR EACH STUDENT

(Returnable if in good condition)

1 Beaker, Griffin, 100 ml (used as water bath)
11 Bottles without stopper, 30 ml
12 Bottles (homeopathic vials) 19 X 65 mm (1 dram)
4 Bottles, g.s., 1 oz. (tincture)

1 Brush, funnel

1 Clamp (micro test tube holder)

2 Centrifuge tubes, Pyrex, 15 ml

1 Rubber stopper, 1 hole, No. 0, to fit above

4 Centrifuge tubes, micro, 3 ml

2 Glass stirring rods 2 mm X 4"

2 Crucibles, high form, No. 0 (36 mm diam.)

2 Crucibles, wide form No. 0000, micro (18 mm diam.)

1 Cylinder, graduated, 10 ml, and 1 Fisher shock absorber for same

15 Dropper pipets 2}’ long
1 Flask, Erlenmeyer, 25 ml
1 File, triangular
1 pr. forceps, iron

3 pieces soft glass tubing 7 mm X 20"
1 Micro burner and 3 ft. rubber tubmg

6 Microscope slides
2 Plates, cobalt glass, 2" X
1 Plate, test (porcelain)

21/

1 Platinum wire, 2’ (on glass tube)
1 Spatula, Monel, small (blade }"" wide)

1 Sponge

1 Stand, bottle—16 hole, block pine, shellacked, 17 X 4.5 X 2”;

17%" diam., 1’ deep

holes

1 Stand, tube-——42 hole, block pine, shellacked, 9 X 5.5” X 2”; 24 holes /4"’
diam., 1" deep; 18 holes $}’’ diam., 1"’ deep

12 Test tubes, soft glass, 2’
1 Test tube, soft glass, 5"’

1 Triangle, chromel, bent to support microcrucible

1 Triangle, pipestem
2 Watch glasses, 14’ diam.

1 Water bath cover (galvanized iron 2%’ X 2}, corners bent down to fit
100 ml beaker); hole 145"’ diam. to take large crucible

1 Wire gauze 4" X 4"

(Not Returnable)

15 Barnes combination cork and dropper nipples

5 Medicine dropper nipples

427
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12 Corks, No. 3 (for vials)
1 Cork, No. 6, to fit 25 ml Erlenmeyer flask
2 doz. labels, No. 213 (14"
1 box matches
3 pkg. paper, filter, Reeve Angel No. 201, 9 cm
1 towel
1 vial litmus paper, red and blue
1 Oakville wedge-point pin
12 Unknown report forms
12 Anion climination sheets

Fi1c. 7. StrupeENT’s KIT FOR SEMIMICRO ANALYSIS.

SOLUTIONS AND REAGENTS

Test Solutions

Kept on side shelves in 120 ml bottles equipped with Barnes
dropper-stopper pipets. Only ‘“Reagent Grade’ chemicals should
be used. Test solutions for cations contain in 1 ml 10 mg of the
element; those for anions contain in 1 ml 10 mg of the anion. The
compounds used and the weight of cach required to make 100 ml of
solution are listed below.



CoMPOUND
Hgs(NO3)»2H,0 in 0.6 N
Ozl .

Pb(NO3)s........

HeCla ... ..

Bi(NO;3):'5H0 in 3N
HNO;........ .

CU(N03)131120 ..

Cd(N03)14H20

ASzOs ............ R
(Digest in 50 ml of
12 N HCI; then add 50
ml of water)

SbCls in 3N HCI. .

CoMPOUND
NaC,;H;0,, anhydrous
NB&HASO{?H;O‘ .
NaAsQO,. .. ..
N32B4O7'10H20
NaBr.....

K/ Fe(CN)y3H0.

APPENDIX
Cations
GRAMS FOR
100 ML
oF SoLN.  CoMPOUND
1.57 SnCl:5H,0 in 6 A HCIL.
Al(N()a)s'gﬁzo. ..
1.40 CrCl;:6H0. . ..
1.60 FeCl3-611,0.. ..
C()(NO:;)g'GHnO. .
3.80 le(NOa) 261’120 .
1.32 Sr(NO3)24H.0.
("!\(N()a) 241{20 .
1.88 KNO;............
NH(CI. ..
Anions

GRAMSB FOR

100 ML
or¥ SoLN.  CoMPOUND

1.39 KF-2H,O...........
225 KL ...
1.20 NaNO;...........
2.23 NaNO,...... e
1. 29 (N}{x) 20204'112( .
1.76 Na.HPO,12H,0
1.28 (NH)SO0. . .
1.65 Na,S-9H,0. . .

1.67 NMSO;"....,.

1.90 KNCS.......

1.55 Na28203'5HzO .

1.98

a Oxidizes rapidly; not reliable after 3 days.
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GRAMS FOR
100 M1
OF SOLN.
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100 ML
OF SOLA.

O o S U0 e e e e

.95
.31
.37
.50
.62
77
.38
.52
.87
.67
.21
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Reagent Solutions
(Kept in liter bottles from which students fill their 30 ml bottles.)

Individual Students’ Reagents

HCI 12N H,SO, 36N
HNO; 15N NH; soln. 15N
HCI 3N NH; soln. 6N
HNO, 3N AgNOa 0.1N
H,S0O, 3N Ca acetate 2N
Acetic acid 6N Ba acetate 2N
NaOH 6N Cd acetate 2N

Desk-Shelf Reagents

(One set for each 8 students; 120 ml bottles equipped with Barnes
dropper-stopper pipets)

H.0, 39, (NH,).C,0, 0.5N

I{QCTO4 1 N NH4C2H302 3N

BaClz 2N NH.[N():; 5%

KMnO, 0.1N (as oxidant) K,SO, Saturated
(NH,)3sMoO, 0.65 N Modified methyl orange indicator

Cleaning powder (M.M.O,)
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Side-Shelf Reagents

(One set for each 24 students; 120 ml bottles equipped with Barnes
dropper-stopper pipets)

Alcohol, amyl

Aleohol, ethyl, 959,

Ammonium carbonate,
1.2N in NH;

Ammonium chloride, 3N

Ammonium hydrosulfide, 3 N in
30 ml glass-stoppered bottles

Bromine, saturated solution in
water

Bromine (for alloy analysis), 30
ml g.s. bottle

Carbon tetrachloride

4N,

Chloromanganous acid, 12N
HCI saturated with MnCl,:-
4H,0

Chlorostannous acid, 0.5 N
Cobalt nitrate, 0.029, Cott in

0.5 N HCI (for Zn test)
Cobalt nitrate, saturated (cya-

nide reagent)

Ethyl ether

Ferrie nitrate,
HNO;

Lead acetate, 2N

Nessler's reagent

Perchloric acid, 709 (in 30 ml
glass-stoppered bottle)

Phosphorie acid, 909,

Potassium cyanide, 1N

Potassium thiocyanate, 4 N

Potassium thiocyanatomercurate,
0.3 formal

Sodium earbonate, 3N

Sodinm cobaltinitrite

Sodium hydrosulfide, 1 N in 30 ml
glass-stoppered bottles

Sodium nitrite (chloride-free), 2N

Zine acetate, 19 solution (for Cu
test)

Zine uranyl acetate
Al

1N and 1IN in

.

Solid Reagents

Aluminum, small granules
Ammonium chloride
Ammonium nitrate
Barium nitrate

Borax

Calcium chloride

Calcium fluoride
Devarda’s alloy (small granules)
Ferrous ammonium sulfate
Magnesium powdered
Manganese dioxide
Potassium chlorate
Potassium chloride
Potassium ferricyanide

Potassium nitrite
Sodium acetate
Sodium bismuthate
Sodium carbonate
Sodium chloride
Sodium nitroprusside
Sodium thiosulfate
Stannous chloride
Strontium chloride
SiOy,-free test paper strips (HF

washed filter paper)
Turmeric test paper
Zinc, 30 mesh (As free)
Zine sulfate
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Special Reagents

Aluminon. Ammonium salt of aurin tricarboxylic acid. Dis-
solve 0.5 g in 100 ml of water.

Ammonium hydrosulfide. Completely saturate 3N NH; with
H.S. During saturation the container should be packed to the
neck in ice. To obtain a colorless product, air must be excluded.
Therefore the container should be nearly full. Store in completely
filled 30 ml glass-stoppered bottles sealed with paraffin.

For laboratory use, place in each of two 30 ml bottles 15 ml of
3N NH; and add the contents of a 30 ml bottle of the saturated
product. Any of this reagent remaining at the end of a laboratory
period should be discarded.

Ammonium molybdate. Approximately 0.65N in molyhdate
and 3N in HNOQ; Dissolve 6 g of commercial ‘“ammonium
molybdate” in 5.3 ml of 15N NH; and 15.4 ml of water.  Let stand
two ¢days. Pour slowly with stirring into 24.5 ml of 15N HNO;
diluted with 57.5 ml of water.

Benzidine acetate (for phosphate test). Dissolve 0.05 g of
benzidine in 10 ml of glacial acetie acid and dilute to 100 ml,

Benzidine acetate (for cyanide test). 1 g benzidine and 1.85 ml
6N acetic acid. Dilute to 100 ml.

Cupric acetate (for cyanide test) 0.286 g in 100 ml water.  Keep
solutions separate.

Chlorostannous acid. 0.5N. Dissolve 5.65 g SnCl.-2H,0 in
25 ml of 12N HCI, adding a granule of tin. When completely dis-
solved, dilute slowly, with stirring, to 100 ml. Keep plenty of
granulated tin in the reagent bottle.

Cobalt nitrate. 0.02% in Cottion, 0.5 N in HCl.  Dissolve0.058
g of Co(NOj3),-6H;0 in 83.5 ml of water and 16.5 ml of 3 N HCL.

Dimethylglyoxime. 1 g in 100 ml of 959% alcohol.

Fluorescein. Saturated solution in 1:1 alcohol-water.

Modified methyl orange. Dissolve 1 g methyl orange in 130 ml
of 959, ethyl alcohol. Dissolve 1.4 g of xylenecyanole FF in 130 ml
of 95% cthyl alcohol. (The dyes must be dissolved separately.)
Mix the two solutions and dilute with water to 500 ml.

a-Naphthylamine. Boil 0.5 g with 100 ml of water. Filter if
necessary. It must be colorless.

Nessler’s reagent. Dissolve 8 g KI and 11.5 g Hgl, in 45 ml of
water.  Make up to 50 ml and add 50 ml of 6 N NaOH. Keepina
dark place.
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a-Nitroso-3-naphthol. Saturated solution in 509, acetic acid.
Not very stable. Must be tested frequently.

Phenolphthalein. Dissolve 0.1 g in 100 ml of 509 ethyl alcohol.

Phosphomolybdic acid. 59, solution in water. Precipitate
ammonium phosphomolybdate. (Contrary to Feigl, the yicld of
acid appears to be larger if a small excess of (NH,) HPO, is used.)
Wash with 1 N HNOj; until free of phosphate.  Place the ammonium
phosphomolybdate in hot aqua regia and heat until all dissolves.
Evaporate to dryness. Dissolve the dry residue in water and
recrystallize twice from water. Keep in a dark place.

Potassium thiocyanatomercurate. Approximately 0.3 formal.
Dissolve 11.5 g KNCS in 100 ml of water. Add 8 g of HgCl. und
stir until all is dissolved. Shake thoroughly. ILet stand several
days before using.

S and O reagent. Dissolve 0.001 g of p-nitrobenzenc-azo-
resorcinol in 100 ml of 2N NaOH.

Sodium hydrosulfide. Completely saturate 1 N NaOH with H,S
exactly as directed for NHHS. Store same as NH.HS.

Sodium rhodizonate. 0.49, solution in water. The solution
is unstable and not reliable after a few hours.

Sulfanilic acid. Dissolve 0.5 g in 150 ml of 109, acetic acid.

Sodium cobaltinitrite (hexanitrocobaltiate). Dissolve 25 ¢
NaNO; in a mixture of 50 ml of water and 13 ml of 6 N acetic wcid.
Add 2.5 g Co(NO3)o6H,0. Let stand 24 hours. Filter and dilute
with water to 100 ml.

Zinc uranyl acetate. Dissolve 10 g UO3(AcO); in 6 g of 5.2 .V
acetic acid, warming if necessary. Dilute to 50 ml. Mix 30 g of
zine acetate with 3 g 5.2 N acetic acid and dilute to 50 ml. Mix the
two solutions. Add a pinch of NaCl, let stand 24 hours, then filter.
(Neither of the salts dissolves completely until after mixing.)

Zirconyl nitrate (reagent for F~). Dissolve 0.05 g in 10 ml of
12 N HCI and 50 ml of water.

Alizarin red S (reagent for F~). Dissolve 0.05 g in 50 ml of
water. Keep the two reagents separate.
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A

Abbreviations, 195 (table)
Acetate ion:
in anjon group tests, 332
detection, 407
preliminary study, 393
reactions, 376
Acetic acid:
acidic strength, 84
description, 376
esters, 377
polymerization in benzene, 114
solubility of salts, 376
Acidity as pH, 18, 95
Acids:
definition, 81, 82
ionization constants of weak, 8%
(table) 86
meta-, ortho-, and pyro-, 341
oxidizing, detection of, 400
-reducing, detection of, 401
strong and weak, 82
volatile, detection of, 418
Activity coefficient defined, 77
Adsorption, 289
Aldohols:
dehydrating agents, 313
esterification, 371, 377
Alkali metals:
detection, 307, 308
insoluble salts, 201
properties and reactions, 201-205
Alkaline earths:
solublln) of salts, 264
in systematic analysis, 273
tabular outline, 325
Alloys: "
analysis of, 421-426
dissolution of, 422
metalloids in, 421
Aluminate ion:
action of NH,Cl on, 280
formation, 236
replaces SiO:. in silicates, 377

i Aluminon:
in confirmation of aluminum, 280
use of ammonium carbonate with,
280
Aluminum:
action on water,
alloys, 421
dissolution, 234
ions formed by, 279
occurrence, 234
Aluiminum hydroxide as
236
Aluminum ion:
detection, 280, 321
preliminary study, 279
reactions, 236--2:39
in systematic analysis:
for anions, 395
for cations 278
Alums, 38
Ammonia:
basic strength, 88
as complex former, 143
cquilibrinin with water, 88
‘ionization of, 88
liquid as ionizing solvent, 79
solubility in water, 204
Ammonium, metallic propertie. of, 203
Ammonium ion:
oceurrence, 203
preliminary study, 274
reactions, 204
tests for, 274, 308
Ammonium molyhdatophosphats, re-
agent, for tin, 297
‘““ Ammonium sulfide,” hydrolysis in,
133-136 :
Ammonobasic salts, 208, 220
Ammonolysis, 220
Ampholytes, 236
Amphoteric hydrated
sulfides, 228, 230
Amphoters (see Ampholytes)
Analysis, systematic, of solid material:
preliminary oxamnmnon, 415
preparation of solutions, 416-418

235

a mpholytp,

oxides and

435
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Analytical operations, 183-190
centrifugation, 184
control and comparison tests, 188
dissolution of solids, 187
extraction of precipitates, 186
flame tests, 189
heating, 187
identification of gases, 188
precipitation, 183
by HzS, 183
transference of precipitates, 187
washing of precipitates, 185, 270
Anion elimination sheet, use of, 331-
339
Anions:
groups, 329-333
group tests, 400-404
Antimonate ion, composition of, 201
Antimonic oxide, insolubility in acids,
227, 424
Antimonious oxide and
ampholytes, 228
Antimonious sulfide, formula of, 292
Antimony:
alloys, 421
dissolution, 227
ions formed by, 295
occurrence, 226
Antimonyl ion:
detection, 317
preliminary study, 295
reactions, 227
in systematic analysis, 292, 317
Apparatus list, 427
Apparent valency of central atom,
53-55 (table)
Aqua regia, 417
Arrhenius-van’t Hoff theory, 73
Arsenatc ions:
behavior toward H.S, 225
detection, 406
interference with test for phosphate,
343
preliminary study, 386
reactions, 358
in systematic analysis:
anions, 332
cations, 312
in cation Groups III and IV, 320,
327
Arsenic:
covalent halides, 223
dissolution, 223
formation in Bettendorf test, 226
ions formed by, 201

sulfide as

INDEX

Arsenic (Cont.):
nonmetallic nature, 222
occurrence, 223
Arsenic acid:
acidic strength, 84, 358
ions of, 358
solubility of salts, 320, 358
Arsenious acid:
acidic strength, 84, 357
complete decomposition of, by H.,S,
224
solubility of salts, 357

i Arsenious oxide, amphoteric proper-

ties of, 223
Arsenious sulfide formula, 292
Arsenite ion:
basic strength, 225
detection, 406
preliminary study, 293
reactions, 224
in systematic analysis:
anions, 332
cations, 292, 317
Atom defined, 28
Atomic number, 28
Atomic weight, 29
table, inside front cover
Atoms:
composition, 28
periodic arrangement, 25 (table),
25-27

B

Balancing equations, rules for, 48, 56
Barium:

action on water, 261

occurrence, 260
Barium ion:

detection, 326

flame color, 262

preliminary study, 276

reactions, 261

in systematic analysis, 273, 326
Base, definition of, 81, 82
Bases, weak, ionization constants, 84
Basicity as pOH or pH, 96
Benzidine acetate:

reagent for CN-, 404

reagent for HPO,=, 410
Berlinates (see Iron blues)
Bismuth:

alloys, 421

dissolution, 214

ions formed, 301
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Bismuth (Cont.):
occurrence, 213
Bismuthate ion, doubtful existence of,
214
Bismuthyl ion:
detection, 315
preliminary study, 301
reactions, 214
in systematic analysis, 273, 299, 315

[l
i

Bistannite ion reagent for BiO*, prep-

aration of, 315
Borate ions:
in anion group tests, 332
detection, 405
interference with cation analysis,
318
preliminary study, 393
reactions, 371
removal of, 318
Boric acid:
acidic strength, 84, 370
esters, 371
ions formed, 370
occurrence, 370
solubility of salts, 370
Bromide ion:
in anion group tests, 332
detection, 401, 412
preliminary study, 389
reactions, 367
in systematic analysis, 412, 414
Bromine:
description, 367
ions formed by, 367
occurrence, 366
partition between immiscible sol-
vents, 412
Brown ring test, 375, 391
interferences with, 375
Buffer solutions:
equilibrium in, 138
of specified pH preparation, 138

C

Cadmium:
dissolution, 218
ions formed, 303
occurrence, 218
Cadmium ion:
detection, 316
preliminary study, 303
reactions, 218
in systematic analysis, 273, 209

Calcium:
action on water, 265
dissolution, 265
occurrence, 265
Calcium arsenate, negative coefficient
of solubility, 330
Calcium arsenite, negative coefficient
of mlulnht\, 330
‘Caleium ion:
detection, 327
flame color, 265
preliminary study, 277
reactions, 265
in systematie analysis, 273

i Caleulations illustrating equilibria:

buffer solutions, 139
common ion etfeet, 94, 105
complex ions, 144-148
concentration cells, 166
half-cells, 158
hydrolysis of salts:

Type 11, 124

Type 11, 127

Type 1V, 128

Type V, 131

Type VI, 133
partition of solute, 115
pH and pOH, 95
redox reactions, 162, 168, 170
solubility product, 102
transposition hy Na,CO,, 112
weak electrolytes, 86

Carbon acid:
acidie strength, 84, 340
description, 340
solubility of salts, 340

Carbonate ion:
in anion group tests, 332
detection, 404, 405
preliminary study, 379
reavtions, 340
removal of interfering cations by,

395-397

Carbon dioxide, solubility
340

Catalysts, 64, 68

Cation groups, separation of,
(table)

Cations, classification of:
alkali metals, 201-205
Group I, 205-209
Group II-A, 209-219
Group II-B, 219-231
Group 111, 231-260
Group 1V, 260-268

in water,

273



438

Cell, E.M.F. of, 162
Centimeter-gram-second ﬁvstem 3
Centrifuge, use of, 185
Chlorate ion:
in anion group tests, 332
"detection, 402
preliminary study, 390
reactions, 369
Chloric acid:
acidic strength, 369
description, 369
solubility of salts, 369
Chloride ion:
in anion group tests, 332
detection, 412
preliminary study, 389
reactions, 368
Chlorine:
description, 368
ions formed by, 368
occurrence, 368
reaction with water, 367
Chlorostannous acid, 293, 295, 351
Chromate ion:
in anion group tests, 332
chromate-dichromate equilibrium,
93 |
detection, 411
preliminary study, 383
reactions, 352
reduction by H,S, 354
Chromic acids, equilibria in, 93
Chromic chloride hydrate isomers,
240 .
Chromic ion:
detection, 322
oxidation and reduction, 241
preliminary study, 280
reactiom, 240-242
in svstematic analysis, 273, 278
Chromium:
alloys, 421
dissolution, 239
Jons formed, 280
occurrence, 239
(Yleanliness, 182
Cobalt:
dissolution, 252
ions formed by, 284
oceurrence, 251
Cobalt compounds, comparison with
- compounds of nickel, 258 (table)
Cobaltic complex ions, 41
Cobaltic ion instability in acid-solu-
tion, 252

INDEX

Cobaltous ion:
detection, 321
preliminary study, 284286
reactions, 252-255
in systematic analysis, 273, 278
Colloidal suspensions, flocculation of,
320
Combined gas equation, 19
Common ion effect, 94, 105
Complex compounds, nomenclature
of, 4042
Complex ions:
apparent valency of central ion, 52
53-55 (table)
equilibrium in, 143-154
instability constants, 151
nomenclature, 4042
stability, 42
use of in analysis, 149
valency, 40
Concentration: i
effect on equilibrium, 63, 67
molal, 6
molar, 6
normal, 6
units, 5
Concentration cells, 165
uses of, 167
Conductivity of electrolytes, 75
Contamination of reagents, 182
control tests for, 188
Coordination nurnber, 39
Copper:
dissolution, 215
ions formed by, 302
oceurrence, 215
Coprecipitation, 217
Covalency, 34-37
dative, 34
normal, 34
Covalent compounds, properties of, 36
Cupric ion:
detection, 316 -
preliminary study, 302
reactions, 216
in systematic analysis, 273, 209
Cuprous ion complexes, 216
Current, electrical productlon of, 162
Cyamde ion:
in anion group tests, 332
in complex anions, 152, 359
detection, 404
preliminary study, 386
reactions, 360
strueture of, 339
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Cyanoferriate ion:
in anion group tests, 332
detection, 406
preliminary study, 385
reactions, 356
reagent for anion Group II-A, 401
Cyanoferroate ion:
in anion group tests, 332
detection, 406
preliminary study, 385
reactions, 355
Cyanogen, 359

D

Dative covalency, 34
Debye-Hiickel theory, 76
Density and specific gravity, 4
Devarda’s allsy:

composition, 375

use in analysis, 373, 375, 407
Dichromate ion (see Chromate)
Dielectrie constant:

definition, 79

relation to ionizing power, 80
Dilution problems, 10
Dimethylglyoxime, reagent for nickel,

257

Dissolution and precipitation, 109
Distribution law, 114
Dowmetals composition of, 421
Dropper pipets, calibration of, 270 |

E

Electrode hydrogen standard, 158
Electrode potentials, standard molal,
174-175 (table)
Electrolytes, 75
Electrolytic dissociation theory, 74
Electrolytic solution pressure, 156
Electromotive force of a cell, rules for
calculating, 162
Electron:
definition, 28
energy levels, 26, 29
of inert gases, 30
Electrovalency, 34-37
Electrovalent compounds, properties
of, 36
Elements, chemical, periodic arrange-
ment of, 25 (tahle), 26, 27
Equations, chemical:
reading, 46 o
requirements for completeness, 44
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Ilquations, chemical (Cont.):
rules for balancing:
nonredox, 48
redox, 56
significance and limitations of, 44
use of signs in, 49, 192
Equations, simultaneous, in caleula-
tions, 153
Equilibrium:
factors modifying, 62
heterogeneous, 69, 100-119
homogencous, 69, 73-99
law of, 64
metastable, 106
Iiquivalent weight defined, 5
ivaporation, technique of, 188

F

berlinate (see Ferric ferro-
cyanide)
Ferric ferricyanide:
preparation of, 401
reagent for anion Group 11-A, 401
Ferric ferrocyanide structure, 152
Ferric ion:
detection, 323
distinetion from ferrous, 282, 283
preliminary study, 281-283
reactions, 245-247
reduction by hydrogen sulfide, 246
in systematic analysis, 273, 278
Ferricyanide ion (see Cyanoferriate
ion)
Ferrocyanide ion (see Cyanoferroate
ion)
Ferrous berlinate (see Ferrous ferri-
cyanide)
Ferrous ferricyanide, structure, 152
Ferrous ion:
detection, 323
distincetion from ferrie ion, 282, 283
preliminury study, 281 283
reactions, 243-24H
in systematic analysis, 273, 278
Flame tests, technique of, 189
Flow sheets for cation anulysis:
Group II-A, 299
Group II-B, 292
Group II1, 278
separation of groups, 273
Fluorescein test for Br,, 389
Fluoride ion:
in anion group tests, 332
detection, 408, 409

Ferric
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Fluoride ion (Cont.):
interference in cation analysis, 318
preliminary study, 382
reactions, 347
removal of, 318
Fluorine:
description, 346
ions formed by, 346
occurrence, 346
Forms:
notebook, 197, 198
report, 199
Fractional units, 8 (table)
use of, in solving problems, 7-9
Free energy defined, 74, 162

G

Gamma (y) defined, 195
Gas constant, molar, 20, 21
Gases, identification of, 189
Gas evolution flask, 189 (figure)
Gas laws:
application of, 22
Avogadro, 20
Boyle, 19
Charles, 19
Dalton, 21
Graham, 22
Henry, 22
summary, 21
General gas equation, 19

H
Half-cell:

combined (primary batteries), 165
definition, 161
equilibrium in, 155--162
Hantzseh theory, 77
Heterogeneous equilibrium, 100-119
Homogeneous equilibrium, 73-99
historical review, 73-81
Hydrated ions, 37, 239
Hydrates of acidic oxides, 341
Hydriodic acid:
acidic strength, 346, 365
description, 365
solubility of salts, 365
Hydrobromic acid:
acidic strength, 346, 365
description, 365
solubility of salts, 365
Hydrochloric acid:
acidie strength, 346, 365

i
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Hydrochloric acid (Cont.):
description, 365
solubility of salts, 365

" Hydrocyanie acid:

acidic strength, 84, 359

description, 359

solubility of salts, 360

toxicity, 359
Hydroferricyanic acid:

acidic strength, 356

description, 356

solubility of salts, 356
Hydroferrocyanic acid:

acidic strength, 355

description, 355

solubility of salts, 355
Hydrofluoric acid:

acidic strength, 84, 346, 365

complexity, 346

deseription, 346, 365

solubility of salts, 365
Hydrogen electrode standard molal,

158

Hydrogen ion (se¢ Hydronium ion)
Hydrogen peroxide:

acidie strength, 84

redox reactions, 52, 56
Hydrogen sulfide:

solubility in water, 91

technique of using, 183

toxicity, 183
Hydrohalic acids, 364
Hydrolysis of salts:

Type I, 121

Type I1, 124-127

Type 111, 127, 128

Type IV, 122, 128-131

Type V, 123, 131-133

Type VI, 123, 133-138
Hydronium ion concentration:

adjustment for cation Group I1, 289

as pH, 18, 95
Hydrorubianic acid, 316
Iydrosulfic acid:

acidic strength, 84, 353

description, 353

equilibrium in, 91
Hydroxide ion concentration as pOH.

96

1
Illium composition, 422

Immiscible solvents, partition
solute between, 114
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Inert gases, 26
Insoluble residues, analysis of, 413, 418
Instability constants, 151
Interfering anions, removal of, 318
Interfering cations, removal of, 394,
397
Iodate ion formation, 366
Iodide ion:
in anion group tests, 332
detection, 411
preliminary study, 388
reactions, 365
Iodine:
description, 364
ions formed by, 365
occurrence, 34
partition between solversts, 115, 412

Iodomercurate ion (see Nessler’s re-

agent)
Ionization:
constants, 84
energy changes in, 80
polarity of solvent as cause of, 79
polyacid bases, 128, 236
polybasic acids, 89
salts, 76, 82
theories of:
Arrhenius-van’t Hoff, 73
Debye-Hiickel, 76
Faraday, 73
Hantzsch, 77
older and newer views compared,
80
Ion product:
of hydrosulfic acid, 91
of water, 85
Ions, formation of, 30
complex, 38
hydrated, 37
monatomic, 31
in periodic Groups IV-VII, 32--34
Iron (see also Ferric and Ferrous):
dissolution, 242
ions formed by, 243, 281
occurrence, 242
Iron blues, structure of, 150-152
Isotopes, 26, 29

K

Known solutions, notebook form, 197

L

Laboratory equipment for semimicro
analysis, 428

]
|

141

Laboratory work, foreword, 179
Lake defined, 268
Lanthanide contraction, 27
Lanthanides, periodieity in, 27
Lead:

alloys, 421

dissolution, 210

ions formed, 298

oceurrence, 210

oxides, 210
Lead ion:

detection, 314

preliminary study, 298, 300, 301

reactions, 211-213

in systematic analysis, 273, 299
LeChatelier’s theorem, 68
Logarithms:

table, inside buck cover

use of, 14-17

used as numbers, 18

M

Magnesium:

action on water, 266

alloys, 421

dissolution, 266

occurrence, 266
Magnesium hydroxide, action of am-

monium ion on, 266, 320

Magnesium ion:

* detection, 327

preliminary study, 277

reactions, 266

in systematic analysis, 273
Manganate ion, instability in acid

solution, 249

Manganese:

dissolution, 248

ions formed, 248, 283

occurrence, 248
Manganese dioxide:

interference with test for Br—, 412

removal of, with H;0,, 412
Manganic complexes, 248
Manganous ion:

detection, 323

preliminary study, 283

reactions, 249

reductant, 250, 251

in systematic analysis, 273, 278
Mass action law, 63
Mass and weight distinction, 4
Matter, elementary units of, 28
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Mercuric ion:

ammonobasic salts, 220

detection, 314, 316

preliminary study, 294

reactions, 220-222

in systematic analysis, 273, 292, 299
Mercurous ion:

complexity, proof of, 167

detection, 310

instability, 208

preliminary study, 304

reactions, 208

in systematic analysis, 273
Mercury:

amalgams, 203, 422

dissolution, 219

ions formed by, 219, 294

occurrence, 219

reduction of AgCl by, 310-312
Minium:

color, 210

evidence for salt nature, 210
Modified methyl orange (M.M.0.):

preparation, 432

uses, 289
Molal electrode potentials:

acid solution table, 174

basic solution table, 175
Molal solution defined, 6
Molar gas constant, 20, 21
Molar solution defined, 6
Molybdatophosphoric  acid

for antimony, 228

reagent

N

Nernst equation, 155
algebraic manipulation, 163, 170
arbitrary sign, 161
Nessler’s reagent for NHg:
preparation, 432
sensitivity, 204
Neutron defined, 28
Nickel:
alloys, 421
dissolution, 252
ions formed, 252
oceurrence, 251
Nickel compounds compared with
those of cobalt, 258 (table)
Nickel glyoximine structure, 257
Nickel ion:
detection, 321
detection of traces in cobalt salts,
257

INDEX

Nickel ion (Cont.):
preliminary study, 284-286
reactions, 255-257
in systematic analysis, 273, 278

Nickel sulfide:
allotropic forms, 110, 256
coagulation of dispersed, 320
colloidal, 320

formation of, 256

Nitrate ion:
in anion group tests, 332
detection, 407

in nitrites, 407
preliminary study, 392
reactions, 375
reduction products, 374

Nitric acid:
acidic strength, 374
description, 374
as oxidant, 374
solubility of salts, 375
as solvent, 416, 422

Nitrite ion:
in anion group tests, 332
destruction by ammonium ion, 392
detection, 406
preliminary study, 390-392
reactions, 372-374

Nitronium salts, 78

Nitrous acid:
acidic strength, 84, 372
descriptive, 372
as oxidant, 393
as reductant, 393
solubility of salts, 372
in test for chlorate ion, 402

Nomenclature:
complex compounds, 40
complex ions, 41

Nonelectrolytes, 74

Normal solution defined, 6

Notebook:
forms, 196-199
fundamentals of scientific records,

190
importance of, 190

Nucleus of atom:

- complexity of, 32
definition, 28

o
Odors characteristic of gases, 418

Osmotic¢ pressure: ’
as free energy of dilution, 74
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Osmotic pressure (Cont.): Pipets: :
opposed to solution pressure, 157 calibration of dropper, 270
Oxalate ion: capillary:
in anion group tests, 332 making of, 269
as complex former, 344 use of, 185

detection, 410
interference in cation analysis, 318
removal of, 318
preliminary study, 380
reactions, 345
Oxalie acid:
acidic strength, 84, 344
description, 344
in separation of antimony and tin,
231
solubility of salts, 344
Oxidant anions, group tests for, 400
Oxidation defined, 51

P

Partition, law of, 114
Passivity of metals, 235
Perchloric acid:

dangerous nature of, 318

removal of interfering anions by,

. 318

solubility of salts, 201, 319
Periodic table, 25-27
Permanganate ion, 249

as oxidant, 400

reagent for anion Group II, 400
pH:

caleulation, 18, 95

definition, 18, 95
Persulfide ions:

action of H* on, 313

formation by air oxidation, 313

objectionable properties, 313, 320
Phase defined, 69 )
Phenolphthalein, use of, 398
Phosphate ions:

in anion group tests, 332

detection, 410

preliminary study, 381

reactions, 343

in Na,COj residue, 413
Phosphomolybdic acid (see Molyb-

datophosphoric acid)

Phosphoric acids:

acidic strength, 84, 342

“description, 342

meta-, ortho-, pvro-, 341

solubility of salts, 320, 342

.

Plumbates, 210
Plumbites, 210
pOH:
calculation, 95
definition, 95
Polar molecules, 79
Positron defined, 28
Potassium;
action on water, 202
occurrence, 202
Potassium ion:
detection, 203, 408
flame color, 203
preliminary study, 274
reactions, 203
Potentials, standard molal, 174, 175
(table)
Precipitates:
estimation of amount, 180, 200
extraction of, 186
terms descriptive of, 194
transference, 187
washing of, 185, 270
Precipitation and dissolution, 109
Prepared solution {r anions, 112, 397
analysis of residuc from, 413
Pressure effect on equilibrium, 62, 68
Problems:
buffer solutions, 137
common ion effect, 98, 116
complex ions, 153
control of reactions, 70
dilution, 10
fractional units, 9
gas laws, 23
hydrolysis, 141
ionization, 97
partition of solute, 117
redox reactions, 171
solubility, 116
solubility product, 116
Proton defined, 28
properties, 73
Proton exchange (see Hydrolysis)
Prussian blue (see Ferric ferrocyanide)
Pseudohalogens, 359

-R

i Rare eaiths (see Lanthanide’s)

Reaction possibility, 171
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Reactions: Silver ion:
control of, 62-70 complex ions containing, 143-148
factors involved, 62 detection, 310
reversible, 64 preliminary study, 305
Reaction velocity, 171 reactions, 206, 207
Reagents, 428-433 in systematic analysis, 273
.desk kit, 269 . Simultaneous equations in solution of
list of, 430, 431 . problems, 153
preparation of, 430 Sodnu_m:
" special, 432 - action on water, 202
Redox reactions, caleulation of equilib- oceurrence, 201 .
rium constaut, 163  Sodium carbqnate solution of anions:
rules for balancing, 56 neutralization, 398
Reductant anions, group tests for, preparation, 397
400, 401 . theory, 112 )
Reduction defined, 51 ‘ Sodium h(,;{:anxt;ggobaltlate:
; - preparation,
Re:,:z::: %fllsnterfermg. ] reagent for K+ and HN*, 203, 205
: | Sodium ion:

cations, 397
Report of analysis form, 199
Resonance of proton, 73
Reversal of current direction hy !
change of concentration, 167
Review questions, 275, 288, 303, 305 peroxide):
Rules: . . action of water on, 56
for balancing nonredox equations, oxidant, 56, 241
48 . . . Sodium rhodizonate reagent for Ba+t+,
for balancing redox equations, 56 Sr++, 262, 264
for caleulating E.M.F. of a cell, 162 g)iq material, dissolution of, 111, 187,

detection, 308
flame color, 202
preliminary study, 272
reactions, 202
Sodium peroxide (see also Hydrogen

for valency of complex ions, 40 ‘ 413, 417
Solubility of salts (see also individual
S j acids):
I alkali metal, 201
Lalt defined, 76, 82 ) " alkaline earth, 264
8. and O. reagent for magnesium: © caleium arsenate and arsenite, 330
color in acidic and in basic solu- | phosphates, 342
tions, 268 silver halides, 412
interferences, 268 - Solubility product:
Semiimicro technique (see Analytical common ion effect, 105
operations) . constants, 110 (table)
Sign in Nernst equation, convention + definition, 101
as to, 161 ! limitations of, 104
Silicic acid, 377 | Solutions, aqueous conductivity of, 7t
Silver: ) Solvents:
alloys, 421 choice of, 416, 422
dissolution, 205 . ionizing, 79
ions formed, 305 . Specific gravity and density compared.
occurrence, 205 | 4

Silver chloride, reduction by mercury, . Standard molal potentials:

310-312 i acidic solution table, 174
Silver halides: ! basie solution table, 175
detection in Na;CO; residue, 413 | Stannic acid, insolubility of, 230, 422
separation, 411418, 412 (table) Stannic compounds:

solubility, 365 chiefly anions, 230
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Stannic compounds (Cont.):
covalency in, 37
detection, 317
preliminary study, 296
reactions, 230, 231
reduction to stannous, 231
in systematic analysis, 273, 292
Stannous hydroxide as amphoter, 230
Stannous ion (see also Bistannite
ion):
ease of oxidation, 229
reactions, 229
in systematic analysis, 317
Strontium:
action on water, 268
occurrence, 263
Strontium ion:
detection, 326
flame color, 264
preliminary study, 277
reactions, 263
in systematic analysis, 273
Sulfate ion:
in anion group tests, 332
detection, 406
preliminary study, 382
reactions, 349
Sulfide ion:
in anion group tests, 332
detection, 411
detection in NuCO; residue, 413
preliminary study, 384
reactions, 354
Sulfides, precipitation of, 107
Sulfite ion:
in anion group tests, 332
detection, 409
preliminary study, 383
reactions, 350
Sulfur dioxide, solubility of, in water,
349
Sulfuric acid:
acidic strength, 84, 348
description, 348
solubility of salts, 348
Sulfurous acid:
acidic strength, 84, 350
description, 350
solubility of salts, 350
Supersaturated solutions, 106
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Tables (Cont.):
alloys:
analysis, 424
base metal of, 421
hions, grouping of, 332, 333
apparent valencies, 53-55
arsenic halides, properties of, 223
atomic weights, inside front cover
cobalt and nickel reactions com-
pared, 258
dielectric constants, 79
flow sheets:
cation groups, separation of, 273
Group 1I-A, 299
Group 11-B, 292
Group II1, 278
fractional units, 8
instability constants, 151
ionization constants, 84
logarithms, inside back cover
nomenclature of complex com-
pounds, 41, 42
periodic table, 25
procedures, tabular outlines of:
Group I, 309
Group I1, 311
Group III, 319
wroup 1V, 325
separation of cation groups, 307
separation of silver halides, 412
solubilities of salts:
alkali metal, 201
alkaline earths, 264
silver halides, 365
solubility produects, 110
standard potentials, 174-175
Technique (see Analytical operations)
Temperature, effect on equilibrium,
62, 68
Tests:
comparison, 188
control, 188
flame, 189
for gases, 188
Test solutions, preparation of, 428,
429
Thiocyanate ion:
in anion group tests, 332
as complex former, 38
detection, 406, 412
preliminary study, 387
reactions, 363
Thiocyanic acid:
acidic strength, 363
description, 368
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Thiocyanic acid (Cont.):
solubility of salts, 363
Thiocyanogen, 363
Thionic acids, 55, 362
Thiosulfate ion: N
in anion group tests, 332
as complex former, 361
detdetion, 404
instability of silver salt, 362
preliminary study, 387
reactions, 362
Thlosulfunc acid instability, 361
Tin: -
alloys, 421
dissolution, 229
ions formed, 206
oceurrence, 229
Transition elements, 26
Transposed solution for anions, 112,
397
Turmeric test for borate, 405
Turnbull’s blue (see Ferrous ferri-
cyanide)

U

Units:
chemical, 5
physical,"3
use of, 6-9°
Unknowns
notebook records 108
practice, 179
report form, 199
time limit for analyzing, 180

A

Valency:
apparent, 52, 53-55 (table)
of complex ions, 40
covalent, 34

-

INDEX

Valency (Cont.):
electrovalent, 36

Vitriols, 37

Volume concentration, 5

W B

Washing precipitates, 185, 270
Water:
dipolarity, 79
ion produet, 85
structure, 119
Water bath, 188
Weight and mass defined, 4
Weight concentration, 6
Werner system of nomeneclature, 40

z

Zeppelin alloys, composition of, 421
Zine: .
alloys, 421
dissolution, 259
ions formed by, 287
oceurrence, 259
Zinc ion:
detection, 324
preliminary study, 287
reactions, 259, 260
in systematic analysis, 273, 278
Zinc nitroprusside reagent for SO.,
351, 409
Zinc thiocyanatomercurate:
cobaltous ion coprecipitated with,
260
cupric ion coprecipitated with, 217
Zinc uranyl acetate:
preparation of, 433
reagent for sodium, 202, 272
Zirconium alizarin sulfonate, reagent
for fluoride. 347
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