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PREFACE TO THE THIRD EDITION

A number of important and radical changes have been made
in this, the third edition of this Textbook of Elementary Qualita-
tive Analysis. The theory, in Part I, has been considerably
expanded and the more important and generally accepted modern
concepts have been introduced. The sections dealing with the
various phases of the fundamental background of equilibrium
theory have been arranged, with accompanying review exercises,
to provide weekly assignments throughout the semester’s work.

Part II deals with the reactions of the cations. Here two impor-
tant changes have been made. First, under the heading of each
cation, the characteristic properties and rcactions of the ion have
been discussed. This is followed by instructions for carrying out
preliminary experiments. Second, procedures for the separation
and identifications of ions of the several groups and subgroups have
been inserted. These procedures are intended to provide practice
in the analysis of known mixtures within the various groups  Pro-
cedures for the analysis of “ unknowns’” have accordingly been
shifted to a later portion of the book.

Part 111, on the reactions of the anions, utilizes a new grouping
of anions, based on the systematic anion procedure originally
developed by Dobbins and Ljung at the University of North
Carolina. The author takes this opportunity of acknowledging
the service rendered to anion chemistry by these original investiga~
tors. The treatment of the anion portion of this book follows the
general plan of presentation used for the cations, in that descriptive
material, preliminary experiments and practice analyses are
provided. ' -

Systematic analysis is presented in Part IV. The procedures
provide instructions for the detection of ions in samples ranging in
complexity from simple anion and cation mixtures to the more
complicated types of solid salt mixtures. Anion procedures pre-
cede cation procedures, thus anticipating a minimum of inter-
ference.
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The author will be grateful for comments and errors which
readers will bring to his notice.

CArL J. ENGELDER
Pittsburgh, Pennsylvania
December, 1941



PREFACE TO THE FIRST EDITION

This Textbook of Elementary Qualitative Analysis is an out-
growth of mimeographed notes in use in the author’s classes during
the past five years. In preparing this text the writer has had the
following purposes in mind: (1) to present the theoretical prin-
ciples in a manner easily understood and applied by the beginning
student; (2) to outline groups of preliminary experiments which
demonstrate the properties of the metallic and non-metallic ions
that are of importance in analytical procedures; (3) to simplify
the procedures for anion analysis and for systematic analysis; and
(4) to supply throughout the text sets of exercises and questions
designed to direct the student’s efforts toward a better understand-
ing of the subject. The aim has becn to train the student in
logical, independent thinking rather than to teach him specific
details of routine analysis.

The fundamental principles of qualitative analysis and the
theory of reactions are given in Part I and later claborated in the
procedures of analysis and applied to specific cases. The theory
has been treated from the standpoint cf ionization and chemical
cquilibrium.

t'ets of review exercises in the form of questions, problems, and
the writing of equations and schemes are placed at suitable inter-
vals throughout the theoretical and experimental portions of the
text and have proven a valuable aid to both student and instructor.
They should constitute a part of the student’s written work and
may wecll serve as a basis for classroom discussion. The sets on
cation and anion analysis are particularly helpful in aiding the
student to anticipate the procedures of analysis which follow.

The analysis of the cations is taken up in Part II. Here are
provided, first, the preliminary experiments which form the basis
of the methods of separation and identification, together with such
other reactions and properties as are of analytical importance.
Equations have been freely given, in order to assist the student in

correlating properties and understanding the chemical facts
vii



viii PREFACE TO THE FIRST EDITION

involved. In each group is included a section devoted to a dis-
cussion of the application of theory to analysis. Sets of review
exercises following the preliminary work on each group direct the
student’s efforts towards summarizing the results and anticipating
the procedure of analysis. The procedures of analysis are given in
detail in paragraph form, the necessary explanations, ‘precautions,
and remarks on manipulation being made an integral part of the
procedure rather than given in subjoined notes. The diagram-
matic schemes following the detailed procedures summarize the
essential steps of procedure and are not intended as working guides.

Part I1II covers the detection of the common anions. The order
of testing for the individual anions has been carefully worked out
with reference to interfering anions. The anions are divided into
four groups with respect to their behavior toward hydrochloric
acid, barium chloride-calcium chloride reagent, and acidified silver
nitrate reagent. Preliminary experiments are given, followed by
the procedures of analysis for each group.

The section on Systematic Analysis, Part IV, is designed espe-
cially to train the student in the methods of getting substances
into solution by solvent and fusion methods. The use of the
solubility table is emphasized. The types of samples provide for
extended practice in varied technique.

The writer wishes here to acknowledge the criticisms and sugges-
tions of Dr. E. V. Hjort, the aid rendered by Mr. W. A. Morgan
in preparing certain tables, and the cooperation of his assistants
and pupils in working out the details in the laboratory and class-
room. Other texts on qualitative analysis have been freely con-
sulted for methods and ideas, and whatever has been incorporated
from them is here gratefully acknowledged.

CArL J. ENGELDER
University of Pittsburgh
June, 1927
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PART 1
FUNDAMENTAL PRINCIPLES

Qualitative chemical analysis deals with the methods and prin-
ciples involved in determining what constitucnts are present in a
given material. A quantitative analysis, on the other hand, will
show how much of each constituent is present. The qualitative
analysis of any given substance must necessarily precede the deter-
mination of its quantitative composition.

The methods employed in qualitative analysis consist, in general,
of scparating the constituents from one another by suitable chem-
ical reactions and then applying appropriatc reagents which give
distinctive identifying tests for the presence or absence of the con-
stituents sought. The selection of reactions for carrying out the
necessary separations and identifying tests is based upon the prop-
erties and characteristics of the element concerned; hence, from
the experimental side, one must gain a thorough knowledge of the
behavior of the common metals and aeid radicals, the detection of
which is considered in this elementary text. From the theoretical
side, to understand how a reaction proceeds and properly to in-
terpret the results, one must consider the laws governing reactions;
and, since most of the chemical changes take place in solution, the
laws and behavior of solutions become of fundamental importance.
Little real intelligent progress can he made unless the theory is
understood, properly appreciated and correctly applied.

SOLUTIONS

“

When a small amount of sugar or sodium chloride is added to
water the solid disappears in the liquid, forming a homogene-
ous mixture which is called a solution. All solids show a tendency
to dissolve in liquids, the amount of different solids taken up
by a given amount of liquid varying between wide limits. Liquids
may also dissolve in solids or in other liquids. Gases, too, show
this property of dissolving in liquids and in solids. Thus it is

1



2 FUNDAMENTAL PRINCIPLES

possible to have solutions consisting of solids, liquids and gases
dissolved in liquids, as well as solids, liquids and gases dissolved
in solids.

The component that is present in greater amount is referred to
as the solvent, and the other component is known as the solute.
Thus, in a solution of sugar in water, the sugar is the solute and
the water the solvent. Water is the commonest solvent used, and
throughout qualitative analysis we deal largely with aqueous solu-
tions. Solid, inorganic substances are the chief solutes, although
gases and liquids are the solutes in some cases.

A true solution is one in which the solute is disintegrated down
to at least molecular dimensions and uniformly distributed through-
out the solvent. We may, however, have uniform distribution of
a substance in a liquid in which the dispersed substance consists
of aggregates of molecules; colloidal solutions and suspensions are
of this type. (Colloidal solutions arc more fully discussed on
page 73.) Throughout this text, the word solution will be used
to designate true solutions, and, in fact, aqueous solutions will be
implied thereby.

Limits of Solubility. The extent to which the solute will be
taken up by a given amount of solvent under definite specified
conditions is a characteristic property of the substance. The
amounts of different substances which will dissolve in a definite
quantity of water, say 1 liter, vary considerably. A solution is said
to be saturated when the dissolved material is in equilibrium with
an excess of undissolved solute. Inasmuch as these differences in
solubility constitute a most useful means in qualitative analysis of
separating one substance from another, we must study solubility
relationships and select reactions which will differentiate sub-
stances on the basis of their solubilities.

If more than the saturation amount of solid is added to a solvent,
the excess will remain as undissolved solid, except in those cases
where supersaturated solutions form an”unstable condition. An
idea of the wide variation in the amounts of different solid solutes
required for saturated solutions can be gained by reference to solu-
bility tables. (See page 332.). The solubility of a solid in water
increases, as a general rule, with increase in temperature and only
slightly with increase in pressure. An important application of the
general equilibrium theory involving saturated solutions of diffi-
cultly soluble salts is discussed on page 63.
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Two liquids may be totally or only partially soluble in each
other. Thus water and alcohol mix in all proportions and no limit
can be placed on the saturation amount. Carbon tetrachloride
is only slightly soluble in water and, if the solubility is exceeded,
the excess will remain as a second liquid layer; we speak of these
two liquids as being practically immiscible in each other. Chloro-
form, ether, benzene and many other organic liquids form similar
two-liquid layer systems with water.

The amount of a gas which will dissolve in a definite volume of
water under existing temperature and pressure conditions, too,
is fixed by its saturation quantity, and any excess escapes as free
gas. In gencral, the solubility decreases with rise in temperature
and increases with an increase in pressure. Some gases, such as
hydrogen sulfide, merely dissolve in water, whereas others, such
ag sulfur trioxide and ammonia, react with water. The solutions
of gases in water, whether or not reaction takes place with the
solvent, comprise some of our most important and commonest
reagents.

Properties of Aqueous Solutions. Experiment shows that
many of the properties of water are altered considerably when
dissolved material is present. Thus, pure water freezes at 0° C.,
boils at 100° C. under 1 atmosphere of pressure and exerts a vapor
pressure of a definite magnitude at any specified temperature.
But when, for example, sugar or sodium chloride is added to water,
the freezing point of the water is lowered, the boiling point is raised
and the vapor pressure is lowered, the extent of the change in these
properties varying with the quantity and nature of the solute
present. The osmotic pressure of the solution, too, increases with
increased concentration. These changes in vapor pressure, freez-
ing and boiling points and osmotic pressure are all interrelated and
if one is known the others can be calculated. Hence, we shall
frequently discuss the effect of various conditions on one or two
of these quantities, implying but not mentioning the corresponding
changes in the others.

Solutes may be divided into two general classes, electrolytes
and non-electrolytes, according to the behavior of their aqueous
solutions. Compounds like sugar, glycerol, urea and organic com-
pounds in general, are non-electrolytes. If compounds of this
type are dissolved in such amounts that the ratio of the number of
solute molecules to the number of water molecules in the solution
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is the same for the different solutions, the same freezing-point
lowering and the same boiling-point rise will be produced in each
‘case. Thus, one gram-molecular weight (one mole) of any non-
volatile non-electrolyte dissolved in 1000 grams of water will lower
the freezing point 1.86° C. and raise the boiling point 0.52°C. In
such a solution there will be 1000/18.016 = 55.51 molesof water
to 1 mole of solute or, since a mole of any substance represents
a definite number of molccules (Avogadro’s number, 6.031 X 10%2)
[This value supplants the previous value of 6.06 X 10%3. Cf.
Millikan, Ann. Physik (6), 32, 520 (1938).] this solution will con-
tain 55.51 water molecules for each solute molecule. It is to be
emphasized that the ratio between the number of solvent molecules
and solute particles is the important factor in determining the effect
of a solute on the freezing and boiling points.

Solutions of non-electrolytes, as the term suggests, are very
poor conductors of cleetricity. Electrolytes, on the other hand,
contain bonds that are easily broken by the attraction of the solvent
molecules when the compound isdissolved. Solutionsof electrolytes
readily conduct an electric current and exhibit greater deviations
in freezing and boiling points than non-electrolyte solutions of the
same molecular concentration, i.e., the same number of moles of
solute per 1000 grams of solvent.

The Phenomenon of Ionization. To explain the abnormal
behavior of dissolved acids, bases and salts, Arrhenius, in 1885,
proposed the theory of ionization. This assumes that, when acids,
bases and salts are dissolved in certain liquids, particularly water,
the molecules of the solute dissociate or ionize to a greater or less
extent into positively and negatively charged particles called ions,
those bearing positive charges being called cations and those with
negative charges anions. Compounds showing this behavior are
called electrolytes. The extent of the dissociation depends upon
the nature of the solute, the concentration, the temperature and
the solvent. The ions behave as independent units irrespective of
the nature of the compound from which they are derived, and when
two solutions of electrolytes react they show the behavior only of
the constituent ions. The phenomenon of ionization can be indi-
cated as a reversible chemical reaction between the dissolved non-
ionized molecules and the cations and anions resulting therefrom.

Before the phenomenon of ionization can be further discussed
from the standpoint of modern theory it is necessary to call atten-
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tion to the present-day concept of atoms, ions, valence and acids,
bases and salts.

Atomic Structure. An atom may be visualized as a miniature
solar system. A small, very dense nucleus takes the place of the
sun, and a number of electrons, called planetary electrons, move
about it after the fashion of planets, Each electron constitutes a
negative charge of 1.59 X 107!° coulomb, a coulomb being the
amount of electricity represented by a current of 1 ampere flowing
for 1 second. The amount of electricity represented by the elec-
tronic charge is commonly referred to as a unit of negative charge;
the corresponding quantity of positive electricity constitutes a
unit of positive charge. The nucleus, which provides practically
all the mass of the atom, is made up of units of positive electricity,
together with electrons. In the nucleus the electrons are bound
to an cqual number of protons, producing ncutrons; the excess
protons remain as unbound positive charges. The number of un-
bound' protons in the nucleus is the atomic number of the element.
The total number of planetary electrons in the orbits or shells
equals the number of excess protons in the nucleus, thus making
the atom, as a whole, electrically neutral. '

The hydrogen atom consists of 1 proton in the nucleus and 1
electron in the first (or only) shell. The atom of helium contains
2 free protons in the nucleus, and 2 free ‘clectrons in the first shell.
Lithium has 3 free protons in its nucleus, 2 clectrons in the first
orbit and 1 in the second, thus giving it the atomic number 3.
The sodium atom (atomic number 11) has 2 electrons in its first
shell, 8 in the second and 1 in the third. Chlorine (atomic number
17) has 2 electrons in its first orbit, 8 in its second and 7 in its third
or outer orbit. Atoms tend to reach a stable configuration of 8
clectrons in the outermost shell.

Types of Valence Bonds. Atoms of elements which do not
have a stable valence group like that of one of the inert gases have
a tendency to attain such a configuration; their chemical prop-
erties are then largely determined by the magnitude of the tend-
ency and the manner of attaining the configuration. An atom
may secure a stable valence group in either of two general ways:

(1) By capturing from one or more atoms enough electrons to
make a total of eight in the valence group, or by losing to other
atoms all the electrons in its own valence group. In the latter
case the atom reverts to the next lower stable configuration.
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(2) By sharing electrons with another atom or with each of several
other atoms, each electron so shared being counted in the valence
group of each of the two atoms involved in the sharing.

If a stable group is formed, as indicated in (1), by capturing or
losing electrons, there is an actual transfer of electrons from one
atom to another. This transfer leaves the donor atoms positively
charged and gives the acceptor atoms a negative charge, forming
cations and anions, respcctively. The following equation for the
formation of a sodium ion and a-chloride ion from an atom of Na
and an atom of Cl illustrates such a transfer:

o I -
,/ A6 \\\ yd ’/*"*\ AN PN //
Vs /*"'S\ \\ \ / 7 ,””‘*\ AN 4 ,oe\ N, / s/ o
] / \ 0 v L) ! / \\ b 4 \
19! \ ? Y \k X P/ XYoo \
1 P + i ' N "‘*& | HH [ i
\‘Q\\\ ’P/ x\\ /fl* D \ ,¢i§!§\\ )’,
N\ \\ N s\~ ’/’ \ N\ s g
~ ‘e--e",,’ N, ®- s ~9-0” \\ S-S
S S -~ \\*‘*,
Na atom + Cl atom ~——> Na+t+ c1—
(2, 8, 1 configuration) (2, 8, 7 configuration) (2, 8) (2,8 8)

This representation is not to be interpreted too literally. The
use of different symbols (circles and crosses) to represent the elec-
trons belonging to sodium and to chlorine does not signify a dif-
ference in the nature of the electrons; the purpose is merely to
simplify the visualization of the electron transfer. Also, the dis-
tribution about the atom is not intended to represent the spatial
relations of the electrons to the nucleus in an actual atom; it is
simply a means of representing pictorially the successive electronic
groups and the number of electrons in each group.

It will be noticed that the single electron in the valence shell
of the sodium atom has been transferred to the valence shell of
the chlorine atom, forming a sodium ion and a chloride ion, each
of which has a stable group of 8 electrons in the outer group. A
crystal of NaCl is an aggregate of such ions. It should be em-
phasized that in compounds of this type the tons are not formed upon
dissolving the material but are already present in the solid compound.
The process of solution involves primarily a separation of the ions,
allowing them to act more independently than they can in the
crystal.

” A valence bond formed in this way is called a polar or ionized
bond, and this type of valence is called polar valence, electrovalence
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or ionized valence. Each electron transferred gives one unit of
polar valence to each of the two atoms concerned in the transfer;
the number of such units per atom constitutes the electrovalence
of the element. '

The electropositive elements are those in which the tendency
to lose electrons is greater than the tendency to gain electrons in
securing a stable group. This is the situation, in general, when
the number of electrons in the valence group is less than 4, as it
is in most of the metals. If the tendency to gain electrons is
greater than the tendency to lose them the element is electronega-
tive. This happens, in general, when there are 6 or 7 electrons in
the valence group, as in many of the non-metals. Elements which
have 4 or 5 electrons in the valence group, as well as some elements
with 3 or 6, or occasionally some other number, show, in general,
little tendency either to gain or lose electrons and hence rarely
form ionized compounds.

Attainment of a stable group by sharing electrons, as indicated
in process (2) (page 6), results in the formation of either covalent
or coordinate covalent bonds. Covalent bonds are sometimes
called non-polar or homo-polar bonds, and coordinate covalent
bonds are sometimes called semi-polar or, frequently, simply co-
ordinate bonds. In this book, for brevity, the term coordinate
bond will usually be used. Each pair of shared electrons may be
considered to constitute a single bond. In a covalent single bond
one of the two shared electrons comes from each of the two atoms.
This is illustrated by the following diagrams of the chlorine and
oxygen molecules. For simplicity, all the electrons except those
in the valence group have been omitted in these and all subsequent
atomic diagrams.

,49‘9' /*-k'\ f"“s‘ ’“-*§
\ , \\ ., l

@ P @ ) { @ @

AN R
S -”/ ~--

Cl, 0

(Single bOnd—- (Double bond -

two shared electrons) four shared electrons)

If, instead of each atom supplying one of the two shared elec-
trons, both of the electrons come from the same atom, the result
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is a coordinate bond and each pair of electrons so shared con-
stitutes 1 unit of coordinate valepce. This is illustrated in the
P e * accompanying diagram of SO,.

The oxygen atom shown on

@ the right in this diagram is joined
to the sulfur by a coordinate
\,‘_*. RN N bond; the onc on the left is
joined by a covalent double bond.
It will be noted that the sulfur atom has another pair of unshared
clectrons which, presumably, should be able to form a coordinate
bond with another oxygen atom, In the SO; molecule this addi-
tional bond is formed, as is shown Rl mmal e
in the accompanying diagram. ¢ ™
The diagram of the SO, mole- ( @
cule shows that more than one \

‘,e:::a’

-
~.._ec\

type of valence bond may exist - ,‘a::::e A \,,,_,(/
in the same molecule and indi-
cates the difficulty of stating the @
‘“ valence ”’ of an clement or group /
Nepeen

unless the type of valence con-

cerned is specified. Thus, while sulfur in SO, is usually con-
sidered to have a ‘“ valence ” of 4, this valence really consists of
a covalence of 2 and a coordinate valence of 1. For convenience,
the number 4 may be called the ““ apparent valence ”’ or “ valence
number ”’ of sulfur in SOy; similarly, in SO3; the apparent valence
of the sulfur is 6.

Valence Bonds and Ionization. When a substance containing
polar bonds is dissolved in a polar solvent such as water, the polar
bonds are broken and the ions move about more or less independ-
ently of each other. This is equivalent to saying that compounds
having polar bonds are completely ionized in solution, as they are
in the solid state. On the other hand, covalent and coordinate
bonds usually are not broken in solution; for exceptions, see page
55. This means that atom groups which are held together by
shared-electron bonds will usually remain intact and act as units
in solution. The fact that the sulfate, phosphate and similar ions
act as units in many chemical reactions is explained on this basis.

Although a compound may contain no polar bonds and thus be
undissociated or non-ionized in the pure condition, it may be con-
siderably ionized when dissolved in a polar solvent — for example,
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water — owing to the attraction of the polar salvent molecules for
the atoms of the compound. This type of action will be considered
later in some detail in the section dealing with the ionization of
electrolytes (page 15). )

Variable Valence. Only a few of the elementary features of
this- interesting subject can be mentioned here. The observant
student has already noticed that the number of electrons in the
outermost orbit of the atom is not always the same as the number
of the group in which the element is found in the Periodic Table.
Hemay also have discovered that, in many cases, if 8 is subtracted'
{rom the number of electrons in the next lower orbit and if this
.d;fference 1s added to the number 1n the outermost orbit the re-
sult wil enormal valence group of he element. To illustrate,
U has the conﬁguratlon (4)-18-12-2 and appears in Group VI. If
8 electrons are subtracted from the group containing 12, the differ-
ence plus the 2 clectrons in the last group totals 6.

The preceding discussion suggests the possibility that electrons
may shift into the valence orbit Trom the orbit next Fo it, thereh
changing the valence of the element. This is essentially what
occurs when an element changes from onc ionized valence to
another. instance, Fe in the ferrous condition corresponds
to the configuration 2-8-14-27 If the 2 valence clectrons arce
St a ferrous ion, Fet+, Tesults. e in_the Terri€ condili

SpordS—t6_the configuration 2-8-13-3; loss of the 3/alencc
electrons 1n this casc r¢gults in the formation of a ferric ion, Fet++,
Elements such as mc—
trons in the orbit next to the valence orbit. There is therefore
a negligible tendency for electrons to be transferred into the
valence group and these elements accordingly exhibit only one
valence state.

In passing, it may be pointed out that the shift of clectrons
from one orbit to another corresponds to the absorption or emis-
sion of light or other form of radiant energy. Compounds of
metals of variable valence are almost invariably colored, whereas
those of constant valence are usually colorless. The phenomenon
of color in compounds therefore corresponds to the ease with which
electrons shift from one orbit to another in the atoms.

Acids and Bases. An acid 7s a substance (molecule or ion) hav-

ing the chemical property of losing a profan to another substance.
Since 8 protop is the same as a hvdrogen ion we can also sav that.
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MQSWMMM%&M& This
includes a e compounds such as HCl, HNO3;, HC;H;30,, etc.,
which commonly have the term acid included in their names, as
well as certain other substances such as HCO3~, NH4+, H,0, ete.,
which usually are not thought of as being acids. Acids are said
to be monoprotic, diprotie, triprotic, etc., according to their
ability to furnish 1, 2, 3 or more protons per molecule.
_base is a_subgtance ecul i ich_has the chemical
operty of gainin nother. substance. In this classi-
fication are included such substances gs hydroxyl ion, ammonia,
A ion and the like, since they are able to combine with
hydrogen ions as indicated by the equations:

OH™ 4+ H* — H,0

NH; + H+* — NH,*
CzHgOz_ + Ht — HCzH302

One of the chief points of difference between the traditional
and the modern idea of acids and bases is in the concept of a basc.
According to the traditional theory a substance is a base if, and
only if, it provides hydroxyl ions. The modern theory states
that it is not the substance that provides the hydroxyl ion but
the hydroxyl ion itself that is the base. Thus, NaOH is not a base
but it contains the base, OH™. Moreover, there are many bases
other than the hydroxyl ion, as indicated above. Compounds
such as NaOH which furnish a high concentration of hydroxyl
sons we call alkalies.

» A consideration of the definitions will indicate that every acid
}s related to some particular base in a definite way. This relation-
Phip is indicated by the general equation:

acid = base + H+ (1)

that is, the substance remaining after the removal of a hydrogen
ion from an acid is a base. It will be noticed that the forward
reaction provides the definition of an acid, whereas the definition
of a base depends on the reverse reaction. An.acid and a base
that ar ted i indicated by the equation are cal

conjugate pair. Some examples of conjugate pairs are the follow-
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ing, the acid being mentioned first:

H,0, OH" HCL, CI°
HCzH;;Oz, CgH302- HCO3-, COa=
NH,*+, NH; H,S, HS™

Our definition states that an acid must be capable of losing a
proton to another substance. This implies that the proton is
transferred from one acid to some proton acceptor and that
therefore our simple equation:

acid = base + H*
is incomplete and might better be written:

acid + proton acceptor = base -+ (proton acceptor)-Ht (2)

This indicates that in solutions the protons are always present
in combination with some other ion or molecule and never exist
in the form of simple hydrogen ions. The solvent itself frequently
functions as a proton acceptor, so the above equation may be
rewritten for aqueous solutions in the following form:

acid + H,O = base + H20-H+ 3)
mwed the hydronium or oxonium
ion and, ow the equation, is present

Wimhﬂm. This is not a ‘ theoretical ”’ state-

ment; the actual existence of HzO* ions is indicated by many
types of experimental evidence which, however, cannot be de-
seribed here.

Consideration of equation (2) leads to a very slmple obser-
vation. The substance that we have deblgnated as ‘‘ proton
wcceptor ”’ agrees with the definition of a base since it accepts a
proton from the acid. Also, the H3O* ion satisfies the require-
ment for an acid since the equation:

Hz;0* = H* + H.0
describes its nature. The conclusion is that any acid-base reaction

really involves two acids and two bases, i.e., two conjugate pairs.
The most general equation then is of the type:

acid; + base; = base; + acid,
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where (acid,, base;) and (acidg, basez) are conjugate pairs. For
example, the reaction which is usually written, as:
HCl - H+ 4 CI”
is in reality: T oy
' HCl + H;0 —» ClI” 4+ H30*

(acidy) (basey) (base;) (acidy)

Of course, the solvent 1s not necessarily included in the equation
since some other proton acceptor may be present, as the following
equations show:

HCl + NH; — Cl™ + NH,*
H2P04— + COz= — HPO4~ + HCO3™

The preceding discussion presents the essential features of the
'anﬁnsted- concept of acid-base reactions. These ideas
may easily be extended to non-aqueous solutions and thus are
useful in correlating large numbers of otherwise unrelated facts
and phenomena. To illustrate, liquid ammonia is slightly ionized
as follows:

2NH; = NH,* + NH,™
a reaction analogous to that for the ionization of water:
' 2H,0 = H30t + OH~

Few substances are known which in the solid state contain the
H3;0* ion; those that do, however, behave as acids in water solu-
tion. On the other hand, many compounds are known which
contain the NH,+ ion and these, when dissolved in liquid ammonia,
hehave as acids. That is to say, NH4C], for instance, is a strong
acid in liquid ammonia solution. Likewise, any substance, such
1s HCI, which can furnish a proton, will act as an acid since by the
reaction:

HCl + NH; (solvent) —» NH .+ + CI™

‘an ammonium ion is produced. In general, for hydrogen-con-
taining solvents, any substance which in solution gives the same
cation as is formed by the ionization of the solvent itself will
behave as an acid and any substance that combines with the acid
cation will behave as a base. From the ionization equation it is
apparent that any substance, such as KNH,, which supplies the
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amide ion, NH,~, will act as a base in liquid ammonia; the real
base is, of course, not KNH; but the amide ion, NH;".

Hydration of Ions. One other point remains to be mentioned.
When we ro-
gen lon it must not be supoosed thg_t_hxdmtmn_l&.pemdmn.m.th
Rydrogen ion. All ions in water solution are hydsated — to ap
indelinite and unknown extent, to be sure — and might be repre-
sented as Na(H;0),+, C1(H20),", and so on. Since the extent
of the hydration is unknown and since the inclusion of the water
in the formula of the ion contributes little to our knowledge of the
properties of the ion, we shall omit it entirely in subsequent
discussions. When Vhen we logk at the formula of an_ior ion, however,
we shall remember that the ion really s lydrated sad that the
formula, although it tells the truth, does not tell the whole truth.

The situation in the case of the hydronium ion 1s, however,
somewhat different. Owing to its very small size — approximately
1/100,000 of the diameter of an ordinary atom — the proton
probably is buried within, or is surrounded by, a single water
molecule. This means that, although it is conceivable that the
proton may be attached to a number of water molecules, the prob-
ability is great that it is associated with only one and, thercfore,
the degree of hydration is somewhat less indefinite than it is for
any other ion. Moreover, as mentioned previously, HzO+ ions
have been definitely identified in some compounds. But now,
having justified a belief in the existence of H3O% ions, we shall for
simplicity henceforth omit the water from our written formulas,
just as we do with the other hydrated ions. The symbol H* will
%gijer that what we are really talking about is the
iydrated ‘moye completely represented by H;0™.

Salts. Up to this point we have not even mentioned the term
“galt.” As a matter of fact, there is no definite place for the
word in the Bronsted-Lowry concept, but the convenience and
widespread use of the traditional classification make it desirable
to retain the term. We may say then somewhat arbitrarily, con-
sidering aqueous solutions only, that;& salt is a_substance which
consistg of .or nrOVldeS some_positive ion other than hydrogen ion
and some i This Is equivalent
fo the usual definition and will include and exclude the same
compounds as the statement that a salt is one product of the
neutralization of an acid by a (traditional) base.
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It should be pointed out that the class in which a given elec-
trolyte is placed depends in many cases upon the solvent that is
being considered. NH,CI, for example, is a salt in water but an
acid in liquid ammonia. It is unfortunate in some respects that
the universal use of water as a solvent has resulted in the develop-
ment of a classification applicable in ‘many cases only to water,
with the result that far-reaching genecralizations applicable to all
solvents may be obscured or disregarded.

The Extent of Ionization. If the extent to which different acids,
bases and salts ionize is compared for solutions containing equal
rram-molecular weights of the solute and at the same temperature,
it will be found that this varies considerably with different elec-
rolytes. Electrolytes in_moderatcel solutions, in which
she tion ionized non-ionized part is large, are
W. Examples of strong electrolytes are s solu-
tions of HCl, NaOH, NaCl and, as a general rule, most inorganic
salts. On the other hand, weak electrol ) ose in_which
the tendency to ionize in moderately dilute solutions is relatively
gmall, such as solutions of NHj, HCzH302, H,S, HyCO3 and
water itself.

Table I shows the percentage of ionization of solutions of com-
mon acids, bases and salts, each containing 0.1 of the molecular
weight of the solute in grams in a liter of solution. Solutions
containing this amount of solute are known as 0.1 M solutions.
Note that for acids the degree or percentage of ionization varies
from 92.0 per cent for HCI to 0.01 per cent for HCN, for sglytions
of equal strength, and that the primary ionization for ol basic,
acids takes place to a much greater extent than the secondary and
tertiary. Note, too, that NaOH is typical of a strong base whereas
NH4OH is a weak base. The behavior of salts depends upon the
type and, as a gencral rule, for such concentrations as are usually
employed in laboratory reagents the percentage of ionization is
large. A few salts, notably certain salts of mercury, lead acetate,
ferric acetate and a few others, are exceptions in that their ioniza-
tion is abnormally weak. < |, ,

» Ionization and Concentration. The foregoing discussion and
Table I have shown that the percentage of ionization differs
widely for different electrolytes in solutions of the same con-
centration. For the same electrolyte the ionization varies with
the concentration, if temperature and other factors remain un-
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TABLE I

15

PERCENTAGE IoN1ZATION OF CoMMON AcIps, Bases aAND SaLts v 0.1 MOLAR

Sorurions at 18° C.

Per Cent
Acid Ionization Reaction I?)rnizee:;
Hydrochlorice HCI =H* 4+ CI” 92.0
Nitric HNO3; = H* + NOj;~ 92.0
Nitrous HNO; = H* + NO3~ 8.0
Formic HCHO; — H* + CHO;" 4.5
Acetic HC;H30: = H* 4+ C2H30,™ 1.34
Hydrocyanic HCN = H*+ + CN- ‘0.01
Sulfuric H.S0; = H* 4 HSO,4" 90.0
HSO,~ = H* + S04~ 60.0
Oxalic 1120204 H+ + HCzO4 40.0
HC,04 = H* + C,04~ 1.0
Carbonic H.CO; :: H* 4 HCOj3~ 0.12
HCO3;” = H* 4+ COz~ 0.0017
Hydrosulfuric HyS = H* + HS~ 0.05
HS "= H* 4 S~ 0.0001
Phosphoric H3;POys = H+* 4+ H,PO4~ 27.0
H.PO4,” = H+* 4+ HPO4~ 0.1
HPO4s~ = H* + PO4= 0.0001
Water HOH = H* 4 OH" 0.0000002
Base
Sodium hydroxide NaOH = Nat* 4+ OH~ 90.5
Ammonium hydroxide NH,OH = NH,;+ 4+ OH~ 1.31
Calcium hydroxide Ca(OH)s = Cat* + 20H" 75.0
Salt Examples
Uni-univalent KCIl, NaNO3, NH,C], NaCzH:;Oz 80-85
Uni-bivalent CaClg, K2SOy, ete. 70-75
Bi-bivalent MgS04, CuSOy, etc. 3545
altered. is, the more di olution, the greater will be
the de ioniz If we take, for example, a liter of a 0.1

molar solution of acetic acid, in which the degree of ionization
is 1.34 per cent, and dilute it with 9 liters of water, the resulting
solution will be only one-tenth as concentrated and if we measure,
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by electrical conductivity or other methods, the new degree of
ionization, we will find it to be 4.17 per cent at 18° C. Further
dilution will result in still greater ionization, until in extremely
diluted solutions there is no further increase in ionization. When
this point of infinite dilution is reached the solution is 100 per cent
ionized.

The variation of the degree of ionization with concentration
is shown in Table II for two strong acids, two weak acids, a strong
base, NaOH, a weak base, NH,OH, and a number of salts.

TABLE 1I
VARIATION OF PErCENTAGE IoNizaTioN wWiTH CONCENTRATION AT 18° C.

Concentration of Electrolyte in Moles
Electrolyte per Liter

1M 01 M 001 M 0.001 M
HCl 80.0 92.0 97.2 99.0
HNO; 85.0 92.0 96.9 99.0
HCHO; at 25° C. 1.5 4.5 13.4 35.8
HC2.H 30, 0.4 1.34 4.17 11.7
NaOH 77.0 90.5 93.3 97.1
NH,OH 0.4 1.31 4.07 11.7
NaCl 74.1 85.2 93.6 97.7
AgNO3 81.4 93.1 97.7
NaCHO. 59.5 85.4 93.1
NaC:H304 52.6 77.9 89.4
NH,Cl 74.7 85.3 94.0
K2S04 . 67.3 83.2 93.7
MgCle 72.8 85.1 93.9
MgS04 40.3 59.6 82.3

Note that for the strong acids, for NaOH and for many of the
salts, the ionization is nearly complete in 0.001 M solution, and
that for the weak acids and NH,OH much greater dilution than
shown here will be required to bring about complete ionization.
As noted in a previous paragraph (see page 14), a solute is con-
sidered a strong electrolyte if the proportion of ions to the non-
ionized fraction is large when the total amount of dissolved solute
is relatively large. Acetic acid and ammonium hydroxide are
not considered strong electrolytes because it is only in extremely
dilute solutions that the concentration of ions predominates over
" the non-ionized molecules.
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That increase in ionization is a necessary consequence of increas-
ing the dilution will be shown, on page 56, when the equilibrium
relationships in solutions are treated in a quantitative way.

Ionization and Temperature. With an increase in tempera-
ture most electrolytes show a decreS€ in the Dercentape-of fonizas
Tlon® Thus in 0.08 37 solutions of HCI at 18° C. the percentage
ionized is 93.2; at 100° C. it is 89.7. For the same conditions in
the case of HCoH305 the values are 1.5 per cent and 1.17 per cent,
respectively. Water is an exception to this rule, the ionization
increasing somewhat with rise in temperature.

ect of Solvent on Ionization. , €s 1onize to a greater
extent in water than in most other solvents. Water is also the
commonest solvent. Other ionizing solvents are liquid ammonia,
liquid hydrocyanic acid and liquid sulfur dioxide. The ability
of a solvent to bring about ionization is related to its dielectric
constant and, in general, the greater the dielectric constant, the
better the medium for ionization of the solute to take place.
The presence of other dissolved substances also influences the
extent of ionization of many solutes.

The Debye-Hiickel Theory. We have mentioned previously
the abnormal effect of electrolytes on the freezing and boiling
points and similar properties of solutions. According to the
Arrhenius theory of ionization an ion has the same ability t
lower the freezing point (for example) as a non-ionized molecule.
Hence, if a molecule divides into 2 ions, 1 gram-molecular weight
of the substance in 1000 grams of water should produce a lowers
ing of twice 1.86°, provided the substance is completely ionized.
Ordinarily, however, the lowering actually measured is somewhers
between 1.86° and 2 X 1.86° for a substance giving 2 ions pe
molecule, and somewhere between 1.86° and 3 X 1.86° for a sub-
stance giving 3 ions per molecule. A interpreted this
behavior as_indicating incomplete dissociation of the solute.and
Talculated the percentage of lonization which would have to
WMW THis explanation
seemed to be supported by the observation that when a solution
of an electrolyte is diluted the calculated degree of ionization
increases until in very dilute solutions it approaches or even
reaches 100 per cent. -

Since most salts in the solid state consist exclusively of ions it
is reasonable to suppose that they would also be completely




18 FUNDAMENTAL PRINCIPLES

ionized in solution. If such is the case some other explanation
must be found for the experimental observation that, except in
very dilute solution, the freezing-point lowering is less than it
would be if each ion had the same effect as a non-ionized molecule.
This difficulty exists only for strong clectrolytes; weak electro-
lytes are admittedly incompletely ionized, so the Arrbenius
theory is applicable to them.

To account for the behavior of strong electrolytes Debye and
Hickel developed mathematically a theory which assumes com-
plete lonization of strong clectrolytes in solution. Simply ex-
pressed, this theory states that in the immediate neighborhood of
any cation there are morc anions than cationg, and near any
memm_ This may be attributed

o the well-known fact that opposite charges attract and like
charges repel. A somewhat similar situation exists in salt
crystals. In NaCl, for example, each sodium ion is surrounded
at equal distances by 6 chloride ions and each chloride ion is
likewise surrounded by 6 sodium ions. Consideration of such
a crystal may aid in visualizing the situation existing in a solution,
but it must be remembercd that in the solution the ions are free
to move, and the number and distances of the surrounding ions
are by no means definite.

The effect of the ““ cloud ” or ““ atmosphere ”’ of ions surrounding
a particular ion is to restrict the motion of the ion in question, for
motion of the ion will be opposed by the attraction of the oppo-
sitely charged ionic atmosphere. This restriction of motion mani-
fests itself as a decreased activity of the ion, i.e., the ion will have
less effect in lowering the freczing point than it would have if its
motion were unopposed by oppositely charged ions. As the solu-
tion is diluted the distances between the ions become greater, thus
decreasing the cffect of the ionic atmosphere and allowing the ions
to exhibit their full influence on the freezing and boiling points.
For very dilute solutions the Debye-Hiickel and Arrhenius theories
are equivalent as far as we are concerned.

The Concept of Activity. The change produced in the conduc-
tivity and related properties when a solution of a strong electrolyte
is diluted may be explained in either of two ways: (I JThe Ezbility
or freedom of mation of the ions may remain constant but the

number may inerease, owing to the dissociation of non-ionized
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(since there are no non-ionized solute molecules present) but the

mobility-of the ions may increase, owing to a decreased interfer-
W@Mﬂh. The first
assumption 1s made in the devclopment of the Arrhenius theory
and the second underlies the Dcbye-Hiickel theory. ‘Lhe first
condition_applics to weak electrolytes and the second to streng
electr

To take into account the experimental fact that strong electro-
lytes appear to be incompletely ionized, as judged by their effect
on vapor pressurcs, etc., a term called the activity or effective
concentration is introduced. Numerically, the activity of a mole-
cule or ion in a given solution is equal to the concentration that it
would have to have {0 give the observed effect on the vapor pres-
sure f each molecule or 1on_had the same effect that it has in a very
dilute solution. The activity is rclated to the concentration by

e —
the expression:
Z a=fC ‘

where f is a fraction called the activity coefficient.

The activity coefficient is similar in many respects to the
degree of ionization used in connection with weak electrolytes. It
increases with the dilution and becomes equal to 1 in very dilute
solutions. It is decreased by the addition of ions other than the
ones under consideration; some results of this behavior will be
considered in the discussion of the salt cffect (page 72).

The experimental determination of activities and activity coef-
ficients is not easy. Moreover, owing primarily to the difficulty
of securing appropriate data, activities do not lend themselves
so readily to elementary calculations as do concentrations. Jf
should be realized that even for wcak electrolytes and mon-
clectrolytes activities must be used instead of concenirations if
g%'fect accuracy 1s desired. The common failure to do this sac-

ces a small amount of accuracy for a considerable gain in
simplicity.

REVIEW EXERCISES — SET 1

1. Define a solution. Give examples of the different kinds of solutions
with respect to solute and solvent. -

2. Differentiate between electrolytes and non-electrolytes; weak and
strong electrolytes; acids and bases. What effect has dilution on degree of
ionization?
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3. From the list of reagents used in the laboratory (see Appendix, page
323) select several examples of &ach of the following types of solutions: solid-
in-liquid; gas-in-liquid; liquid-in-liquid. What other types of solutions
exist?

4. A substance which dissolves only to a limited extent may be com-
pletely igpized but the solution may not conduct a current as well as a solution
of a weak electrolyte such as acetic acid. Is such a slightly soluble compound
a strong or a weak electrolyte? Explain.

6. What is the difference in molecular structure between an electrolyte
and a non-electrolyte? State whether a compound containing at least one
ionized bond must be, may be, or cannot be an electrolyte. Do likewise for
compounds containing the other two types of bonds and then consider various
combinations of the three types in the same compound.

6. Referring, if necessary, to your general chemistry textbook, state
what general conclusions may be drawn as to the solubility in water of each
of the following classes of compounds: chlorides, nitrates, sulfates, alkali
metal salts, sulfides. -

7. Predict how each of the following substances would behave in liquid
ammonia solution: (NH,)2S04, KNH,, H20, HCIl, KNOg, C1°. If the sub-
stance acts as an acid or base write the equation and indicate the conjugate
base or acid.

8. What general rule applies to the extent of ionization of electrolytes
that ionize in several stages? Illustrate your answer with suitable examples.

9. Explain the Broénsted-Lowry concept of acids and bases. In what
respects does it differ from the traditional concept?

10. Describe the essential features of and the differences between the
Arrhenius and the Debye-Hiickel theories. To what type of solution is each
applicable?

REAGENTS

In the laboratory work of qualitative analysis, the experimenter
is primarily and continuously engaged in observing and actually
applying the effect of reagents on test substances of known and
unknown composition. In fact, from the experimental side it
may be said that qualitative analysis consists very largely of the
correct use of rcagents. At the outset, therefore, in the study of
this subject, the student must become acquainted with the re-
agents to be employed, prepare a number of them himself and
learn how to carry out the calculations involved in the preparation
and use of a wide variety of reagents.

The list of reagents found in the Appendix (page 323) should
be examined. Instructions are given on page 23 for the prepa-
ration of certain reagent solutions. The preparation of solutions
of the samples of known and unknown composition make up an
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important part of the laboratory work. It is customary to study
first the analytical properties and reactions of the ions separately
as detailed under each cation and anion and to follow this by the
analysis of mixtures of known composition, designated as * Prac-
tice Analyses ”’ before the analysis of samples of unknown com-
position is undertaken. The test ions are usually supplied in the
form of test solutions, the preparation and nature of which are
described on the following page.

It is convenient to classify the test substances and reagents
under the following heads:

A. Test Substances.
1. Test solutions.
2. “ Known "’ mixtures of cation and anion solutions.
3. “ Unknown "’ samples.

B. Reagents.
1. Gases, such as H,S.
2. Pure liquids, such as the organic solvents ether, chloro-
form, carbon tetrachloride, ete.
3. Solid reagents, such as KClO3, NH4Cl, Na;COjz, metals,
ete.
4. Solutions of various kinds made by:
a. Dissolving gases in watcr.
b. Dissolving liquids in water.
c¢. Dissolving solids in water.
d. Diluting * concentrated ” reagents.

On the basis of the effect to be produced, the uses to which these
reagents are put may be summarized as follows:

1. For dissolving samples, precipitates and residues.

2. For acidifying, neutralizing or rendering a solution alkaline.
3. For precipitating.

4. For oxidizing or reducing.

Methods of Expressing the Concentration of Solutions. The
strength of a solution may be expressed in a number of ways;
the following types of solutions, with respect to the method,
units or system used to designate the concentration, are recog-
nized in analytical chemistry.

1. Test Solutions. The so-called test solutions contain the
individual ions whose characteristic reactions and properties are
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usually studied in the preliminary experiments. A series of cation
test solutions, made whenever possible from the nitrates of the
metals, and a series of anion test solutions, made from the sodium
or potassium salts of the acids, are usually prepared. In these
solutions the cation or anion content is kept uniform, each milli-
liter of solution containing 10 milligrams (0.01 gram) of the ion.
These solutions therefore represent one type of concentration
measurement. In the Appendix (pages 328-329) will be found a
list of cation test solutions and a list of anion test solutions. The
preparation of the test solutions involves a simple direct proportion
calculation which may be illustrated by the case of the silver-ion
test solution.

How much AgNO; should be weighed out, dissolved in water
and diluted to 1 liter, in order that each milliliter will contain 10
milligrams of Ag* ion (assuming that all the silver is in the ionic
condition)?

Since 1 ml. is to contain 10 milligrams or 0.01 gram, 1 liter
will contain 1000 X 0.01 or 10 grams of silver as Ag* ion. It is
then a simple matter to calculate the weight of AgNOj3 required
to furnish 10 grams of silver from the following proportion:

Ag : AgNO; = 10:2
(107.88)  (169.89)
from which z, the weight of AgNOj3 required, is found to be 15.75
grams.

The advantage resulting from the use of test solutions of uniform,
known strength lies in the fact that the sensitiveness of the test
can be studied with better results. Some judgment can be
formed of the relative amounts of each component present in a
mixture if the preliminary work is carried out with solutions of
known and uniform strength. In this way a qualitative analysis
becomes an approximate quantitative one. The student should
always exercise judgment in distinguishing traces from consider-
able quantities of a constituent found in the course of an analysis.

2. Empirical Solutions. The solutions resulting from dis-
solving solid samples and a great many of the reagent solutions
represent another type, in that there is nothing uniform in regard
to their strength, each individual solution being made up of
a strength best suited for its particular use. These may be called
empirical solutions. In this connection examine the list of re-
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agents in the Appendix (pages 323-325). The concentration of
these solutions may be expressed in grams of solute per liter or
per milliliter. If expressed in grams of solute or ifcs equivalent
per milliliter, the term titre is sometimes applied. Thus a solution
containing, for example, 0.050 gram of PO4= per milliliter is referred
to as one having a phosphate titre of 0.050. The concept of titre
is limited to the solutions and calculations of quarititative analysis.

3. Per-Cent-by-Weight Solutions. The strength of certain
solutions is sometimes designated by the percentage by weight of
solute contained in the solution. Thus a solution which contains,
say, 20 grams of the solute in 100 grams of the solution is a 20
per cent solution.

4. Designation by Means of Specific Gravity. The specific
gravity of a solution is sometimes used to indicate the strength
of a reagent solution. This system is employed only in con-
junction with the percentage by weight and necessitates the use
of a specific gravity table for each kind of solution. The con-
centration of the common neutralization reagents, namely HCI,
H,S0,, HNO3 and NH4OH is expressed in terms of the specific
gravity with or without the corresponding percentage by weight.

To illustrate, the concentrated hydrochloric acid solution
ordinarily supplied in the laboratory has a specific gravity of about
1.190. Reference to the specific gravity table in the Appendix
(pages 334-335) shows that a solution of HCI of this specific grav-
ity contains, at 15° C., 37.23 per cent of the solute, hydrogen
chloride. One milliliter of this reagent, weighing 1.190 grams,
will contain 0.3723 X 1.190 or 0.4430 gram of pure HCI.

To prepare a dilute solution of this acid for the usual laboratory
uses, the amount of water to be added to the concentrated reagent
must be calculated. A typical calculation of this kind is here
given., .

Suppose that it is desired to prepare a “ dilute ”” hydrochloric
acid reagent by dilution of 50 ml. of the concentrated reagent, so
that the resulting solution will have a specific gravity of 1.100.
How much water should be added?

Since the original solution has a specific gravity of 1.190 and
contains 37.23 per cent of HCI by weight, the total weight of pure
HCl in the 50 ml. will be

50 X 1.190 X 0.3723 = 22.15 grams of pure HCI



24 FUNDAMENTAL PRINCIPLES

The final solution should have a specific gravity of 1.100, which,
irom the table in the Appendix (pages 334-335) is found to con-
tain 20.01 per cent of HCl. Letting z equal the weight and hence
the volume of water to be added, we can express the calculation
as follows:

22.15 = [(50 X 1.190) + z] 0.2001

that is, 20.01 per cent of the total weight of the mixture is pure
HCI and we started with 22.15 grams of pure HCL. Solving, we
find z equal to 51.2 grams of water; hence 51.2 ml. of water are
to be used.

Special attention is called to the specific gravity table for
ammonia solutions in the Appendix (page 333). Note that
the percentage of solute is given in terms of NH3 and not
NH,OH.

5. Normal Solutiens. This system of concentration, exten-
sively employed in quantitative analysis, is sometimes used in
qualitative analysis to designate the strength of reagent solutions.
A normal solution contains a gram-equivalent weight of the solute
per liter of solution. A gram-equivalent weight is that amount of
reactant which will bring into reaction, dircetly or indirectly, 1.008
grams of hydrogen. A normal solution of any acid therefore
contains 1.008 grams of replaceable hydrogen; if the acid is
monobasic, such as HCl, HNO3 or HC3;H30,, the molecular weight
in grams will furnish the required gram-equivalent weight of
hydrogen. A normal solution of H,SO4 contains onc-half the
molecular weight of HoSO4 in grams per liter of solution. Corre-
sponding definitions hold for normal solutions of bases, of precipi-
tating agents and of oxidizing and reducing agents.

6. Molar Solutions. A molar solution contains the molecular
weight in grams of the solute in a liter of solution. Although molar
solutions are not usually employed as actual laboratory re-
agents, the units of concentration used, the gram-mole, or the
corresponding terms gram-ion and gram-atom, are tremendously
important in the mathematical treatment of all equilibria re-
lationships.

7. Molat ~Solytions. A molal solution contains one gram-
molecular weight of the solute in 1000 grams of the solvent. In
discussing the freezing points and boiling points of solutions con-
centrations are always specified in this way.
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Gram-Atom, Gram-Mole and Gram-Ion Quaantities. A gram-
atom or a gram-atomic weight of an element is a weight in grams
equal to the atomic weight of that element. Thus, a gram-atom
of sodium consists of 22.997 grams of sodium, since this number
is the atomic weight of sodium. Likewise 35.457 grams of chlo-
rine is 1 gram-atom of chlorine and 1.008 grams of hydrogen is
1 gram-atom of hydrogen. One-half of the atomic weight of an
element in grams constitutes one-half a gram-atom; one-tenth of
the atomic weight in grams, a tenth of a gram-atom, ete.

A gram-mole or a gram-molecular weight (somectimes simply
called a mole) is the molecular weight of a substance in grams.
One gram-mole of AgCl, for cxample, consists of 143.337 grams
of this compound, this number being the molecular weight of
AgCl. A gram-mole of HCl weighs 36.465 grams, and a gram-
mole of NaOH, 40.005 grams. One-half of the molecular weight
is a half-mole, and one-tenth of the molecular weight constitutes
0.1 of a gram-mole. Thus 0.5 of 36.465 or 18.233 grams of HCl is
0.5 of a gram-mole of HCl, and 3.647 grams of HCl is 0.1 of a
gram-mole of HCL

A gram-ion is the atomic or molecular weight of the ion in grams.
That is, if the ions in a solution consist of charged atoms, such as
Agt, Ht, Cl7, ete., the atomic weight in grams of the element in
question constitutes 1 gram-ion; if the ions consist of charged
groups of atoms, such as the ammonium ion, NII,*, the nitrate ion,
NO;7, the sulfate ion, SO4=, or the acetate ion, C2H30,", the
molecular weight of the charged radical, in grams, constitutes a
gram-ion. If, for example, a solution of HCI contains 1.008 grams
of H* ion and 35.457.grams of Cl™ ion, there are present 1 gram-
ion of hydrogen ions and 1 gram-ien of chloride ions; or, again, if
a certain solution is made by dissolving 1 gram-molecular weight
of AgNO3 mter and the resulting solution is completely ionized
into Ag* ions and NOj3~ ions, the solution will contain 1 gram-ion
of Ag* ion (107.88 grams) and 1 gram-ion of NO3;~ ion (62.008
grams).

It is obvious that the three terms gram-atom, gramn-mole and,
gram-ion are fundamentally alike and define the same kind of unit
of measurement, or mass, differing only in that they refer to differ-
ent conditions of matter. The gram-atom refers to the atomic
state of an element, the gram-mole to a compound or uncharged
radical and the gram-ion to an ionized atom or radical. This fine
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distinction is one of exact definition rather than of any real differ-
ence in meaning.

These units are used to express the quantity or mass of sub-
stance, and are used in all equilibrium calculations. It is im-
portant that the student thoroughly understand the meaning of
these units and how they are obtained from the usual gram weights.
The conversion from gram weights to gram-atom, gram-mole or
gram-ion quantities is made by dividing the gram weight by the
atomic or molecular weight:

Weight in grams {Gram-atom, gram-mole or

Atomic or molecular weight - gram-ion quantity

For example, the gram-mole quantity of AgNOj3; represented by
16.98 grams of AgNOs is:

16.98
169.89

= 0.1 of a gram-mole

The gram-atom quantity of silver represented by 16.98 grams of
AgNO3 may be calculated either (1) by finding the weight of
silver contained in the given weight of AgNO; and dividing this
in turn by the atomic weight of Ag, or (2) more simply from the
gram-mole quantity of AgNOjs; for, since 1 molecule of AgNO;3
contains 1 atom of Ag, 0.1 of a gram-mole of AgNOjz contains 0.1
of a gram-atom of Ag.

Furthermore, if this quantity of AgNO3 were dissolved in a suffi-
ciently large volume of water to result in complete ionization,
there would be present 0.1 of a gram-ion of Ag* ion.

Conversely, to convert quamtitics expressed in terms of gram-
mole, gram-atom or gram-ion units to gram weights, multiply
the quantity by the molecular or atomic weight of the molecule,
atom, or charged radical.

Molar and Gram-Ion Concentrations. A molar solution has
already been defined as one containing the molecular weight of
the solute in grams in 1 liter of the solution. If onc-half the molecu-
lar weight in grams of the solute is present in a liter of the solution,
the concentration of the solution is said to be 0.5 molar. In the
case of AgNOj previously referred to, if 0.1 of a gram-mole of
AgNO; per liter is present in a liter of the solution, the solution is
0.1 M with respect to the solute; we say that its molarity is 0.1.
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If this AgNOj; solution is completely ionized, the gram-ion
concentration of Agt ion as well as of NO3™ ion is 0.1 of a gram-
ion, i.e., Cpg+ is 0.1 and Cyo,- is likewise 0.1, the symbol C being
used to designate concentration.

It should be carefully noted that the terms molar concentration
and gram-ion concentration refer specifically to the amount of
solute and of ions, respectively, in a liter of solution. The gram-
mole and gram-ion quantities arc identical with the molar and
gram-ion concentrations only when the volume of solution is 1 liter.
For volumes other than a liter, the concentration remains the
same but the absolute quantity will be different. Thus, if 200 ml.
of a AgINOj solution containing 0.1 gram-mole of dissolved AgNO3
per liter is taken, there is present only two-tenths of the amount
of solute, namely 0.02 gram-mole, but the solution is still a 0.1
molar solution.

When a solute ionizes to furnish two ions of the same kind and
one of another kind as, for instance, in the casc of Ca(NOjz),,
which ionizes according to the scheme:

Ca(NO;:,)z = Catt —+ 2NO3_

the gram-ion concentration of NO3™ ion is twice that of the Cat+
ion.

If the solution is known to be incompletely ionized the gram-
ion concentrations of the ions, as well as the gram-molar concen-
tration of that portion of the solute which is not ionized, are
readily found by multiplying the molarity of the solution by the
degree of ionization. In the above case, suppose that a 0.1 M
solution of Ca(INO3z)s is 85 per cent ionized. The concentration
of the Ca*+ ion is then 0.1 X 0.8%br 0.085 gram-ion, the concen-
tration of the NO3;™ ion is 0.2 X 0.85 or 0.170 gram-ion and the
concentration of the Jon-ionized Ca(NOs)s is 0.1 X 0.15 or
0.015 gram-molc.

The Calculations of Qualitative Analysis. ' In the study of the
fundamental theory and of the reactions of qualitative analysis,
computations must frequently be made involving the concentra-
tions of ions and non-ionized solutes, the use of various equilibrium
constants, the effect of reagents, cte. In fact, the only effective
way to understand thoroughly and apply properly the theoretical
principles is through the use of numerical calculations. Equilib-
rium calculations of one kind or another are the most important
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types of computations encountered in the study of qualitative
analysis. In these calculations, the data such as equilibrium
constants and ionic concentrations are small numbers, and it is
more convenient to express such quantities in the exponential
form rather than as decimal fractions.

The Use of Exponents in Calculation. The magnitude of a
quantity is expressed in the exponential form by writing the digits
as coefficients multiplicd by 10 raised to the proper power. Thus
the number 1000, which is the product of 10 X 10 X 10, or ten
cubed, is written 1 X 103, The number 0,001, the product of
0.1 X 0.1 X 0.1, becomes 1 X 1072, and 0.00001 becomes 1 X 107,
the significant figure, in each of the above cases 1 or unity, appear-
ing as the cocfficicnt, and the negative exponent being one more
than the number of zcros used to locate the decimal point in the
decimal fraction. When more than one significant figure appears
in the number, it is conventional to place the decimal point after
the first digit in the coefficient and to adjust the negative exponent
accordingly. For example, 0.0000182 is written 1.82 X 1075,

In the operations of multiplying, dividing, squaring, cubing,
extracting square and cube roots, etc., thc numbers are expressed
in the cxponential form and the coefficients are treated in the
ordinary arithmetical manner. The exponents are added alge-
braically for a multiplication, doubled for squaring and tripled
for cubing. In a division the exponents arc subtracted alge-
braically; in extracting a square root, the exponent is divided by
2, and for a cube root the exponent is divided by 3.

REVIEW EXPRCISES — SET 2

1. Calculate the number of grams of Cu(NOj3)2:6Hz0 which must be dis-
solved to make a liter of test solution containing Wm__r%)_s_pj_ﬂf* ign-in
each milliliter. What is the molar concentration of the solution? What is
the gram-ion concentration of Cu*+, assuming complete ionization of the salt?

2. Calculate the molarity of each of the following concentrated reagents:
HCl, HNOj;, H2S804. (See Appendix, page 334.)

8. It is desired to prepare molar solutions of HCl, H28O,4 and NH,OH.
How many milliliters of the concentrated reagent must be diluted to a liter,
in order to obtain solutions of the required strength? (See Appendix, page
334.)

4. If you wish to prepare a hydrochloric acid solution having a specific
gravity of 1.12, how much water should you add to 200 ml. of a solution
which contains 30.55 per cent by weight of HCI?
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6. A molar solution of NaOH is 76.6 per cent ionized at 25° C. Calculate
the grams of non-ionized NaOH, Na* ion and OH" ion present in 1 liter.

8. What is the molarity of a solution containing 72 grams of HCI in a
volume of 600 ml.? What weight of HSO4 in 600 ml. would make a solution
of the same molarity as the above solution of HCI?

7. Calculate the grams of compound required to make liter quantities of
solutions of the following molarity:

(@) 1 M AgNO; (¢) 0.5 M Na HPO,
(®) 0.1 M HCH302 (d) 0 M KoCrO4

8. How much HCI, HSO4 and HNOj3, respectively, can be neutralized by
10 grams of NaOH?
9. Express in the exponential form: 2,690,000; 0.00000083; 96,494;
0.000000006453; 745,900,000,600.
10. Express in the decimal form: 6.03 X 10%%; 1.59 X 1071%; 2.4 X 10°%;
6.845 X 1071; 9.39 X 107%; 4.55 X 101°,

REACTIONS AND CHEMICAL EQUATIONS

Ionic Nature of Reactions. The study of the reactions encoun-
tered in the procedures of qualitative analysis constitutes one of
the most important parts of the student’s work. In order to
bring about sharp separations and distinctive tests the reactions
utilized, in order to be of the greatest service, must go practically
to completion. In an aqucous solutiop practically all reactions
are ionic in nature and, in most cases, reach equilibrium when the
recaction has run almost to completion. The chemical changes
which take place arc the reactions between the ions involved and
not between the molecules of the reacting substances. In other
words, we are concerned almost entirely with ionic reactions, and
the most gencral application which we can make of the theory of
ionization is to realize that these chemical changes are ionic in
nature. The reactions thercfore are represented as ionic equations
and are not in molecular form. An example will make this clear.
Suppose we take a solution of AgNO; and add to it dilute'HCl. A
curdy white precipitate of AgCl will at once form. The same
result can be obtained by adding a solution of NaCl, NH,C],
BaCl; or other soluble chloride to a solution of any soluble silver
salt. If the reaction were expressed in molecular form, as:

HCl 4+ AgNO; = AgCl + HNOg (1)

it would imply reaction between molecules. But we have ample
evidence supporting the theory of ionization showing that dilute
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solutions of AgNO,, HCI, NaCl, etc., are highly dissociated into
their respective ions. The complete form in which reactions of
this kind can be represented may be shown by the following
schematic arrangement:

HCI =H* +CI

o+ +
AgNO; = NOs~  Agt
. I )
HNO; AgCl

The products formed by this double decomposition result from
an interchange of ions of the original solutions. In view of the
fact that one of the products in equation (1), nitric acid, is highly
ionized there will be little or no tendency towards its formation.
The other product, silver chloride, is only slightly soluble in the
mixed solutions (a fact indicated by underscoring its formula).
Silver ions and chloride ions thus unite and are removed in the
form of an insoluble precipitate; this causes the reaction to go
practically to completion. These are the ions that are affected
in this reaction and this fact is expressed as a simple ionic equation :

Agt + CI” = AgCl

The student should early acquire this ionic point of view and
consider all reactions, with but few exceptions, as taking place
between the ions concerned.

Classification of Ionic Reactions. In general, it can be stated
that an ionic reaction takes place, and in most cases runs prac-
tically to completion, whenever ionic concentrations are decreased.
The concentration of the rcacting ions can be diminished in one
of two general ways, namely (1) by ions uniting and (2) by ions
transferring one or more clectrons. These are the two important
classes of reactions. In the first class are included several types,
the reaction taking place because:

a. A precipitate is formed, since, in the formation of a solid,
1ons are removed from solution.

b. A weakly ionized acid or base or, in rare cases, a weakly
ionized salt is the product of the reaction. This type includes,
as well, the reactions of hydrolysis. Neutralization reactions also
come under this heading, since the fundamental reaction here is
the union' of H* and OH™ to form water, and closely allied to this
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All of these terms are in more or less general use but in this book
we shall favor the term ‘“ apparent valence.”

An increase in apparent valence corresponds to a loss of elec-
trons and a dccrease to a gain of electrons. This is true whether
the original apparent valence is positive or negsative, provided the
increase is considered algebraically; that is, if the original ap-
parent valence is negative an inerease corresponds to a decreasc
in the numerical value. To illustrate, a change in apparent
valence from —3 to —6 is an algebraic decrease and represents
a reduction.

The Balancing of Redox Equations. Redox equations are often
the cause of such great difficulty that many students try to evade
the issue by attempting to memorize the equations encountered
in the schemes of analysis. Aside from its possible value as a
memory excrecise this method of attack is to be condemned because
it is so inefficient and unnceessary. A little mental cffort devoted
to understanding the ideas involved in writing these equations
and to learning a systematic method of balancing them will enable
one to handle any cquation ordinarily encountered in analytical
work and render any attempt to remember the complete equa-
tion not only uscless but absurd.

The fundamental fact upon which all systematic methods of
balancing are based is that oxidation and reduction always take
place in equivalent amounts; that is, exactly the same number of
clectrons is lost by the reducing agent as is gained by the oxidiz-
ing agent. Any scheme for evaluating the number of electrons
transferred therefore constitutes a method of balancing such
equations. We shall consider only two of the many methods
that have becn proposed for accomplishing this: the ion-clectron
method and the valence-electron method.

The Ion-Electron Method. Let us take as an example the
oxidation of a solution of FeCly by a solution of potassium di-
chromate acidificd witt HCl. We know that the ferrous ion is
here oxidized to the i‘rric ion whereas the dichromate ion is
reduced to the chromic ion; since H* ions and the oxygens from
the CreO7= ion are alsa involved, water will be formed in the
reaction. The unbalanced equation in ionic form can now be
set down:

Fett 4 Cr;07= 4+ H* — Fet++ 4 Cr++ 4 H,0
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The components in this cquation are now resolved into their
two separate equations, that for the oxidation of Fe** being:

Fet++ — Fet++

and for the reduction of the dichromate ion:
Cr:07= + Ht — Crt+t + H,0

The number of electrons associated with each equation must
now be assigned. It is simple to see that the oxidation of a
ferrous ion to the ferric ion is the result of the former having
lost a single electron, whether we arrive at this decision by saying
that 2 positive charges on the Fet* ion now become 3 positive
charges on the Fet++ ion or whether we say that the valence has
been changed from +2 to 43, since in this case the valence states
are indicated by the number of charges carried by these ions.
The half-cell or clectron equation is thercfore:

Fett = Fett+ + le

The balancing of the half-cell equation for the reduction of the
dichromate ion is not quite so simple. The way in which one
determines the number of clectrons which are transferred to the
dichromate ion distinguishes the ion-electron method from other
balancing methods. The rule here is first to balance chemically;
that is, with respect to the number of atoms of cach element
involved. Since there are 2 chromium and 7 oxygen atoms in the
Cry07 radical, the reaction calls for 14H* giving 2Crt++ and
7H20:

Cry07= + 14H*+ — 2Cr+++ + 7TH,0

The equation is next balanced electrically; that is, the number
of electrons required is ascertained. The (CrzO;)~ ion, as a
whole, has 2 negative charges; the 14H* ions have a total of
14 positive charges, giving a net charge on the left side of the
equation of +12. On the right side of the cquation there are 2
chromic ions, each with 3 positive charges, or a total of +6. In
order to have the equation, as a whole, electrically neutral, 6
negative charges, i.e., 6 electrons must be supplied. The bal-
anced half-cell or electron equation is therefore:

(Cry07)= + 14Ht + 6e = 2Crttt 4 7TH,0
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These 6 electrons are furnished by the ferrous ions and since
each Fett ion loses 1 electron, there are required 6Fet+ to effect
the reduction of the dichromate ion.

The two half-cell equations are finally added:

Crs07~ + 14H* 4 ¢ = 2Crt++ 4 TH,0
6Fe++ = ¢Fettt + §¢
Cry07= 4+ 14H+ 4 GFctt = 2Crt*++ 4 TH,0 + 6Fet++

cancelling the electrons which are transferred and giving the
final, complete equation in ionic form.

If it becomes desirable or necessary to transform the ionic
equation into a molecular one, the non-essential ions can easily
be inserted by inspection and associated with their proper partners
in the form of molecules. In the equation just written the ions
not included are 2K+t from the Ky;CryO7, 14Cl1™ from 14HCI and
12C1° from 6FeCl,.  These are paired off to give 2CrClg, 6FeCl;
and 2KCl. The balanced equation in molecular form is therefore:

K,Cry0; + 14HC1 + 6FeCl; = 2CrCl3 + 6FeCls + 7H0 + 2KCl

Rules for Using the Ion-Electron Method. 1. If the original
unbalanced equation is presented in molecular form, the products
being given, strip the cquation of its nen-cssential or incidental
ions and rewrite the equation in ionic form. If the reagents
which are brought together and .the essential products of the
reaction are stated or known, sct down only the essential ions
and products as an unbalanced ionic equation. It is necessary,
of course, to know in any case what the reduction and oxidation
products are.

2. The oxidizing agent and the product to which it is reduced
are then picked out and set down as a skeleton equation; likewise
for the reducing agent and the product to which it is oxidized.
For the example sclected : '

Cre0;= — Crt+t+  (reduction equation)

Fet+ — Fett+ (oxidation equation)
This step, which necessitates the recognition of the oxidizing and
reducing agents, is the most troublesome part of this, as of any,

method of handling redox equations. Suggestions will be given
later for making it easier, but there is no way to remove entirely
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the requirement of a background of specific chemical information
in dealing with it.

3. Next, balance the equations chemically, so that there are
the same number of atoms of each element on each side of the
cquation. No difficulty is encountcred in those cases in which
only one element in an ion is involved, but generally where
oxy-ions are concerned, H¥, OH™ or H;O must be introduced.
If it is definitely known that the reaction proceeds in an acid solu-
tion, H* ions are supplied to the left side of the equation and
H;0 is one of the products of the reaction; or, in an alkalinc
medium, OH" ions appear as initial reactants. In the casc illus-
trated the reduction equation becomes:

Cro07~ + 14H+ — 2Cr+++ + 7TH,0

4. Evaluate the electron gain or loss in the reaction by finding
the algebraic sum of the ion charges on the right and subtracting
it algebraically from the sum found similarly for the ions on the
left (this is the distinctive feature of this method). It is abso-
lutely necessary to have the proper charge attached to each ion
before evaluating the electron transfer. This evaluation can
easily be carried out mentally.

5. Multiply each cquation by factors which will give the same
number of electrons lost by the reducing agent as are gained by
the oxidizing agent, and then add the two half-cell equations;
this step cancels the electrons.

6. If it is desired to include the incidental ions, i.c., to write
the equation in molecular form, this may be done by adding to
both sides of the balanced ionic equation a sufficient number of
each incidental ion to put it in the form of the original unbal-
anced equation.

The Valence-Electron Method. This method differs from the
ion-clectron method in that the number of electrons involved is
determined on the basis of apparent valence changes of the atoms
concerned rather than on an electrical balance of charges on the
ions as a whole. For the purpose of comparison, the same reac-
tion, namely, the oxidation of FeCl; by an HCI solution of
KyCro07 will be given. In ionic unbalanced form the reaction
is written:

Fet+ 4+ Cr;0;= + H* — Fet+t 4+ Crt++ 4+ Hy,0
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As before, the equation for the oxidation of Fe*+ can readily
be balanced: '
Fett = Fett+ 4 le

since the valence is increased from +2 to 43, requiring the loss
of 1 electron.

The balancing of the half-cell equation for the reduction of the
dichromate ion, by the valencec-clectron method, is based upon
determining the number of clectrons needed, as determined by the
apparent change in valence undergone by the chromium atom.
In K,Cr07 or in the ion, Cry0;=, the ¢ apparent valence ”’ of each
chromium atom is +6; we say that chromium here has an oxida-
tion number of +6. This is deduced from the fact that each
oxygen atom has a valence of —2 and cach potassium atom a
valence of +1, leaving + 12 for both chromium atoms or +6 per
atom of chromium. In the chromic ion, Cr*++, the chromium has
a valence of +3. We have, thercfore, in the partly completed
equation:

Cr0= + Ht— 2Crttt 4 H,0
@2 X6 =124) @ X3 =6+)

2 chromium atoms each suffering a valence decrecase of +3 or a
total of +6. This calls for 6 electrons. The 7 oxygen atoms
require 14 hydrogen ions, forming 7H20. The completed half-
cell equation can now be written:

Cra07= + 14+ 4 6e = 2Crt++ + TH,0

To balance the electrons transferred from the reducing to the
oxidizing agent rcquires multiplication of the Fett — Fet++ re-
action by 6. Adding the two cquations gives the final balanced
ionic equation: '

Cre07~ + 4H* + g¢ = 2Cr+++ + 7TH,0
GFett = (Fet++ + ¢f
Cr;07~ + 14H+ + 6Fet+ = 2Cr+++ + 7TH,0 + 6Fet++

Another Example. Another example of balancing redox equa
tions will be helpful. If oxalic acid, HoC204, a good reducing
agent, is added to a solution of KMnOj, acidified with dilute HoSOy,
reduction of the permanganate takes place, with liberation of COs,.
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The reaction may be expressed, in molecular form, by the follow-
ing unbalanced equation:

KN[DO.; + HzSO4 + H20204 - MDSO4 + H2O 4 COz -+ 1{2801

Rewriting this in ionic form to show only the ions and mole-
cules actually concerned in the reaction, we have:

) MnO{ + H* + 0204': — Mntt+ 4+ HzO -+ COz

The equations for the oxidizing agent and for the reducing agent
are next set up. The MnO4 ion requires the presence of H*
ions for its reduction to Mn*+. Accordingly, the components are
assembled for this equation:

MnO,~ + Ht* —- Mn*t 4+ H,O

By the ion-electron method, the chemical balance requires S8H*
for the 4 oxygen atoms in the MnO, ", giving 4H,0:

MnO4_ + 8H+ — Mnt+ + 4H20

The electrical charges are now +8 on the hydrogen ions and —1
on the MnO, ™ ion, or a total of 47 on the left side of the equa-
tion; but 2 positive charges rcmain on the manganous ion,
the water being, of course, electrically neutral. To equalize the
charges on both sides of the equation 5 electrons are required:

MnO,; + 8H* + 5¢ = Mnt*+ 4 4H,0 (1)

The balancing of this half-cell equation might also be done by
the valence-electron method. In IXMnOy or in the MnOy4  ion,
the manganesc has an apparent valence or oxidation number of
+7, but in Mn** it is 4+2. There is a loss of 5 positive charges,
requiring 5 electrons. As before, the chemical balance of atoms
requires 8 hydrogen ions for the 4 oxygens, yielding 4H,O. The
balanced half-cell cquation is then as given above (equation 1).

The reducing ion, (204~ is oxidized to CO;. The equation
for this change is casily balanced chemically:

C204= — 2CO,

and using the ion-electron method, since 2 negative charges are
associated with the C2O4~ ion and the oxidation product, CO,, is
electrically neutral, 2 electrons are lost, giving the balanced half-

cell equation:
0204" = 2C0, + 2¢ (2)
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One might also balance this cquation by the valence-electron
method, but not so simply. In the formula HyC3;04, each carbon
atom has an average apparent valence of 43, since there are 40~
or 8 — charges, offset by 2+ charges on the hydrogen atoms, giving
+6 for both carbons or +3 for each carbon atom. In CO, each
carbon has a valence of +4. There is thus an increase of apparent
valence of +1 for each carbon atom or a total of 42, corresponding
to the loss of 2 electrons.

To balance the electrons transferred from the reducing ion to
the oxidizing ion, equation (2) must be multiplied by 5 and equa-
tion (1) by 2; these, when added together and the electron
cancelled, give:

5C,04~ = 10CO, +/¢%
2MnO;~ + 16H* + [ = 2Mn++ + 8H,0

2MnO; + I6H* 4 5C204~ = 2Mn** 4- 8H,0 + 10CO.

To restore this ionic equation to the original molccular equation,
in order to show how much of the two acids, HoSO4 and HoCoOy,
is required, 1t is merely necessary to assign 10H* to the 5C304~;
the remaining 6H* are furnished by 311,S04. The 2MnOy~ ions
correspond to 2KMnOy. Two SO4~ ions account for 2MnSOy,
and 2K+ with the third SO4~ are written as KoSO4. It 1s thus
found that 2 moles of KMnOy react with 5 moles of HyCyOy,
involving at the same time 3 moles of HaSOy:

2K1VII104 + 3H2804 + 5HQC2O4 =
2MnS()4 + 8H2() -+ 10002 4+ K2804

Some Suggestions for Balancing Redox Equations. To aid in
picking out oxidizing and reducing agents the following hints may
be useful, provided the complete, unbalanced equation is available.

1. K+, Nat, Catt, Srt+, Bat*, Al**t and'other ions of this
type are never involved in oxidiation-reduction reactions and
should be ignored. Be on the lookout for such ions and com-
pounds as MnO,~, CrO4~ or Cro07=, NOg2™, Cl™ or Clg, Br™ or Bry,
I” or I,, S= or H,S, Hy0,, SO3=, Fett or Fett+ and the like.
Other examples are listed in Tables III and IV. If any of these
substances are present they are almost certain to be involved in
the reaction.
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2. Look for an element which is present in the elementary form
on one side of the equation. Such an element is certain to be
involved. The half-cell equation is then formed by using the free
clement and the ion in which it is present on the other side of the
equation.

3. Many oxy-ions are either oxidizing or reducing agents, and
some may even Qe reduced or oxidized to other oxy-ions of the
same element.

If the products of the reaction are not known, only experimental
cvidence can supply them with certainty. For common oxidizing
and reducing agents, however, the behavior is so well known that
the products can be predicted correctly in almost all cases. Some
information on which such a prediction may be based is given in
the discussion of oxidizing and reducing agents.

If there is doubt as to whether or not a particular substance is
ionized, no crror will be introduced by using it in either the ionized
or the non-ionized form. The complete oxidation of H,S, for
example, may be formulated with equal accuracy as far as the
application of the method is concerned as:

HzS + 4H20 — 10H* + S(),{’
or S= + 4H,0 — 8H* 4+ S04~

If a reaction is known to take place in basic solution it is prefer-
able to use OH ™ ions and H,O in balancing the half-cell equation
as follows:

20H™ = [0] + H0

If, however, it is not known that the reaction requires an alka-
line environment and H* and H,O are used in the balancing pro-
cedure, Ht will appear among the products on the right in the
balanced ionic equation. When this situation occurs, hydroxyl
ions equal in number to the hydrogen ions are added to both sides
of the equation. The H* and OH™ on the right are then combined
into HoO and the appearance of OH™ on the left then indicates
the necessity of a basic solution, when this was not known in the
beginning.

Sometimes two elements in the same compound are oxidized or,
reduced, as when AsyS; or CuyS is dissolved in HNOQOjz. Such
gases are handled easily by keeping the constituents in the stoichi-
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ometric relations indicated by the formula (2As to 3S; 2Cu to 18)
and proceeding with the balancing in the usual way.

Sometimes the same substance acts both as the oxidizing agent
and as the reducing agent, i.e., oxidizes and reduces itself. An
example is the transformation of a hypochlorite into a chlorate
and a chloride:

KOCI — KClO3 + KCl

Such an equation is balanced by a direct application of the ion-
electron method, the ion in question being used in both half-cell
equations:

~ OCI” + 2H,0 + 4e — ClO3~ + 4H*

OCl™ + 2H* 4+ 2¢ —» C1” + H,0
Then,

30CI" + 2H,0 + 4H* — ClO3~ + 2Cl" + 2H;0 + 4H*
or 30Cl" — ClO3™ + 2C1°

In the molecular form:
3KOCI — KCIO; + 2KCl

Sometimes a certain ion may be present in the unbalanced
molecular equation both as an essential 'and as an-incidental ion.
This is frequently true of SO4~=, C1™ and NO3 . For example, if
we compare the balanced ionic equation:

3503~ + Cr07= + 8H* — 3504~ + 2Crt+ 4 4H,0

with the balanced molecular equation:

3Na2803 + K20r207 + 4IIzSO4
- 3N32804 + Cl‘2 (804 )3 + KzSO4 + 4H2O

it will be noticed that of the 7 SO4= ions on the right in the latter
equation only 3 arc included in the ionic equation. These 3 are
essential whereas the other 4 are purely incidental.

Oxidizing and Reducing Agents. In considering what ions and
substances can be oxidized or reduced or, conversely, what ions or
other substances constitute reducing and oxidizing agents, it
must, in the first place, be remembered that many of the cations
and most of the anions, present in the test solutions and in known
mixtures and in samples, have either oxidizing or reducing tenden-
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cies. For example, Sn++, Fett, AsO,", I, Br~, SO3=, S,035-, S=,
C204~ and CN are strong reducing ions; on the other hand, such
ions as Fett+, AsO,=, Cry07= and MnQ,~ are strongly oxidizing.
Ions of this kind become oxidized or reduced by the addition to
the solution of oxidizing or reducing agents. In the second place,
the addition of an oxidizing or a reducing reagent may be either
for the express purpose of causing a desired oxidation or reduction
or, on the other hand, it may be for some other reason, the accom-
panying oxidation or reduction being merely an incidental effect.

TABLE III

CoMMON OXIDIZING AGENTS

Appar- Azisr- De- |Gain in
Substance Eleme.nt, or| ~ent Reduced |Valence | &T%%¢ Elec-
Radical |Valence in Ap- | trons
Used . to of Ele-
Involved | of Ele- . | parent | per
ment 1n
ment Valence | Atom
Product
Cl, Cl 0o | -1 1 1
Brs Br 0 |Br -1 1 1
I I 0 (1 -1 1 1
NaQCl oC1” +1 | CI” -1 2 2
Aqua regia NOj3~ +5 | NO +2 3 3
HINO; (dilute) [NOjz~ +5 NO +2 3 3
HNO; (conc.) |NO3z~ +5 NO, +4 1 1
NaqOq O (or O3™) -1 O=(or OH™)| -2 1 1
H202 O (OI‘ 02—) -1 o~ (OI‘ OH-) -2 1 1
NaBiOj; BiO3~ +5 | Bitt+ +3 2 2
KMnOy (acid) | MnO4~ +7 | Mn** +2 5 5
KMnO, (basic) | MnO4~ +7 | MnOq +4 3 3
KqoCrq07 (acid) | Cra07= +6 | Cr+tt +3 3 3
KCrOy4 (basic) | CrO4~ +6 | Crttt +3 3 3

For example, stannous chloride is utilized as a reducing agent in
the test for mercury; bromine is sometimes employed to oxidize
iron to the ferric condition; KMnO; to oxidize the oxalate ion,
etc. But H,S, for example, used as a precipitating agent, will
also act as a reducing agent toward any oxidizing ions present in
the solution. HNOj, if used as a solvent, will also function as an
oxidizing agent; in fact, its effective solvent action is attributable
to its strong oxidizing tendency.

The more important and, frequently used reagents which have
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oxidizing ability are listed in Table III. The table gives the form
in which the reagent is supplied, the element or ion responsible for
the oxidation, its reduction product, and the apparent valence of
the element in its oxidized and reduced form, together with the
number of electrons gained per ion. Reducing reagents are tabu-
lated in Table IV in the same way.

Some comment on these reagents should be helpful in balancing
redox equations involving these substances. The important
matter to bear in mind is the writing and balancing of the half-cell
reactions concerned.

TABLE 1V
CoMMoN REDUCING AGENTS
Appar- Appar- In- |Loss of
ent |
. Element or| ent L crease | Elec-
Substance . Oxidized |Valence | .
Radieal |[Valence N in Ap- | trons
Used to of Kle-
Involved | of Ele- . | parent | per
ment 1n
ment Valence | Atom
Product
FeSO4 Fet+ +2 | Fettt +3 1 1
SnCly Snt+ +2 | Sntttt
(as SnClg~)| +4 2 2
H,.S S -2 S s 0 2 2
I‘Igs S= -2 SO4' +6 8 8
NaySO; SO3~ +4 SO4~ +6 2 2
NaAsOq AsQy” +3 AsQ4= +5 2 2
H,Cs0y4 Co04~ +3 CO, +4 1 1
Kl I -1 | I 0 1 1
Hs04 O (or 02') -1 0. 0 1 1
Metals, e.g., Zn | Zn 0 |Zn*t +2 2 2
Hydrogen H, 0 |H* +1 1 1

The Halogens. In the form of the free element Cly, Brs and
I, are oxidizing agents, and are reduced to the simple anion form.
For example, the change for iodine is:

Ig+ 2e = 21

The iodide ion, I", and the bromide ion,'Br', are reducing agents.
The former is frequently supplied in analytical procedures in the
form of NH4I or KI:

21" =12+ 2¢
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Free chlorine, NaOCl and KClOg, are all oxidizing substances
which are reduced to Cl1-. The half-cell equations are:

Cly 4 2¢ = 2C1°
ClO™ 4+ 2H* + le = C1I” 4+ H0
ClO3™ + 6Ht 4 4¢ = CI” 4+ 3H0

Nitric Acid. This oxidizing solvent is frequently used in dis-
solving certain sulfides and metals. When the acid is dilute, the
NOg3™ ion is reduced to NO: =~

NO;~ + 4H+ + 3¢ = NO + 2H,0
If the acid is concentrated, the reduction product is NOs:
NO;~ + 2H*+ + le = NO; + Hy0

Aqua Regia. This is a mixture of concentrated HNOj3 and con-
centrated HCl. The solution contains NO3~, C1~ and H ions,
and owes its oxidizing ability to NO3~ which is reduced, as in
nitric acid, to NO. When this reagent decomposes, according to
the reaction

NO3™ + 2C1™ + 4H* = NOCI + Cls + 2H»0

the free chlorine which is liberated may exert a strong oxidizing
effect.

Potassium Permanganate. This very strong oxidizer may be
reduced, by a reducing agent, cither to hydrated MnO, or else to
Mnt+. The former reaction takes place in an alkaline or neutral
solution, according to the half-cell equation:

MnO,;~ + 4H* + 3e = MnO, 4+ 2H,0
In an acid medium, the reaction (already given on page 40) is:
MnO,™ + 8H* 4 5e = Mn*t+ 4 4H,0

This is a case where the product of the reduction is determined by
the acidity or alkalinity of the medium.

Chromates and Dichromates. A somewhat similar situation
exists in the case of the chromates and dichromates, the difference
being that here it is the formula of the reactant and not that of
the product which is determined by the acid or basic nature of the
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medium. The form of the ion present is solely dependent upon
the acidity of the solution, as can be seen from the equations:

Cr07= + 20H™ = 2CrO4~ + H,0
and 2CrO4~ + 2H = Cr07~ + H,0

Hence, in alkaline solution the chromate ion predominates; in
acid solution the dichromate ion predominates.

REVIEW EXERCISES — SET 3

1. Classify ionic reactions on the basis of the product formed.

2. Define and illustrate: valence; oxidation; reduction; ‘‘half-cell ”’
reaction.

3. Write equations showing how the following clectrolytes ionize: (a)
HyS04; (b)) KoCd(CN)y; (¢) NaHZnOa; (1) AseSs.

4. Rewrite the following molecular equations, giving the essential ions
involved, and then balance the equations:

(a) Hg2(NO3)2 + NaCl = HgyCly + NaNOg

() NagS03 + HCI = SOz + H20 + NaCl

(c) PbSO4 + NH4C2H302 = Ph(C2H302)2 + (NH4)2804

(non-ionized)

(@) AleS; + HOH = AI(OH)z + HaS

~

6. What is the apparent valence of the indicated element in each of the
following compounds:

(a) Mn in MnSQO,, HoMnOj3, NaMnQ4, KMnQy

(b) Cr in CrCls, NaCrOz, KoCrOy4, CrOg

(c) Sin HzS, Nasts, Na«zSg();;, N32804

(@) N in HNO4, HNO3;, NHj;, N3O

6. Balance the equations in the following exercises:
(a) Cr07~ 4+ 17 4+ Ht = Crttt+ 4 1, 4+ Hy0

() MnO4 + 1" + Ht = Mn** 4+ 1, + Hy0

(¢) AsOg&~= 4+ 17 + H* = AsO3= + I + H20

(d) NO3™ + S~ + H* = NO + 8° 4 IT,0

7. (a) Bi*** 4+ SnOs~ + OH™ = Bi® 4 SnO3~ + H0
(b) MnO4~ + S~ + H* = Mn*+ 4+ 8% 4+ H,0
(¢) PbOs 4+ Mnt*t 4+ H* = Pb*t 4+ MnO4~ 4+ H,O
“(d) CreO7~ + NO;~ + H* = Crt++ 4+ NO3~ + H0

8. (a) HgCl; + SnCly; = Hg,Cl; + SnCly
() KMnO; + H,S03 = MnSO4 4+ H2S04 + K804 + H0)
(¢) HNO; + BisS; = Bi(NO3); + S° + NO + H,0
{d) KI 4+ Cl; = I + KCI
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9. (@) In+ H.S =S + HI
(b) KoCro07 + HeS + HCI = CrCl; + KC1 + 8° + ;0
(¢) KMnO4 + HoC204 4+ HoSO4 = MnSO4 + K2S04 + CO2 4+ H20
(d) NagOs + Fe(OH)2 + HoO = Fe(OH)3 + NaOH
10. (a) PbS 4+ HNOj3; = PbSO4 + NO + H,0
(b) HgS + HNOj3; + HCI = HgCly + S? 4+ NO 4+ H0
(c) NagOz + Mn(OH)2 + HO = MnO(OH). + NaOH
(d) SbeS; + HCI = SbCl;3 + SO 4 H,.S

THE LAW OF CHEMICAL EQUILIBRIUM

Reaction Velocity. The speed with which chemical changes
take place varies widely for different reacting substances. Thus
the rusting of iron at ordinary temperatures is a comparatively
slow reaction, but many other reactions take place practically in-
stantaneously. By reaction velocity is meant the amount of reac-
tant transformed in unit time. Reaction velocities can be measured
experimentally by determining the amount of substance which is
used up or formed during definite intervals of time under definite,
specified conditions. For the same reacting substances the velocity
of reaction depends upon such factors as temperature, pressure and
amount of substance present. Increase of temperature speeds up
all reactions, the velocity being about doubled for every 10° C. rise
in temperature. Theinfluence of changes in temperature and pres-
sure on a reacting system which has come to equilibrium will be
taken up later.

The amount of substance present and capable of reacting is a
very important factor influencing the rate of reaction. The effect
of the concentration of the reacting components on the speed of
the reaction, called mass action, is of fundamental importance in
the study of chemical changes.

Mass Action. The substances undergoing change in a reaction
are known as the active masses or the concentrations, the actual
quantity being expressed in gram-moles or gram-ions. The
amount of substance transformed in unit time depends upon the
amount of each reactant present, temperature and other factors
remaining constant. Doubling the amount of one reactant will
necessarily result in more being transformed into the products of
the reaction. The effect of the mass on the reaction velocity is
called mass action and the generalization, whichsfollows from this,
can be stated thus: The velocity of a reaction is proportional to the



REVERSIBILITY OF REACTIONS 49

active masses present at any instant. Suppose a given number
of molecules of the substance A are reacting with a like number
of molecules of B. The rule states that the rate at which 4 will
react with B is proportional to the amounts of A and B present.
The reaction velocity will therefore be equal to the product of
the molar concentrations of A and B times a proportionality
factor, k (velocity constant), characteristic of this particular re-
action. Algebraically this can be represented thus:

Reaction velocity = molar concentration of A X molar concen-
tration of B X k

or, more simply, if we let C stand for the molar concentration of
any particular reacting component and v for the reaction velocity :

v=0C0C4 XCp Xk
If two molecules at A react with one of B the expression becomes:
v=04 XCy XCp Xk |
or, squaring the concentration of A:
v=(Ch)? X Cp Xk

In general, if n parts of A react with m parts of B the general
velocity equation is expressed thus:

v=(Cq)" X (Cp)™ Xk

the total molar concentration of each component being raised to
a power cqual to the cocfficient representing the number of like
reacting molecules or ions.

Reversibility of Reactions. The extent to which a reaction
will proceed in one direction depends, among other factors, upon
the nature of the products formed. If the newly formed products
show any tendency of interacting among themselves to reform
the initial reactants an opposing action will be sct up in the re-
verse direction and the net effect will be that the entire amounts of
the initial components are not transformed when the reaction
appears to stop. Some reactions show a marked tendency to
reverse, so much so that they are of little value in analytical
chemistry. In other reactions, reversibility is less pronounced
and here the react’ons run nearly, but not entirely, to completion.
These are the analytically useful ones. as will be emphasized later.
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All reactions are reversible to a certain extent. This point cannot
be overemphasized because it is the basis upon which the funda-
mental theory rests. :

Equilibrium. In all reacting systems, therefore, a condition
will be reached where a certain, even though small, concentration
of the initial reactants can exist side by side with the products of
the reaction apparently without having further change take place.
There is a state of equilibrium set up. It is a dynamic equilib-
rium and means that for any reversible reaction such as:

A+B=C+D

after equilibrium has been reached, the reactants A and B are
reacting to form C and D at exactly the same rate that C and D
are reacting to form A and B. Equilibria are set up in all sorts
of reacting systems; for cxample, between gascs, between dis-
solved molecules and their ions, between precipitates and the solu-
tion that surrounds them, and between substances distributed be-
tween two solvents. The fundamental law which gives expression
to the state of equilibrium is called the Law of Chemical Equilib-
rium and is of extreme importance in the study of reactions. The
theory of reactions is based on this law and it is the most funda-
mental principle with which we shall have to deal.

The Law of Chemical Equilibrium. In considering the reaction
between A and B, we derived the algebraic expression for the reac-
tion velocity, namely,

v =C4 XCp Xk (D)

where C stands for the molar concentrations and k,; is a velocity
constant characteristic of the reaction between A and B. Suppose
we apply a similar equation to another set of reacting substances,
say to C and D. This will be characterized by a different velocity,
v, and a different velocity constant, ks:

vo = Co X Cp X ko (2)

Now suppose that the substances C and D are the products re-
sulting from A and B and, vice versa, A and B are the: products
resulting from C and D as in the reversible reaction:

A+B=C+D

Hence C and D are forming during the reaction at a rate depend-
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ent upon the amounts of A and B present. As A and B are used
up their masses decrease and the reaction velocity in the direction
of C and D decreases. But the amounts of C and D are continu-
ally increasing and will interact to reform A and B. When the
amounts of C' and D are in such proportions as to cause the reaction
to reverse at the same rate that it is proceeding forward, a dynamic
state of equilibrium is set up, as previously indicated. The ve-
locities are then cqual in both directions. We can then apply the
velocity equations to a reaction going in both directions, at the
point where the concentrations are in such proportions as to make
the velocity forward equal to the velocity backward. If the two
algebraic equations which express the relation between velocity
and concentration are equated, we have:

vp=C4 X Cp Xk =vy=C¢c X Cp Xky
Therefore,
Ci XCp Xk =C¢cXCpXke

and dividing by C4 X Cp and transferring ks, the equilibrium ratio
is obtained:
Cec XCp ki

CAXCB—kz‘

The ratio of the products of the molar concentrations is then
equal to the ratio of the velocity constants, when equilibrium is
reached. The ratio k/ks can be designated K, and then becomes
an equilibrium constant characteristic of this reaction. The equi-
librium expression then is written:

CoXCp

= K (equilibrium constant
C.xCr (eq )

If for every molecule or ion of B, 2 molecules or ions of A are
required, the value of C4 is squared in the above expression; if
three times, the value is cubed, and for the general reaction:

nA + mB=qC + rD
the most general expression for the equilibrium can be written:

(Ce)? X (Co)" _
(CA)™ X (Cp)™
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The above expression states: In a reacting system, when equi-
librium is reached, the product of the molar concentrations of the
products of the reaction divided by the product of the molar con-
centrations of the reactants (each concentration raised to a power
equal to the coefficient representing the number of like reacting
parts which enter into the reaction) is always equal to a constant.
This is the Law of Chemical Equilibrium. The expression given
is in the most general form. It will take on modified forms in the
several applications which follow. For each reaction for which the
law strictly holds, at constant temperature and pressure, the
numerical value of the equilibrium constant is always the same.
No matter how much the concentration of any one component in
the reaction mixture varics, the proportions of the other components
must change until equilibrium is again established and the value
of K restored. Thus if the amount of A is increased in the above
reversible reaction, the reaction will run faster in the direction of
the formation of C and D, more of these products will be formed,
reaction will reverse at a faster rate than originally and again
equilibrium will be established, with the proportions 4, B, C and
D changed but the ratio of the products of their molar concentra-
tions still the same.

If the pressure on a system in equilibrium is inereased, there
will be a change in the proportions of the reacting components
when the new equilibrium is established at the higher pressure.
Of the two opposing reactions, that one will be favored which leads
to a reduction in the volume of the system. This is particularly
significant in gaseous reactions. There is thus a shift or displace-
ment in the equilibrium concentrations, the system again coming to
cquilibrium with different proportions of the reacting components.
A change of pressure, however, does not change the value of the
cquilibrium constant.

When the temperature of a reacting system in equilibrium is
changed, there is a change in the value of the equilibrium constant;
that is, a new ratio is established for the equilibrium concentra-
tions at the new temperature. With a rise in temperature, the
equilibrium is shifted in the direction favoring the reaction
which absorbs heat. The system as a whole tends to oppose the
effect of the added stress placed on it; it does this by favoring
that reaction which uses up the heat supplied in raising the
temperature.
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The effect of changes in concentration, pressure and temperature
on a system in equilibrium is summed up in a very general law
known as Le Chatelier’s Law, which states: Whenever a stress
is applied to a system in equilibrium, that reaction will be favored
which tends to offset or annul the effect of the stress. Thus, in-
creasing the concentration of one reactant causes the reaction to
proceed faster in order to lower this concentration. Increased
pressure will be opposed by that reaction which tends to relieve
the pressure by reducing the volume. Raising the temperature
favors the reaction, which, by absorbing heat, tends to lower the
temperature.

The Law of Chemical Equilibrium is of wide application to a
great varicty of reactions. It was first shown to hold for reactions
between molecules of organic substances. It is also applied to
molecular gas reactions. In the reactions of qualitative analysis
a number of important ionic equilibria are encountered. These
equilibria are discussed in the following sections. They will be
taken up in the following order:

1. Tonization cquilibria (ionization constants).

2. Equilibria of ions of precipitates (solubility . product con-
stants).

3. Kquilibria of complex ions (instability constants).

1. Hydrolysis equilibria (hydrolysis constants).

5. Amphoteric equilibria.

6. Oxidation-reduction (redox) equilibria.

THE EQUILIBRIUM LAW APPLIED TO IONIZATION:
IONIZATION CONSTANTS

The theory of ionization states that when electrolytes dissolve
in water they are dissociated to a greater or less extent into posi-
tively charged cations and negatively charged anions. Ionization
can be regarded as a reversible chemical reaction between dissolved
molecules and their respective ions and when equilibrium is
reached certain of the dissolved molecules are dissociating into ions
at a reaction rate which is equal to the rate at which other ions
combine to reform non-ionized molecules. We can indicate such
an ionization reaction by means of the general equation:

MA=M++ A"
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where M A stands for the dissolved non-ionized molecules of the
compound M A, M+ for the cations and A~ for the anions in equi-
librium with the non-ionized portion of the dissolved electrolyte.
At equilibrium, which is quickly reached when the compound is
dissolved, there will always be maintained a certain fixed ratio
between the non-ionized molecules and the products of their ioni-
zation. The ratio of the concentrations of the initial and final
products of a reaction is dealt with by the Law of Chemical Equi-
librium and hence, in establishing the conditions for equilibrium
for the ionization of weak electrolytes, the law finds here a very
important application. )
The general equilibrium formula:

Ce X Cp
“e2AYD _ g
Cs X Cp

which expresses the equilibrium ratio of concentrations in the
general reaction:

A+B=C+D

may be transformed for the special reaction of ionization of the
electrolyte MA:

MA=M++ 4"
into the special form:
Cu XCa _
Cuma

The symbol K is an equilibrium ratio and expresses the ratio
of the product of the ion concentrations to the concentration of
the non-ionized portion of the solute.

Equilibrium Ratios and Ionization Constants. One can write
such an equilibrium expression and calculate the numerical value
of the ratio for any electrolyte, but the ratio will have the same
constant value, for all ranges of concentration for weakly ionized
electrolytes only. For highly ionized acids and bases and for salts,
which, with few exceptions, are highly ionized, the ratio is not
constant. For weakly ionized acids, such as HC,H30,, HCN and
HNO,, and for the weakly ionized NH,OH, the ratio is constant
for all concentrations. When the ratio is found to be constant for
a weak electrolyvte, this ratio is known as an ionization constant.
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Thus for a weakly ionized monobasic acid HA which ionizes ac-
cording to the equation:

HA=H++4 A
the equilibrium is expressed by the relation:

Concentration of H* ions X concentration of A~ anions

1

Concentration of non-ionized molecules
= K (ionization constant)
or in simpler form:

As has already been stated, an electrolyte is characterized by a
true ionization constant only if the equilibrium ratios calculated
for a number of concentrations have the same numerical value,
i.e., if the ratios are practically the same for all concentrations.
The Law of Chemical Equilibrium can be rigorously applied to
ionic equilibria only for weak electrolytes. Whether or not an
electrolyte conforms to the law must be discovered by experiment
and calculation.

The ionization constant, for any particular electrolyte of speci-
fied concentration, will vary with the temperature, since the externit
of ionization varies with the temperature: Changes of pressure
have little effect on the ionization constant. The method of cal-
culating ionization constants, the effect of changes in concentration
and of added substances and the way ionization equilibria are used
in qualitative analysis are illustrated in the following paragraphs
for the case of acetic acid, a typically weak electrolyte.

IonNizaTioN EquiLiBriuMm or HCoHz0,

Calculation of the Constant. Suppose that we take a dilute
aqueous solution of acetic acid of such strength that a liter contains
one-tenth of a gram-mole (one-tenth of the molecular weight in
grams or 6.0032 grams) of dissolved HC2H30,. As a weak elec-.
trolyte, it will be ionized to a small extent into H*ions and C;H30, "
ions according to the equation:

HC;H30, = H* 4+ C,H30;"

The actual degree of ionization at 18° C. is 1.34 per cent (given
in Table I, page 15). The respective concentrations in a liter of
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0.1 molar acetic acid are therefore 0.1 X 0.0134 or 0.00134 gram-
ion of H*; 0.1 X 0.0134 or 0.00134 gram-ion of CyH30,;", and
0.1 X 0.9866 or 0.09866 gram-mole of non-ionized HC;H30,.

The equilibrium expression for this ionization is written:

CH"' X CCgHaOz'
Crc,n,0,

= K(ion)

Placing the numerical values for the concentrations of the react-
ing components in this expression gives the numerical ratio:

(0.1 X 0.0134) X (0.1 X 0.0134)
(0.1 X 0.9866)

= 0.0000182

The value 0.0000182 or 1.82 X 1075, sometimes also written
0.04182, is the ionization constant for HCoH30,. If the equilibrium
law holds rigorously for this electrolyte, this same numerical value
must be obtained for acetic acid solutions of other concentrations.
That this is the case is shown in the calculation below.

Effect of Dilution. Suppose we dilute the above 0.1 M solution
to ten times its volume, thus making a 0.01 M solution of HC,H30,.
One liter of this diluted solution will then contain only one-tenth
as much dissolved solute as the first solution considered. If no
change in the degree of ionization took place in this more dilute
solution, a calculation of the ionization constant would give a new,
different value for Ko,). We know, however, from our study of
ionization that the extent of ionization increases with dilution, and
this means that the equilibrium which became disturbed through
dilution is again restored by adjustment of the ratio between the
concentrations of the ions and non-ionized molecules.  The value
for the percentage of ionization of a 0.01 molar solution of
HCoH30; at 18° C. is 4.17 per cent (see Table II, page 16). The
new concentrations are therefore 0.01 X 0.0417 or 0.000417 gram-
ion of H+, 0.01 X 0.0417 or 0.000417 gram-ion of CoH30;  and
0.01 X 0.9583 or 0.009583 gram-mole of non-ionized HC,H30,.
Inserting these values in the equilibrium expression gives:

(0.01 X 0.0417) X (0.01 X 0.0417)
(0.01 X 0.9583)

= (.0000181

This value for the ionization constant is in very close agreement
with the value calculated above for the 0.1 M solution and shows
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that the equilibrium law can be rigorously applied to acetic acid
solutions.

The method of calculating ionization constants must be mastered
by the student, for frequent use is made of ionic equilibria through-
out the experimental work. To calculate the constant for any
electrolyte we must know the two quantities; namely, the molarity
of the solution and the degree of ionization at the specified tem-
perature, and it is well for the beginner to resolve each term into
its two factors, as shown in the foregoing calculations.

The formula can be simplified by letting « stand for the fraction
which is present as ions, 1 — « for the non-ionized fraction and M
for the total molar concentration of the dissolved solute. The ex-
pression then becomes:

]~WaXMa
M1 — «a)

2
() - o

In this form the relationship between dilution and degree of
ionization is known as the Ostwald Dilution Formula.

If we know the ionization constant and the molar concentration
of a dissolved solute we can calculate the.degree of ionization by
solving for ain the above equation.  Since a must be very small for
any substance to which this expression may be applied, 1 — a will
differ only slightly from 1 and so very little error will be introduced
by dropping « from the denominator. We have then, approxi-

mately,

=K (ion)

M(!2 = K(ion)

or a = K————(ion)
V M

IoNi1zaTioN EQUILIBRIA OF OTHER ELECTROLYTES

Acids. Other acids that follow the equilibrium law more or
less closely, that is, those that are rather weakly ionized, are
HCN, HNO,, H,S, H,CO3, HoC204, H3AsO3, H3AsO4, H3POy,
H3;BO;. The more strongly ionized acids, such as HCl, HNO3
and H,S0,, do not yield the same constant for different concen-
trations and thus deviate from the law. With weakly ionized
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dibasic acids, such as HyS, H,CO3 and H,C,04, which ionize in
two stages, there is a primary and a secondary ionization constant.
With tribasic acids there is a primary, a secondary and a tertiary
ionization constant, corresponding to the three stages of ionization
(see Table I, page 15 and Table V, page 59). Thus, for H3PO4 we
have:

CH* X CH,PO -

= K, (primary ionization constant)

Ca,po,

C X C - . . .

H* HPOS — K, (secondary ionization constant)
Ca,ro,-

and

C + C = . 4 3 1

Crs X Crog _ K3 (tertiary ionization constant)
Curo,-

The equilibrium relationships of HoS, a weakly ionized dibasic
acid, are extremcly important. This reagent is used in precipi-
tating many metallic ions as sulfides and the amount of sulfide ion
which this acid yiclds by its sccondary ionization must be very
carefully regulated. The case of HyS will be fully discussed when
we come to the precipitation of the cations of Groups II and III.

It has already been pointed out (page 15) that the primary
ionization stage takes place to a much greater extent than the
secondary, and the secondary more than the tertiary; and ac-
cordingly the H* ion concentration of acids is due largely to the
primary ionization. Primary ionization constants of dibasic and
tribasic acids are therefore numerically much larger figures than
the secondary and tertiary constants. This will become evident
from Table V. The smaller the degree of ionization, the smaller
the constant and the more closely will the electrolyte obey the Law
of Chemical Equilibrium.

Bases. The only commonly used base which can be considered
as closely following the law is NH4OH. The calculation of its
ionization constant is not so simple a matter as that for acetic acid,
because in a solution of ammonium hydroxide there are, besides a
low concentration of NH,* ions and OH™ ions, non-ionized dis-
solved NH4,OH and dissolved NH3. For purposes of calculation
we may write*

Cnus+ X Con-

Cnmor

= Kion)
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Salts. Since salts, as a general rule, are strong electrolytes,
no constants can be calculated. We can, of course, calculate a
new value for each particular dilution, but on the basis of the
theory here outlined, we cannot apply it in the same sense that
we apply it, for example, to acetic acid and ammonium hydroxide.

TABLE V
IoN1zATION CONSTANTS

Electrolyte Primary Secondary Tertiary
HCl - *

HNO; ' *

HNO, 5 X 10™*

HCHO. 2 X 1074

HC,H30- 1.8 X 107°

HCN 7 X 10710

H.S04 * 3 X 1072

H2C20y4 3.8 X 1072 5 X 1078

HoC34H 405 9.7 X 1074 9 X 107®

HsS0;3 1.7 X 1072 1 X 1077

H,CO3 3 X 1077 6 X 10711

H.St 9 X 1078 .2 X 10718

H3As04 5% 1073 4 X 107° 6 X 10710
H;3PO4 1 X 1072 2 X 1077 4 X 10713
HAsOq 6 X 10710

H3P03 6 X 10—10

H;3BO;3 7 X 10710

HOH} 2 X 10716

NaOH *

NH,OH 1.75 X 105

Ca(OH)q 3 X102

* Tonization too great to yield an ionization constant.

(('H+)? X Cs-
CH28

= 1.1 X 107%2; (CH+)? X Cs- = 1.1 X 1075,

tCH X CoH- =12 X 1074

CoMmMmon-Ion ErrFecT

In the ionization equilibrium formula it should be noted that the
numerator of the ratio is the product of the gram-ion concentra-
tions of the ionsinvolved. In the particular cases calculated above
for HCyH30, the concentration of the cation, H*, is equal to the
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concentration of the anion, CoH30,™, merely because these values
were obtained by measuring the ionization of pure solutions of
HC.H30;. The fact that the concentrations of each set of ions
need not necessarily be equal for equilibrium to be established has a
very important application to actual analysis. The concentration
of one set of ions may greatly exceed that of the other set of ions,
and cases actually arise where it becomes desirable or necessary to
add another compound containing ions of the same kind as the one
or the other set already present. By this means the concentration
of one ion can be adjusted to any desired value by varying the
concentration of the other ion. The effect on the equilibrium of
these added common ions is known as the common-ion effect. It
is llustrated here in the case of HC;H30,.

Suppose we are carrying out an analytical procedure in an acidic
solution and find it desirable to have a low concentration of hydro-
gen ions present. A weak acid such as HC,1I30; yiclds, we know,
a low concentration of H*, but a still lower concentration can be
secured by adding a highly ionized salt of acetic acid such as
NH,C;H30, or NaCoH302 to the solution of acetic acid. The
effect of the large addition of acetate ions to those already present
is to greatly decrcase the concentration of the hydrogen ions.
That this must be the result can be seen from an actual calculation.

Suppose to a liter of 0.1 M HC,H302 which ionizes to the extent
of 1.34 per cent we add 0.1 of a gram-mole of NaC;H30,, which in
a liter of solution at 18° C. ionizes about 80 per cent.  We have at
the start 0.00134 gram-ion of CoH303™ from the acetic acid and
0.080 gram-ion of the same ion from the added sodium acetate, or
a total of 0.08134 gram-ion of CoH302™. There are also present
at the start 0.00134 gram-ion of hydrogen and 0.09866 gram-mole
of non-ionized acetic acid. = These quantities cannot exist together
in these proportions without disturbing the equilibrium, since the
ionization constant, 0.0000182, must be satisfied. The only way
in which equilibrium can be restored is for acetate ions to combine
with an equal number of hydrogen ions and form non-ionized acetic
acid until the ratio again satisfies the equilibrium constant.

The extent to which the hydrogen-ion concentration is thus
lowered and the extent to which the ionization of the acid is re-
pressed are shown by the following calculation. Let x equal the
amount by which the H+ and Co2H302™ concentrations are decreased
and the HC,H30, concentration increased. Substituting in the
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equilibrium expression:

(0.00134 — z) X (0.08134 — z)
(0.09866 + x)

and solving, give for z a value of 0.00132, the amount by which the
hydrogen- and acetate-ion concentrations are decreased and the
concentration of non-ionized acetic acid is increcased. The new
hydrogen-ion concentration is therefore 0.00134 — 0.00132 =
0.00002 gram-ion per liter showing a greatly decrcased acidity.

By making certain approximations we can avoid the above
quadratic equation. Let y stand for the final hydrogen-ion con-
centration. Assume that the final acetate-ion concentration is that
resulting from the added NaCyH30, and the final coneentration of
non-ionized HC,H30; is the same as the molarity of the acetic acid.
These assumptions are warranted since it can be seen from the
above that the deviation from the exact amounts (z in the above
calculation) is negligible. We have then:

y X (0.1 X 0.80)
0.1

= 0.0000182

= 0.0000182

Solving this equation we have:
y = 0.0000227 gram-ion per liter

which is the new H* concentration.

Just as an increase of acetate ions will lower the concentration
of hydrogen ions which can exist in equilibrium with acetic acid,
an increase in hydrogen ions from a strong acid will lower the
acetate-ion concentration and repress the ionization of the acetic
acid. Moreover, if a strongly ionized acid, such as HCI, is added
to a solution of an acetate, the hydrogen ions together with acetate
ions will be used up in forming non-ionized acetic acid. A strongly
ionized acid will, in most cases, displace a weaker acid from its
salts, owing to the repression of the ionization of the less ionized
acid.

Buffer Solutions. By means of common-ion effect it is thus
possible to lower and keep in control the concentration of certain
ions. If the hydrogen-ion concentration, i.e., the acidity, of a
solution is to be controlled, a weakly ionized acid, such as acetic or
formic, is employed together with a salt of the acid, as for example
sodium acetate or sodium formate. If the basicity, i.e., the OH"
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ion concentration, is to be controlled, NH,OH and NH,Cl are used
A reagent thus prepared by mixing a weakly ionized acid or basc
with a salt of the acid or base, for the purpose of keeping within
narrow limits the acidity or basicity of a solution, is known as a
buffer solution. The solution is said to be * buffered.”” Com-
mon-ion effect on the equilibrium of the weak electrolyte is the
basis of buffer action.

Important examples of buffer action are found in analytical pro-
cedures. In the schemes of qualitative analysis, use is made of
buffer action in connection with the precipitation or non-precip-
itation of sulfides, of Mg(OH), and a number of other substances.
In the precipitation of the sulfides, the theory of which is discussed
in detail on page 168, the sulfide-ion concentration is controlled by
common-ion effect through the use of HCl, which furnishes a high
H* concentration in common with the H+ derived from the weakly
ionized HS.

REVIEW EXERCISES — SET 4

{ 1,/ What is an ionization constant? When the equilibrium law is applied
to 1onization, will the calculated values for the ratio vary with dilution for
strong electrolytes? For weak electrolytes?

2. Calculate the equilibrium ratios for the different molarities of HCI
given in Table II. Does the cquilibrium law hold for dissolved electrolytes

of thia type?
@ What is the effect of dilution upon the degree of dissociation of a weak
electrolyte? Explain.\)\w\*k\ -

4. From the data for fOQliC acid, HCHOy, in Table II, calculate the
ﬁzation constant of this acid. Check the result with the value given in

V.
p The ionization constant for NH4OIH is 1.75 X 107% What is the
OH™ ion concentration in a 0.01 molar solution of this base?

6. Define a buffer solution. In general, how are such solutions pre-
pared? Illustrate your answer with suitable examples.

To 500 ml. of 0.1 molar acetic acid solution are added 10 grams of
bOQll’l acetate. Assuming complete ionization of the salt, calculate the
resultant hydrogen-ion concentration.

- If 3.65 grams of HCI are added to a liter of water containing 3.4 grams
of S, what are the concentrations of H* ion and sulfide ion? (Cg+)? X Cs-
=11 X 107%

A’9 In order to establish S= ion concentrations of the following order of
magnitude in solutions saturated with HjS, what must be the corresponding
H+* ion concentrations? (Cg+)? X Cg- = 1.1 X 10723,

Cs- = (2) 1 X107 (b) 1 X107, (c) 1 X107 (d) 1 X 1072L
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@ If 4.9 grams of NaCN are added to a liter of 0.1 M HCN, what are
ure’Tesulting concentrations of H* ion and CN™ ion? Assume 85 per cent
ionization of the NaCN.

THE EQUILIBRIUM LAW APPLIED TO PRECIPITA-
TION: THE SOLUBILITY PRODUCT PRINCIPLE

The equilibrium conditions existing in solutions in which pre-
cipitates are formed are extremely important inasmuch as most
of the separations and tests of qualitative analysis involve either
the formation or the dissolving of precipitates. It is therefore
imperative to know which conditions lead to the formation of a
precipitate and what changes take place when a precipitate dis-
solves. This application of the equilibrium law is known as the
solubility product principle. In the following paragraphs we will
first derive the relationship, then show how the special equilibrium
constants, which characterize. the equilibrium in such solutions,
are calculated and finally apply the principle to the formation and
dissolving of precipitates.

Formulation of the Solubility Product Equation. The solu-
bility product principle states that, in a saturated solution of a
difficultly soluble salt, the product of the gram-ion concentrations
has a definite numerical value. In the cgse of the salt AB, whose
ions are A* and B~ the relationship, when equilibrium is reached,
is expressed by the equation:

CA+ X CB- = K,.p.

where K, , is a constant called the solubility product constant and
is characteristic of the salt AB.

This relationship can be deduced in the following manner by
using AgCl as a typical example and following the derivation pro-
posed by Butler (Chemistry and Industry, 43, 634 [1924], and Jour.
Phys. Chem., 28, 438 [1924]). In a saturated solution of silver
chloride containing an excess of the solid phasc an equilibrium
exists between the rate at which the solid dissolves and at which
solid forms. The solid surface may be considered as a lattice of
which a portion, x, contains exposed silver ions, the remaining
surface (1 — z) having chloride ions exposed. Considering the
reversible action to take place separately for Ag+ ions and for C1~
ions, the rate at which Ag* ions leave thasurface may be expressed
by kyz, in which k, is a proportionality factor (a velocity constant),
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and the rate at which Ag* ions are deposited on the surface may
be expressed by the formula ko(1 — x)Cjy,+, since the frequency
of deposition will depend upon the concentration, Cyg+, of the Ag+
ions in solution, as well as upon the area (1 — z) having exposed
chloride ions. At equilibrium the rates of detachment and of
attachment of Ag* ions are equal and

klx = kz(l - ;U)CAg+ (1)
Likewise, the passing of Cl™ ions into solution may be expressed

by k3(1 — z), and the deposition of Cl™ ions on the surface by
k4xCqy-; accordingly, at equilibrium

ks(1 — x) = kyxCq- (2)
From equation (1) the concentration of silver ion in solution is
klit
Caer = ko(1 — x)
and from (2)
ks(1 — x)
Cr- =
cl k4x
For the combined action, we have then
]\71]\33
C + C - =
Ag X Cl ]C2k4 8.p.

It should be observed that no numerical or other factor appears
for the amount of solid which may be present, an obvious result
since, however much solid may be present, it will have no influence
on the concentration of ions in a saturated solution.

This new constant, K, , is called the solubility product constant.
It is a special equilibrium constant, relating to the equilibrium of
the ions in a saturated solution. It can be uscd rigorously only for
solutions formed from difficultly soluble compounds and in solu-
tions of the pure salt. The cxpression means that, in a solution
containing ions which by their union produce a difficultly soluble
compound, the ions will be in equilibrium when the product of
their gram-ion concentrations attains a certain definite, small
value called the solubility product constant. When this constant
is reached the solution is saturated with respect to the ions which
form the solid. The constant has a different numerical value for
each compound and varies with the temperature for the same
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compound. It does not strictly apply to solutions containing ions
derived from other salts, but holds good over a limited range only
for solutions of a pure salt.

If the value for the constant is exceeded, the excess ions will
separate out as a solid compound (a precipitate). In any solution
in which there is undissolved solid, no matter how little or how
much, the liquid surrounding the solid will always contain enough
of the ions to make the product of their gram-ion concentrations
equal to the constant characteristic for that particular solid.
This ion relationship, as already noted, holds only for relatively
insoluble compounds.

Calculation of Solubility Product Constants. Solubility prod-
uct constants have been determined for practically all the com-
pounds which are obtained as precipitates in analytical work.
They can be calculated from the solubility data. The solubility
in grams per liter, determined by experiment, is converted into
the molar solubility by dividing by the molecular weight of the
dissolved compound. From this the coneentration of cach set of
ions may be calculated. If it is known that the ionization of the
dissolved solute is not complete, the molar solubility is multiplied
by the per cent to which the solution ionizes. For example, the
solubility of AgCl at room temperature is 0.0015 gram per liter.
Dividing this by the molccular weight of AgCl, 143.34, gives
0.0000106 gram-mole, which is the molar concentration of the
dissolved AgCl. This is an extremely dilute solution and the
AgCl is assumed to be completely ionized. This liter of solution
therefore contains 0.0000106 or 1.06 X 107° gram-ion of Ag* ion
and the same concentration of Cl™ ion.

The solubility product equation is:

CAg"' X CCl‘ = Ks.p.

and substituting the numerical values for the concentrations we
have:

(1.06 X 107%) x (1.06 X 107%) = 1.1 X 10710

giving 1.1 X 1070 as the K, of AgCL

Where three different sets of ions are formed from a dissolved
solid, the product of the gram-ion concentration of all three sets
is the desired K,, In the case of MgNH4PO,, the precipitate
involved in the tests for magnesium’ and phosphate ions, the
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solubility is 0.0086 gram per liter or a molar solubility of 6.3 X
1075. The ionization of this compound takes place according
to the equation:

MgNH4PO4 = MgH + NH4+ + PO4=

The gram-ion concentrations, therefore, in a saturated solution,
assuming complete ionization, are 6.3 X 107° for each set of ions.
The K, is then:

Crmer+ X Cnugy X Cpor =  Kip.(MeNHPOY
(6.3 X 107%) X (6.3 X 10-5) X (6.3 X 10-%) = 2.5 X 1018

If the dissolved solid yiclds three ions, two of which are alike,
the total gram-ion concentration of each set of ions must be deter-
mined from the molar solubility of the dissolved solute; after
this the total concentration is squared for that set which appears
twice into the cquation. This may be made clear in the case of
Mg(OH),. This substance is ionized according to the equation:

Mg(OH), = Mg+t + O™ + OH"

yielding one magnesium ion and two hydroxyl ions for each mole-
cule ionized. The equilibrium expression is therefore:

Cume++ X Con- X Con- = Ky,
or Cag++ X (Com-)? = K,

The molar solubility of Mg(OH); at room temperature is
0.000206; hence, the concentration of Mg+t is 0.000206 gram-
ion per liter and the concentration of the hydroxyl ion is twice
as great, or 0.000412 gram-ion per liter. The value of the constant
is therefore:

2 __
Cmg++ X (Con-)* = Kyp.(Ma(OHM)
(0.000206) X (0.000412)% = 3.5 X 101

Confusion in caleulations involving solubility product relation-
ships will be avoided if it is always remembered (1) to use the
total concentration of each set of ions and (2) to square or cube
this total concentration according to whether the particular set
is involved two or three times in the ionization equation. Note
particularly in the above example that we did not double the
hydroxyl-ion concentration; we simply doubled the concentration
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of the dissolved Mg(OH ), or of the Mg** in order to find the con-
centration of the OH™. This point is emphasized because it is
the source of more difficulty than any other factor involved in
solubility-product calculations.

Solubility product constants of a number of slightly soluble
substances are given in Table VI, for which the data were collected
from various sources. Most of these results have been calculated
from the electrical conductivity of the saturated solutions. Be-
cause of the experimental difficulties encountered in the measure-

TABLE VI
SorusBiLIty Propuct CONSTANTS

Compound Kgp. Compound Kgp
AgCl 1.1 X 10710 SrC204 5 % 108
AgBr 3.5 X 10713 CaCqe0y4 2.6 X 107°
Agl 1.0 X 10716 SrS04 3.5 X 1077
Hg:Cl, 2.0 X 10718 BaSO4 1.2 X 10710
PbCrO, 1.7 X 10714 CaS0y, 2.2 X 1074
PbSO,4 2.3 X 1078 HgS 4.1 X 10763
PbCl. 2.4 X 107* CuS 8.5 X 10~4°
Fe(OH)3 1.1 X 10736 Cds 3.6 X 10729
Mg (OH). 3.5 X 10711 PbS 4.0 X 10728
MgNH4PO4 2.5 X 10713 Zns 1.2 X 10723
MgCOg; 4.2 X 1075 FeS 1.5 x 10719
CaCOg3 4.8 X 107? MnS 1.4 X 10715
SrCO; 1.6 X 107

BaCO; 7.0 X 107°

BaCrOg4 2.3 X 10710

ments the solubility product constants of many compounds are so
uncertain as to be practically valueless. This is true especially of
most hydroxides and many sulfides and for this reason values for
many of these compounds are omitted from the table. Also,
different values for the same constant are given by different in-
vestigators; those included here are believed to be the most
reliable.

The solubility product constant, like the solubility, changes
with the temperature. The values here given apply with reason-
able accuracy to solutions at ordinary room temperatures. Room
temperature is assumed in all of the following problems involving
solubility product constants.
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Application of the Solubility Product Principle to Precipitation.
The solubility product constant gives a measure of the concentra-
tion of ions which are in equilibrium in a saturated solution of a
sparingly soluble electrolyte. This value must be reached to
establish equilibrium and must be exceeded before a solid, i.e.
a precipitate, will separate out. Since the constant is a product
of two or more factors expressing concentration of ions in equilib-
rium, these concentrations need not neccessarily be equivalent
to each other, as was the case in calculating the constants from
pure solutions of the compound; all that is required for equilib-
rium to be established is for the product of the gram-ion concen-
trations to reach the numerical value of the constant for the com-
pound in question.

What happens during the formation of a precipitate is this:
Precipitating ions are added, in the form of a solution of an electro-
lyte, to the solution which contains the ions to be precipitated.
When an amount of precipitating ions is added such that the
product of the ion concentrations (the gram-ion concentration of
precipitating ions X gram-ion concentration of ions to be pre-
cipitated) is exactly equal to the K, the ions will be in equilib-
rium and the solution will be saturated. Addition of a further
amount of precipitating reagent will result in the formation of a
precipitate, since the solution is already saturated with ions.
The solid will continue to separate during the addition of pre-
cipitating ions until the ions whose precipitation is desired have
been practically, but not entirely, removed from solution. At all
times after a precipitate has initially formed, the solution sur-
rounding it contains the two or more sets of ions in such amounts
that the product of their gram-ion concentrations always equals
the solubility product constant.

Before considering further the extent to which it is possible to
remove ions by precipitation, let us apply the principle to the for-
mation of a precipitate of AgCl. Suppose it is desired to make a
qualitative test for silver in a solution of AgNO5 which is 0.0001 M.
At this dilution the solution is practically completely ionized so
that the gram-ion concentration of silver ion is 0.0001. The quan-
tity of chloride ion required before a precipitate of AgCl will
form can be readily calculated from the K, ,. expression:

Cag+ X Ca- = Kyp ag0n)
00001 X =z = 11X 100
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from which z = 0.000001 gram-ion of Cl~, the amount which must
be added in the form of HCIl, NaCl or any other soluble chloride
in order to saturate the solution. Any amount beyond this will
result in a precipitate of AgCl and give the desired test for silver.
As more and more chloride ions are added they will at once unite
with silver ions, precipitating increasing quantities of AgCl and
progressively lowering the concentration of silver ions remaining
in solution.

Effect of Excess Precipitating Agent. As long as AgCl con-
tinues to form, silver ions and chloride ions are being removed in
equal quantities, and to satisfy the equilibrium requirements the
supply of ions must be maintained by adding more chloride ions.
A point is eventually reached when the concentration of chloride
ions is greatly in excess of silver ions but still equilibrium is main-
tained. What is required therefore to cause the realdtion to run
practically to completion and to insure almost complete precipi-
tation (and separation) is the addition of an excess of precipitating
ions. An excess of precipitating agent will have the effect of
forcing more of the solid to separate out; this is analogous to the
effect of a large excess of common ions in repressing the ionization
of weak electrolytes. The effect on the equilibrium in both cases
is to lower the concentration of the other set of ions.

In following the course of ionic changes during precipitation
we must recognize two stages, namely, first, the stage at which
equilibrium is first established when the K,, is reached and
beyond which precipitation will take place; sccond, the final
stage, in which the concentration of precipitating ion is greatly in
excess of that for the ions whose (practical) complete removal is
desired. At all times after the first stage, the product of the con-
centrations is numerically equal to the K, of the compound being
precipitated. Absolutely complete removal of ions is, according
to this principle, impossible, but for practical purposes of separation
the precipitation is sufficiently complete. :

Application of the Solubility Product Principle to the Dissolving
of Precipitates. Inasmuch as the solution surrounding any pre-
cipitate is saturated with respect to the ioris which form that pre-
cipitate, the ions are in equilibrium with each other. If the con-
centration of one or the other or both ions is lowered the equilibrium
will be disturbed and more solid will dissolve in order to restore
equilibrium. Thus, increasing the amount of solvent will lower
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the concentration of both ions and more solid will dissolve at the
greater dilution; or the addition of a reagent which will cause a
decrease in ionization, by forming, for example, a weakly ionized
electrolyte or a complex ion, will disturb the equilibrium and re-
move ions from solution. For example, calcium oxalate will
dissolve in dilute HCL. This is explained as follows.

When HCI is added to CaC204 the equilibria shown below are
set up:

CaCy04 = Catt + Cy04~

2HCl = 2Cl" + 2H*
(highly fonized) 1| 1

('j‘d,C]z H20204

(highly ionized)  (less ionized than HC})

The C304= ions in equilibrium with Cat+ ions are used up in form-
ing oxalic acid, thus disturbing the cquilibrium, and in order to
restore it more solid CaCs04 must dissolve and ionize. Final
equilibrium will be established when all the solid CaCy04 has
dissolved. :

Another example, the dissolving of ZnS in HCI, may be cited.
The ionic changes and the equilibria finally established may be
diagrammed thus:

ZnS = Zntt 4+ S-

2HCl =2C1" + 2Ht

1 1
ZD()lz + H2S

(highly ionized) (weakly ionized)

The formation of weakly ionized H,S which, being slightly
soluble, escapes from the solution, lowers the sulfide-ion concen-
tration; to maintain the equilibrium between sulfide ions and
zinc ions, demanded by the K, ,, more solid ZnS must dissolve.
Final equilibrium will be attained only when all the ZnS has
dissolved.

The formation of complex ions as a means of disturbing equi-
librium will be discussed on page 79.

Fractional Precipitation. The foregoing discussion of the theory
of precipitation has considered the simple case of a single precipi-
tate being formed. The situation is more complicated where two
or more kinds of ions are present in the same solution, each set
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capable of being precipitated by the same reagent. The questions
arise: Which set will be precipitated first, and will the first sct be
completely precipitated before the second set begins to react with
the precipitant?

Obviously, when a precipitating ion is added to a solution
containing two kinds of ions, each of which can form an insoluble
compound with the added ion, the solution will become saturated
with respect to the less soluble compound before it becomes
saturated with respect to the more soluble compound. For
example, a solution containing equal concentrations of Br~ and
C1™ will become saturated, when silver ions are added, with respect
to Ag* and Br~ before the saturation value for Agt and C1” is
reached, because the K, , of AgBr is smaller than that of AgCl.
Consequently, AgBr will begin to precipitate first.  Upon the con-
tinued addition of Ag* the K, of Ag('l will eventually be reached
and both AgBr and AgCl will be precipitated simultancously.
The concentrations of Br™ and Cl™ then bear a constant ratio to
cach other, as can be shown in the following way:

Ks.p.(AgCl) — I<s.p.(AgBr)
Car- Cpr-

CAg* =

from which

Ca- Ksp(AgCl) 1.1 X 10710 v '
posennd N — _ . l '3 _
Cor-  Kapiagsn 3.5 X 10713 0.31 X 10° = 310

Hence, in a solution that is saturated with both AgCl and AgBr
there will be approximately three hundred times as many chloride
ions as bromide ions. In any event, the ratio will be the same as
the ratio of the solubility product constants of the two compounds.
Such a partial precipitation of one substance in the presence of a
less soluble substance having an ion in common with the first is
termed fractional precipitation. It is involved whenever two or
more compounds are precipitated from the same solution by the

same reagent.

THE PROPERTIES OF PRECIPITATES

The solubility product principle, valuable as it is, does not tell
the whole story of precipitation. In fact, there are so many
factors of which it takes no account that its application to many
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experimentally encountered situations is quite unjustified. Some
of these factors are so important that they cannot be disregarded.

The Salt Effect. We have seen that the addition of a common
ion decreases the solubility of a precipitate. It might be inferred
that the addition of an electrolyte having no common ion would
have no effect on the solubility of the precipitate, but this is far
from the truth. The presence of foreign ions increases the solu-
bility of a slightly soluble compound, in some cases to an appre-
ciable extent. For instance, a solution that is 0.01 M in KNO,
will dissolve approximately twice as much BaSQ, as is dissolved
by pure water and a 0.5 M solution of NaCl will dissolve about
five times as much CaCy04 as pure water.

This cffect of foreign ions on the solubility of a precipitate is
called the salt cffect. The effect increases with increase in the
charge on the foreign ion and also with an increase in the charge on
the ions of the precipitate. The foreign ions deerease the activity
coeflicients of the ions of the precipitate and this decrease must be
counterbalanced by an inerease in the concentrations of the ions.
This can be shown in the following way, BaSO, being used as an
example. .

We have alrcady pointed out (page 19) the fact that equilibrium
expressions arc rigidly truc only if activities are used in place of
concentrations. That is:

apa++ X Gg0,- = Kgp,
But apa++ = [1Cpat++; Gg0,~ = f2Cs0,-
where f is the activity coefficient. Therefore,
J1Cpa++ X f2Cs0,- = K,

is the more correct formulation of the solubility product expression
for BaSO,4. If, now, the addition of foreign ions decreases the
activity coefficients fy and fo, it is obvious that in order to keep
K, p. unchanged the concentrations Cp,++ and Cgo,- must increase;
that is, more of the precipitate goes into solution.

It is not absolutely cssential that the additional ions be foreign
ions; an excess of a common ion will have a similar effect. This
means that in order to secure maximum precipitation a great
excess of the precipitating agent is to be avoided, because eventu-
ally the increase in solubility due to the salt effect more than
balances the decrease due to the common-ion effect.
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Complex-Ion Formation. In addition to the salt effect, another
factor sometimes operates to increase the solubility of a precipitate
in an excess of precipitating agent. As mentioned previously,
AgCl, for instance, will dissolve completely in an excess of con-
centrated HCl, owing to the formation of complex ions of the type
AgClz= or AgCl=. Any solution which furnishes a very high
concentration of chloride ions will, of course, increase the solu-
bility of AgCl. PbCl; acts similarly, forming PbCl,~.

We have considerced here only those complex ions formed with
an excess of the precipitating agent. It is, however, possible to
form a large number of other complex ions; such a process is
frequently used to produce separations in qualitative analysis.
Thus, AgCl will dissolve readily in solutions of KCN, NHj or
Na28203:

AgCl 4+ 2CN" = Ag(CN);” + CI”

AgCl + 2NH; = Ag(NH3)e+ + CI
2AgCl1 + 38,05~ = Ags(S:04)3™ + 2CI°

The structure of certain ions of this type is discussed on page 81
and the equilibria relationships involved are considered on page 79.

Colloidal Systems. In a true solution:the solute is present in
particles of molecular or ionic size — about 10™® ¢m. in diameter.
If the solute particles are larger, but not so large that they secttle
out on standing for a reasonable length of time, they are said to
be in the colloidal condition and the mixture is a colloidal system.
The limits of size of colloidal particles may be placed arbitrarily
at diameters of 10~* and 10~ cm.

For convenience liquid colloidal systems may be divided into
two general classes — sols and gels — although there is no sharp
distinction between the two. The terms suggest the general char-
acteristics of the systems: sols are similar to solutions (low vis-
cosity, filterable, etc.) and gels resemble jellies; in fact, jellies
are gels. Although some compounds, such as the hydroxides of
iron and aluminum, precipitate as gels, this type of colloidal sys-
tem occurs less frequently in qualitative analysis.

Sols, however, are of considerable importance, primarily be-
cause of our desire to avoid them. The dispersed particles in
sols cannot be removed by filtering and usually not by centri-
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fuging for a reasonable length of time; consequently, sol formation
may make an analytical separation incomplete or impossible.
Sol formation is particularly undesirable in the semi-micro method
because of the small amounts of materials used and the extreme
sensitivity of some of the tests to contaminating ions.

The suspended particles in sols all carry either positive or nega-
tive electric charges; that is, sol particles are essentially gigantic
ions. The charges arise in either of two general ways: (1) adsorp-
tion of ions from the solution onto the surface of the sol particle;
(2) partial ionization of some component of the sol particle, the
ions of one sign going into the solution and the ions of opposite
sign remaining on the sol particle. Whatever the origin of the
charges, they cause the sol particles to repel each other, thus tend-
ing to prevent collisions and conscquent coagulation of the sol.
The charges, then, stabilize the sol. If these charges can be
removed or decreased sufficiently the sol particles will collide more
frequently and coagulation will occur.

Heating tends to remove the adsorbed ions and hence en-
courages coagulation. If ions of charge opposite to that of the
particle are adsorbed in sufficient numbers they will effectively
neutralize the charge of the particle and consequently produce
coagulation. Therefore, the addition of an ionized compound to
the system will sometimes bring about precipitation of the sol.

An obvious objection to this method of precipitating a sol is
the impossibility of adding negative ions to a positively charged
sol without adding at the same time an cquivalent number of posi-
tive ions. The latter might reasonably be expected to aid in
stabilizing the sol and thus countcract the coagulating effect of
the negative ions.  The same argument holds, of course, for nega-
tive sols and positive coagulating ions. This stabilizing effect,
although it undoubtedly exists, is, however, of less significance
than the coagulating tendency of the oppositely charged ions.

A very important factor in determining the coagulating power
of an ion is the number of units of charge that it carries. The
coagulating ability increases greatly with increase in the charge.
Thus, aluminum compounds are much more effective than mag-
nesium compounds, which in turn are more cffective than sodium
compounds, in coagulating negative sols; similarly phosphates,
sulfates and chlorides have decreasing abilities, in the order named,
to coagulate positive sols.
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As far as application in a scheme of analysis is concerned,
however, this charge® effect usually cannot be utilized because
divalent and trivalent ions, if added, will almost always produce
unwanted precipitations or other reactions. Hydrogen and hy-
droxyl ions arc much more effective than other monovalent ions
and are sometimes used to coagulate colloidal particles: NH4NO;3
and NI4Cl are the salts most commonly used to destroy colloidal
suspensions because, although they are not as effective as other
salts, they do not complicate the usual scheme of analysis. The
addition of these compounds to the water used to wash precipi-
tates tends to prevent the precipitate from going into the colloidal
condition. Frequent use is made of this fact in the schemes of
analysis.

Colloidal systems may be formed spontancously in precipitations
or in oxidation-reduction reactions, cspecially in those involving
the formation or dissolving of sulfides. Thus, the addition of HyS
to a solution containing ions of a metal which forms a slightly
soluble sulfide will frequently produce a colloidal suspension of
the sulfide, especially if the solution is alkaline. The sulfide sol
is stabilized by the adsorption of H.S, hydrosulfide or sulfide
ions (the latter two arc present in high concentration in an alka-
line solution) and may usually be coagulated by increasing the
acidity of the system, provided. of course, the increased acidity does
not cause the precipitate to redissolve.  Similarly, the oxidation
of HyS or a sulfide or the acidification of a polysulfide usually
results®in the formation of a white colloidal suspension of sulfur
which may be very hard to climinate.

In the analytical scheme sulfur suspensions are almost invariably
obtained (a) in precipitating Group IT of the cations if any oxidiz-
ing agents are present, (b) in dissolving the Group I1-A sulfides in
HNO; and (c) in reprecipitating Group I1-B sulfides by acidifying
the polysulfide solution. When very strong oxidizing agents are
used some of the sulfur is oxidized to SO,= but it is difficult to
eliminate all of it in this way.

Up to this point we have said less about gels than their impor-
tance merits. Gels and sols differ not in type but only in degree.
Many compounds which casily form sols can be obtained in the
form of gels by using appropriate techniques.  For instance, BaSO,
as usually precipitated forms a sol, but if saturated solutions of
Ba (CNS); and MnSO, (the most soluble barium salt and the most
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soluble metallic sulfate) are mixed, a gel of BaSO, is obtained;
this gel is so viscous that it cannot be pouréd from the container.

One of the factors determining whether a given precipitation
process will result in the formation of a sol or a gel is the rate of
formation of nuclei of the precipitate; if the rate of formation is
very high a gel will result and if it is relatively low a sol will be
formed. The rate of nuclei formation will be higher as the con-
centrations of the precipitating solutions are greater and as the
solubility of the precipitate is lower. Consequently, gel formation
may be minimized by carrying out precipitations slowly, at the
boiling point, using solutions that are not too concentrated.
These conditions discourage the formation of any type of colloidal
system.

Some precipitates, however, are gelatinous even if all the above
conditions are observed. Among these are the hydroxides of iron,
aluminum and chromium. These form gels because their solu-
bility is so exceedingly low that this factor outweighs all the others.

To speak of gelatinous precipitates in general and of the above
hydroxides in particular as definite chemical compounds is a type
of chemical fiction. It is doubtful whether a compound such
as, for example, Fe(OH); actually exists; if it does, it is not the
reddish, gelatinous material to which this formula is usually
applied. The so-called ferric hydroxide is really a hydrated oxide
of indefinite composition, perhaps best represented by the formula
Feo,04 (H0),, or possibly by FeOOH. The same is true of most
“ hydroxides ”’ of trivalent and tetravalent metals, so when the
student encounters such formulas as A1(OH); and Mn(OH)4 he
should interpret them as meaning ‘“ hydrated Al;O3”’ and ‘ hy-
drated MnO,.”

Contamination of Precipitates. When any precipitate sepa-
rates from a solution it carries with it from the solution, either
occluded within the crystals or adsorbed on the surface, some of
the cations and anions which normally constitute soluble com-
pounds. Thus, if AgCl is precipitated from solutions of AgNO;
and NaCl, the precipitate, even after washing, will contain some
NaCl. This phenomenon is called coprecipitation. The soluble
coprecipitated compound very frequently has one ion in common
with the precipitate.

If the foreign substance is not carried down along with the main
precipitate but forms later on the surface of the precipitated par-
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ticles it is said to be postprecipitated; this phenomenon is called
postprecipitation. This effect is noticed particularly with the
sulfides. Zinc, for instance, will not precipitate as ZnS when a
0.01 M solution of a zine salt, 0.1 M in hydrogen ion, is saturated
with HoS, even though the solution is supersaturated with ZnS.
If, however, Hgt*, Cu™ or some other metallic ion which forms
a very insoluble sulfide is present, this sulfide will precipitate
immediately when H,S is added and ZnS will then be precipitated
from the supersaturated solution onto the surface of the other
sulfide. In this way as much as 95 per cent of the zinc in a solu-
tion may be postprecipitated on another sulfide under conditions
such that if the second sulfide were not present no ZnS would
appear.

In schemes of qualitative analysis which utilize HyS to precipi-
tate Hgtt, Pbt*, Bit**, Cutt, Cd**, etc., from acid solution,
a large proportion of any Zn** present may be postprecipitated on
these sulfides and thercfore lost. This may account for the dif-
ficulty that is sometimes experienced in detecting zinc at its
proper place in the scheme of analysis.

It is to be noted that the failure of ZnS to precipitate when HyoS
is passed into a moderately acid solution of a zine salt is due not
to its solubility but, apparently, to the slowness of the reaction
and to the formation of a highly supersaturated solution of ZnS,
The presence of other sulfides does not render the ZnS less soluble
but simply promotes precipitation from an already supersaturated
solution.

It must not be supposed that postprecipitation is limited to
zine sulfide or even to sulfides in general.  The only requirement
for postprecipitation is that the solution be supersaturated with
respect to some constituent which normally would not be precip-
itated because of the slowness of crystallization. This condition
is satisfied much too frequently in qualitative analysis.

Contamination is especially high for those .precipitates which
are obtained in a gelatinous form, such as the hydrated oxides of
iron and aluminum. Much of the contamination is due to the
large amount of mother liquor included in the precipitate; this
can be removed by repeated washing. There is, however, an
appreciable amount of adsorbed contaminants which cannot be
removed by washing.
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REVIEW EXERCISES — SET b6

1. Calculate the solubility product constants of the following salts,
assuming complete ionization:

Solubility
Salt Moles per Lzter
(@) BaSOy4 1.1 X 1075
(b) Zn(OH), 6.3 X 1077
(¢) HgCl,y 8.0 X 1077
(d) BaCrQOy4 1.5 X 1075
(e) ZnS 3.5 X 10712

2. Calculate the solubility product constants of the following salts, given
the solubility in grams per liter and assuming complecte ionization:

Solubility
Salt Grams per Liter
(a) HgS 1.5 X 10724
(b) MnS 3.3 X 1076
(¢) Mg(OH), 1.2 X 1072
((l) Hgglg 2.0 X 1077
(e) Fe(OH)s 4.8 X 1078

3. Calculate the chloride-ion concentration neccessary just to start the
precipitation of the chlorides of Group I, in the test solutions of Ag*, Pb**
and Hget*, each solution containing 10 milligrams of the ion per milliliter
(10 grams per liter).

Solution K p.

(a) Ag* 1.1 X 10710
(b) Pb*+ 2.4 X 1074
() Hgs™ 2.0 X 10718

4. Calculate the gram-ion concentration of Fet++ required to produce a
precipitate of Fe(OH)3 in a liter of ammonium hydroxide which contains
1 X 10~4 gram-ion of OH™. The Ky p. of Fe(OH)3zis 1.1 X 10736,

6. The Mgt+ test solution contains 10 milligrams Mg** ion in each
milliliter. What OH™ ion concentration is required to cause precipitation of
.Mg(OH)3 in such a solution? The Ky p of Mg(OH), = 3.5 X 1071

6. At what hydrogen-ion concentration will MnS just begin to precipitate
when HjS is passed into a solution that is 0.10°M in Mn*+?

7. CaCy0y4 is soluble in HCI but not in HC3H30,. Explain fully why
this is to be expected?

8. _What is the maximum amount of NasSO4 that can be added to 1 ml. of
a solution containing 1 milligram of Sr*+ without causmg precipitation or
supersaturatlon‘?

9. What is a colloidal system? What are the limits of size of the par-
ticles in a solid-liquid system? What is a sol? A gel? How may each be
formed? Why are colloidal systems undesirable, in general, in analytical
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chemistry? Can you think of any that are desirable in analytical chemistry ?
How may the formation of sols be avoided? How may sols be coagulated?

10. Define coprecipitation and postprecipitation. Why are these effects
of particular importance in analytical chemistry?

THE THEORY OF COMPLEX IONS

The Composition of Ions. Ions differ greatly in their chemical
composition, as well as in the nature and number of their electrical
charges. The simplest ions consist of charged atoms; for example,
the positively charged metal atoms such as Ag*, Cutt, Cd++, Fett
and Fett+ and the negatively charged atoms of non-metallic cle-
ments such as the sulfide ion, S=, and the halide ions, ™, C17, Br~,
[". On the other hand, atoms of different elements may unite into
radicals, which,. when charged, form ions of widely varying molec-
ular complexity. Among these charged groups of atoms are many
which in their chemical reactions behave as simple ions, as, for
example, the ammonium cation, NH4*, and such acid radicals as
the eyanide, CN7, the sulfate, SO4~, the arscnate, As()4=, and the
tartrate, C4H4Og™, anions. There is yet another considerable group
of ions of still greater complexity whose reactions and equilibrium
rclationships are extremely important in analytical procedures.
To this latter group the term ““ complex ions ” is applied.

Complex Ions. The most important complex ions encountered
in qualitative analysis are those formed by the combination of
metal ions with (¢) ammonia and (b) cyanide ions, (¢) sulfide
ions, (d) halide ions and (e) organic ions. Ixamples of these com-
plexes are discussed below.

Complex Ions of Metals with Ammonia. Silver chloride dis-
solves in ammonium hydroxide (an aqueous solution of NHj3) ac-
cording to the reaction:

AgCl + 2NH;3; = Ag(NHj).* + Cl (1)

The complex diammono-silver ions further ionize to a very slight
extent into Agt ion and 2NHj:

Ag(NHj3)* = Ag* + 2NH; 2)
The equilibrium expression for reaction (2) is:

Cag+ X (Cnm,)?
CAB(NH:):*‘

=K
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The equilibrium constant, K, is called the instability constant
of the complex Ag(NH3),*ion. Itsvalueis7 X 1078 Thissmall
value of K shows that the complex ion is relatively very stable and
that, in an ammoniacal solution of a silver salt, the silver is very
largely combined with NHj3 and exists mainly as the complex
Ag(NH;3),t ion.

Other similar complex ions of considerable importance in quali-
tative analysis are those of copper, Cu(NHj3),t+; of cadmium,
Cd(NHj3)4+; of nickel, Ni(NHj3),++; of cobalt, Co(NHjz)s*, and
of zinc, Zn (NHjz),++.

Complex Metal-Cyanide Ions. A number of metallic ions form
complex ions with the cyanide ion. The best known of these are
the ferrocyanide ion, Fe(CN)g=, and the ferricyanide ion,
Fe(CN)g=, which in the form of potassium salts arec used as test
reagents for iron and certain other metals.  Other complex cyanide
ions are: the cuprous cyanide, Cu(CN),=; the cadmium cyanide,
Cd(CN)4~; the silver cyanides, Ag(CN),;” and Ag(CN)3=, and
those of mercury, nickel, cobalt and gold, viz., Hg(CN)4",
Ni(CN)4~, Co(CN)e~ and Au(CN), .

Complex Metal-Sulfide Ions. When ammonium sulfide,
(NH4)2S (the so-called colorless, monosulfide reagent), acts on
As,Sg, the precipitated arsenious sulfide dissolves forming the ion
AsS3=, called the thioarsenite or sulfoarsenite ion:

ASQS;; + 38’ = 2AsS;;E

The equilibrium here may be formulated by the equation:
(Cpgs++) X (Cg-)3
CAsS:'

= K (instability)

Similar equilibria may be formulated for the AsS,;= SbS;=,
SbS,=, SnS3= and HgS,= complex ions. Since these complexes are
very stable, the instability constants are very small numbers. The
constants for many complex ions have not been determined.
Knox (Trans. Faraday Soc., 4, 36, 1908) has determined the value
for the ratio Cpger X (Cg-)? + Cigs,- to be 1 X 10753,

These complex metal-sulfide ions are analogous to the better
known oxy-ions of these elements. In fact, in composition they
mYy be regarded as the oxy-ions (acid radicals) in which the oxygen
has been replaced by sulfur. The analogy is shown in the follow-
ing tabulation:
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Oxv-Ions TH10-IoNs
Arsenite AsO3™ Thioarsenite AsSz™
Arsenate  AsO4= Thioarsenate  AsSs™
Antimonite SbO3;= Thioantimonite SbS3z™
Antimonate SbO4= Thioantimonate SbS4™
Stannite SnOy~ Thiostannate  SnS3~

Stannate  SnOz~

Other Complex Ions. Certain metal ions readily form complex
ions with halide ions. Mercury, for example, forms the complex
chloride, bromide and iodide ions, viz., HgCly~, HgBrs=, Hgl,~.
The instability constants for these are given in Table VII. In the
familiar precipitating agent for potassium, HoPtClg, the platinum
forms the gomplex chloroplatinate ion, PtClg=, with the chloride
ion. Gold also forms complex halide ions. These complexes are
of considerable importance in analytical procedures.

TABLE VII
InsTaBILITY CoNsTANTS AT 25° C.

Dissociation Reaction Kinstability

Ag (NHj)o" & Agt 4+ 2NII; 7 X 1078
Ag(CN)” & Agt + 2CN~ 1 X 1072
NH,* &2 H* 4+ NH; 6 X 10710
Cu(NHj3)4t+* & Cutt 4+ 4NH; . 1 X 1077
Cu(CN)4~ & Cut 4+ 4CN~ 5 X 10728
Cd(NHj3)4t+* & Cd+* + 4NH; 1 X 1077
HgCly~ & Hgtt + 4C1° 1 X 10718
HgBrs~ & Hg**+ + 4Br~ 2 X 10722
Hgl,~ & Hgt+ + 417 5 % 10731
Hg(CN)4~ <= Hg** 4+ 4CN™ . 4 X 1074
Zn(NH;3);*t & Zn*t + 4NH; 3 X 10710

Complexes also form between certain metallic ions and organic
radicals. The tartrate ion, in particular, has the tendency to com-
bine with metals such as copper and antimony, thereby interfering
with tests for these metallic ions.

The Structure of Complex Ions. Covalence, and coordinate
valence, especially, are important in the discussion of complex ions
because it is by means of these two types of bonds that the parts
of a complex ion are held together. To get some idea of the nature |
of this binding we may use for a simple example the intensely blue
complex ion formed by adding a solution of NHj to a solution of a
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copper salt, a reaction with which the student is undoubtedly
familiar. The copper ion as it exists in the original solution has,
of course, no electrons in the valence shell. The nitrogen atom
in NH;3 has shared 3 of its 5 electrons with 3 hydrogen atoms, giv-
ing it a total of 8 electrons in its valence shell and leaving a pair of
electrons not shared with any atom. The NHj3 molecule accordingly
shares this pair of cléctrons with the Cu**ion; a similar action on
the part of 3 other NHjz molecules gives the ion a stable group of 8
electrons in its valence shell while still retaining its original charge.
The condition in which the ion has a valence group of 8 electrons
appears to be a more stable arrangement than that in which the
valence group is entirely empty, so that the complex ion is a rela-
tively stable ion. We may represent the complex ion s follows:

NH, -+
I
H3N=Cu=NH;

It
NH,

The NH; molecule when combined in a complex ion is called the
ammono group, so this ion is properly called the tetrammono-
cupric ion.

A statement similar to the above may serve to explain the
structures of very many complex ions and hydrates, the latter
being, at least in many instances, a type of complex ion. A dif-
ficulty arises in cases like Ag(NH;j)o* and Co(NHz)gttt where,
following the same general line of thought, it would appear that
there are, respectively, 2 and 6 coordinate bonds and hence 4 and
12 electrons in the valence groups of the silver and cobalt, whereas
we have been led always to expect a stable group of 8. This dif-
ficulty may be resolved, but not without damage to the apparent
simplicity of the preceding discussion, by assuming (1) that the
stable group need not always consist of 8 electrons but may at
times, depending largely upon the relative sizes of the atoms or
groups concerned, be any even number from 4 to 16, 8 and 12 being
by far the most common; or (2) that a single electron or even 3
electrons, instead of the usual 2, may sometimes form a bond.
Each of these possibilities has evidence in its favor, but as yet there
is no way of knowing which, if either, is the correct explanation or
whether both may be right.
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The Werner Theory of Valence. In the compound CuSQ, the
copper was formerly considered to have a “ valence ”’ of 42 and
the sulfate to have a “ valence ”” of —2. On this basis alone, it
is obviously impossible to explain the formation of the compound
Cu(NH3)4804 from a supposedly ““ neutral ”’ molecule of CuSO,
and supposedly neutral NHs molecules. Likewise, other complex
compounds are formed with complete disregard for the traditional
rules of valence. This difficulty was recognized many years ago
but was completely unresolved until Werner, in 1891, long before
the development of the electronic theory of valence, introduced a
theory which systematized the study of such compounds and to a
large extent explained their structure and behavior.

Werner postulated the existence of two types of valence: (1)
primary valence, by means of which the copper and the sulfafe,
in the above example, are held together, and (2) secondary, auxil-
iary or coordinate valence, by means of which “ neutral ”’ molecules
such as NHj may be joined to other neutral molecules without af-
fecting the primary valences in the molecules so joined. It is the
primary valence of Werner that has been traditionally known as
the valence of an element or radical.

Werner assigned a definite secondary valence to an element or
radical, the value depending upon the number of molecules, such
as NHj, which could combine with one atom of the element or u
single one of the groups. Just as some elements may have a
variable primary valenee, so also they may have a vartable second-
ary valence. The number of units of sccondary valence is called
the eoordination number of the atom exhibiting the valence; thus,
in Cu(NHj3)4S04 the coordination number of copper is 4. The
values of the coordination number range from 2 to 8, with 4 and
6 by far the most frequent in occurrence. The combination of the
central atom and the groups attached to it by secondary valence
bonds is called the coordinated group and is distinguished from
the rest of the molecule by enclosing it in brackets, as in the
formula Cu(NH3)4SO;. Werner used a dotted line to indicate a
secondary valence bond; this representation is still in common use.

The idea of secondary valence was very extensively developed
by Werner and by others. It was discovered that the maximum
value of the coordination number may be closely correlated with
the position of the element in the periodic table, the maximum
value increasing with increase in the atomic number of the element
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This would seem to indicate a dependence of the coordination
number on the size of the central atom, which would suggest some
sort of regular geometrical arrangement of the coordinated mole-
cules about the central atom. Considerable evidence indicates
that this is a correct interpretation.

The Electronic Explanation of Werner’s Theory. The student
has undoubtedly noted by this time the similarity between Werner’s
primary valence and the polar valence of the electronic theory, as
well as that between his secondary valence and what we have de-
scribed previously as coordinate valence. This is more than an
accidental resemblence; in fact, they are essentially the same theory
expressed in different terms. The relationship may be made still
more apparent by considering a few more aspects of Werner’s
theory. ‘

An important feature of the theory is that it is possible for a
singly charged anion to take the place of one of the neutral mole-
cules in the coordinated group, but when this occurs the charge on
the coordinated group is changed by an amount equal to the charge
on the replacingion. Any ion so included in the coordinated group
loses many of its characteristic properties; chloride ion, for in-
stance, is no longer precipitated when silver nitrate is added.

We may now see the application of the above features to some
specific compounds. For this purpose we may use for the central
atom trivalent cobalt which has a maximum coordination number
of 6 and, as will be learned later, forms a‘great number of complex
ions. The complex ion formed with ammonia should have the
formula [Co (NHj3)g]*++, but this happens to be only one of a series
of complex ions containing cobalt and ammonia. This series is of
no particular importance in itself as far as we are concerned, but it
illustrates so well the range of possibilities in the formation of
such ions that we may be justified in examining it in some detail.

If we consider the [Co(NHj3)g]*+* ion and replace the ammonia
molecules one by one by a singly charged anion, which we may
designate by X, ions of the following compositions and charges
will be obtained:

[Co(NHj3)sX]+ [Co(NHj3)4 X}t [Co(NH;)3X3]°
[Co(NH3) X 4™ [Co(NH;3)X;]~ [CoX¢l=

Many compounds containing the above ions, X being CI=, NO;3™,
3804~ or some similar group, have been prepared. The changes
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in color of cobalt solutions when ammonium hydroxide is added
may be interpreted as being due to a change from one to another
of the above ions.

The explanation of the formation of this series of compounds
on the basis of the electronic theory is relatively simple. In the
[Co(NH3)e]**+ ion the cobalt ion has a coordination number o 6,
i.e., 6 pairs of electrons have been shared with it, 1 pair coming from
each of the 6 NHs molecules. If, by some means, one of these
NH; molecules were to be removed from the coordinated group,
taking with it both of the shared electrons, the cobalt ion would
have an unsatisfied secondary valence, that is, an incomplete
group of electrons, and would be in a position to form another co-
ordinate bond with some other molecule or ion. The chloride ion,
for example, having 4 pairs of electrons not shared with any atom,
is able to supply the 2 clectrons needed by the cobalt and ac-
cordingly enters the coordinated group. However, since the
chloride ion carries one unit of negative charge, the net charge of
the coordinated group is lowered by this amount, giving the formula
[Co(NH3)5Cl]*+.  Also, since the chloride ion is now attached by
means of a coordinate bond it is no longer able to give the reactions
characteristic of the simple ion; for instance, it is not precipitated
as AgCl when AgNO; is added. By a repetition of the above
process, until finally no more NH3 molecules remain in the co-
ordinated group, each of the other ions may be formed.

Throughout this discussion we have been speaking only of ions,
but it has probably been noted that one member of the series is
not an ion but a non-ionized compound. Compounds of this type,
e.g., [Co(NHz3)3(NO3)3], are those in which there have been in-
troduced just enough negatively charged ions to compensate for
the positive charge of the original ion, leaving the entire coordinated
group uncharged or non-ionized and hence analogous to non-
ionized organic compounds such as chloroform. Such non-ionized
organic compounds are usually insoluble in water.but soluble in
ether or alcohol, distillable and rather inert chemically; similarly,
compounds of the above type, even though they may be purely
inorganic, are analogous in many points of behavior to the non-
ionized organic compounds.

So far we have considered only purely inorganic complex ions.
There are, however, many organic molecules, such as urea, pyridine,
ethylenediamine, hexamethylenetetramine and many others, which
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readily enter the coordinated group and give rise to the so-called
metallo-organic compounds. Many of these organic compounds
contain nitrogen and it can be shown that usually, if not invariably,
there is an unshared pair of electrons on the nitrogen atom, by
means of which a coordinate bond may be formed with the central
atom. The compounds that do not contain nitrogen can also be
shown to possess such an unshared electron pair at some point in
the molecule. By making electronic diagrams, the student may

0O

]

prove to himself that the groups —C— and =N-—-0-—H, for ex-
ample, always contain such a pair on the oxygen and nitrogen
atoms, respectively.

Such organic compounds as tartaric acid, citric acid and sugars
interfere with the normal reactions of iron, cobalt and other metals.
Examination of the formulas of these substances will show that

o
I

each contains several —C— groups, indicating that it is possible
for them to enter the coordinated group of the metal, forming
complex ions and thus, as would be expected, giving a behavior
different from that usually attributed to the mectallic ion itself.
The formation of such complex ions may, if they are distinctively
colored, scrve as a qualitative test for the metal ion. Examples of
this sort are found in the descriptions of the reactions of the metals.

Chelate Compounds. Thus far in the discussion of complex
ions and compounds we have mentioned only those in which a
molecule in the coordinated group has only one point of attachment
to the central atom. It is perfectly possible, however, for the same
molecule to be attached to the central atom at two points, thus
forming a ring structure. Compounds having such a structure have
been called inner-complex compounds or chelate compounds, the
work chelate, meaning * clawlike,” suggesting the manner in which
the molecule is attached to the central atom.

The molecule may be attached to the central atom by 2 covalent
bonds, by 1 covalent and 1 coordinate bond or by 2 coordinate
bonds. Of these three possibilities only the latter two will be con-
sidered here; we shall make no effort to distinguish between them,
although it is possible to do so. The nature of these chelate com-
pounds is best explained by consideration of a specific example.
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Nickel, which commonly has a primary valence of 2 and a coor-
dination number of 4, forms with dimethylglyoxime (see page 174).

CH;—C=N
“oH

OH
CH;—C—=N""

a compound having the structure:

CH;—C=N N=—C—CH,
N /
0) 0)
N/
Ni
OH HO
| / \ |
CH3—(‘= N:(‘—"CH;;

It will be noticed that each of the twe organic molecules is at-
tached to the nickel at two points, forming 2 six-membered rings
— a chelate compound. It is seen that nickel has taken the place
of a hydrogen atom in each of the two organic molecules, forming
covalent bonds with the oxygen atoms to which the hydrogen was
originally attached. The originally unshared pair of electrons on
the nitrogen atoms of the other two = N — OH groups now form 2
coordinate bonds with the nickel.

Dyeing with the use of a mordant, and analytical tests depend-
ing upon such a process, may also be explained as being due to the
formation of chelate compounds. The aluminon test for aluminum
illustrates this. When aluminon, a red dyestuff, is added to an
acid solution containing aluminum, the red color is distributed
uniformly throughout the solution. The addition of ammonium
hydroxide to this solution results in the formation of clumps of
hydrated aluminum oxide which are colored, bright red by the
dye. The dye collects on the precipitate, leaving the solution
practically colorless. Dyes which behave in this way have groups
that favor the formation of chelate compounds, and although
frequently the actual structure of the colored material is totally
unknown, it is highly probable that it is a chelate compound.

A material like hydrated aluminum oxide which combines with
a dye and forms a stable colored complex is called a mordant; the
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combination of a mordant and a dye is called a lake. Lakes are
frequently described as being adsorption complexes, but it is prob-
able that, in this case at least, ‘‘ adsorption "’ is to be interpreted
as an actual chemical combination. '

By far the greater number of chelate compounds have rings
containing 5 or 6 atoms. A ring of this size seems to give greater
stability than one containing fewer than 5 or more than 6 atoms.
Students of organic chemistry will recognize this fact as further
evidence in support of the Baeyer strain theory of ring formation.

Although the chelate compounds that are of the greatest im-
portance in analytical chemistry are those that are insoluble in
water, it must not be supposed that all of them are insoluble.
On the contrary, such soluble materials as the complex compounds
formed by iron and cobalt with tartrates and citrates are probably
chelate compounds.

REVIEW EXERCISES — SET 6

1. What is the Werner theory of valence? Show how it applies to some
specific complex compounds.

2. Explain Werner’s theory in terms of electrons. Account for the forma-
tion of series of complex ions by replacement of groups within the coordinated
group.

3. What are chelate oompounds? Hlustrate.

4. List the complex ammonia ions that are encountered in the scheme of
cation analysis.

6. Find in the cation scheme examples of separations that depend upon
the relative stabilities of 2 or more complex ions.

6. Mention some precipitates, formed in the cation analysis, which are
dissolved with the formation of complex ions.

7. What are hydrates? Hydrated oxides? Describe their structure on
the basis of complex-ion formation.

8. Why do tartrates, citrates and similar organic anions interfere with the
cation analysis? Why do they interfere more seriously with such metals as
iron and copper than with metals like calcium or sodium?

9. What is the concentration of Cut in a solution that is 0. 001 M in CN~
and contains 0.1 gram-ion per liter of Cu(CN)4=?

10. What concentration of NHjz must be present to keep Cag+ down to 0.041
gram-ion per liter in a solution containing 1 gram-ion per liter of Ag(NHj3)a*?

11. From the instability constant of Cu(NHj3)4** and the Kgp, of CuS,
calculate whether CuS would be expected to dissolve in a 10.0 M solution
of NHs. Hint: Find whether CuS or the complex ion gives the larger Cu*+
concentration.

12. Which would contain the larger concentration of Ag+: a solution 0.1
M in Ag(NH3)2* and 0.1 M in NHj or a solution 1.0 M in Ag(CN),~ and
0.01 M in CN™?
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AMPHOTERISM

An amphoteric or amphiprotic compound is one which has the
properties of both an acid and a base. Many oxides and hydroxides
are amphoteric and ionize as acids and as bases. This is especially
true of the hydroxides of the elements occupying positions ncar
the middle of the periodic table (see page 115).  Of special interest
to us are the hydroxides of aluminum, chromium, zine, antimony
and tin.

Aluminum hydroxide will be taken here as a typical example to
illustrate the behavior of amphoteric hydroxides. The ionization
of A1(OH)3 as a base can be represented thus:

/OH
Al—-OH = Al+*+ 4+ 30H™
NoH
and as an acid:
HO\
HO—-Al = H+ + AlO;” + H0
HO/

yielding H+ ion from its primary ionization, the meta-aluminate ion,
AlOs”, and H,0. In an aqueous solution of aluminum hydroxide
[a very dilute one, since A1(OH ) is very sparingly soluble in water]
there exist aluminum and hydroxyl ions in cquilibrium with hy-
drogen and meta-aluminate ions. On the basis of this double
cquilibrium we can see why, on the one hand, A1(OH); will dissolve
in acids to form aluminum salts and, on the other hand, why it will
dissolve in bases to form aluminates. In the first case, the hy-
droxyl ions coming from the ionization of AlI(OH)3 are used up by
the hydrogen ions from the acid, and this results in more solid
being dissolved to restore equilibrium; the comparatively high
hydrogen-ion concentration forces back the ionization of AI(OH),
as an acid. In the second case when an alkali such as NaOH is
added to A1(OH); the hydrogen-ion concentration is lowered by
neutralization and at the same time the ionization of A1(OH); as
a base is repressed; to again restore equilibrium, more solid must
dissolve and ionize. Thus in both cases final equilibrium is estab-
lished when all the solid has dissolved.
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The tendency for A1(OH )3 to ionize as a base is somewhat more
marked than its tendency to ionize as an acid; in other words, a
saturated solution of aluminum hydroxide contains slightly more
hydroxyl ions than hydrogen ions. With Zn(OH), the basic
tendency is still more marked; with certain other amphoteric hy-
droxides the acid tendency predominates.

The Electronic Explanation of Amphoterism. A hydroxide,
MOH, where M may be a single clement or a radical, has two
possible modes of ionization: it may form A+ and OH™ or H* and
MO~ ions. The form that predominates is determined by the
tendency of M to attract or give up electrons. This can be made
clear in the following way:

The molecule MOH is held together by 2 clectron-pair bonds.
Suppose first of all that M is H or some group which has the same
attraction for clectrons as H. The 2 pairs of electrons will then
be shared approximately equally; that is, they will be the same
distance, call it a, from the O atom:

aa
M+ 0 cH™

Next, if M is some group which has a very slight attraction for
clectrons, the electron pair on the left will be displaced toward the
oxygen and if the displacement is sufficient an ionie bond is formed
between A and O, that is, the compound consists of the ion M+
and OH™. It may be noted ther that, since the O atom has but
a limited ability to attract and hold electrons, if the pair on the
left is moved eloser to the O the pair on the right must move farther
away, i.c., closer to the H. This latter effect corresponds to a
deerease in the tendeney to liberate a hydrogen ion, which may be
one reason why we do not observe ionization into A7+, H*, and
O~ ions. The following diagram illustrates the situation:

aa
M+20°H"

The remaining possibility is that M may be some group which
has a very strong attraction for electrons. In this case the elec-
tron pair on the left will be displaced toward M and that on the
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right toward O or away from H:
aa
M ;0o Ht

If this effect is sufficiently pronounced it means that the compound
is ionized into H* and MO ions.

Since the OH™ ion is a base we may refer to ionization according
to the first scheme as ionization as a base and according to the
second scheme as ionization as an acid.

The elements in Groups I and II of the periodic table (see page
115) have a pronounced tendeney to give up electrons and therefore
their hydroxides are ignized as bases; these clements form the
strong alkali hydroxides, such as NaOH and KOH. Similarly, the
elements of Groups VI and VII of the periodie table have a con-
siderable tendency to attract electrons.  Therefore, if M is a
radical containing an clement of these groups the hydroxide will
be ionized as an acid; these clements from the strong oxygen acids,
such as SOz (OH), or HySO4 and ClO30H or HCLO),.

But what of the clements of Groups III, IV and V?  Most of
these elements have no decided tendeney cither to repel or to at-
tract electrons and therefore rarely, if ever, form simple ions.  The
hydroxides of most of these clements, as would be expected, show
no decided tendency to ionize either as acids or as bases and, in fact,
show both kinds of ionization simultancously. If such hydroxides
are in an acid environment the OH™ will be removed by combina-
tion with H* and the ionization as a base will be favored; similarly,
in an alkaline environment the ionization as an acid is favored:

MO + H*=2MOH= M+ OH"
MO 4+ Ht= M+t 4+ H,O (acid environment)

MO 4+ H,O=O0H + MOH (alkaline environment)

Amphoterism is shown especially by the hydroxides of the ele-
ments of Groups ITI, IV and V of the periodic table; the hydroxides
of N and P, however, are decidedly more acidic than basic in
character. The most decidedly amphoteric elements are found
near a line drawn diagonally from the upper left- to the lower
right-hand corner of the periodic table in its usual form; clements
such as N and P which are not relatively near this line are not
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likely to be appreciably amphoteric even though they may be in
Group III, IV and V.

As we go from top to bottom in a main group of the periodic
table the size of the atoms increases and so the ability of the
nucleus to hold clectrons in the outermost orbit decreases; the
ability to attract extra clectrons to this orbit also decreases. This
means that for any main group the basicity of the hydroxides will
increase or — to say the same thing in another way — the acidity
of the hydroxides will decrease in going from top to bottom in the
table. Hence, considering the groups at the left in the table,
the tendency to be amphoteric will be greatest for the elements at
the top for the groups at the right the tendency will be greatest
for the elements at the bottom.

It must not be supposed that the hydroxides are the only com-
pounds that exhibit amphoterism. As is to be expected from the
analogous behavior of sulfur and oxygen compounds, the sulfides of
many metals are also amphoteric. We can illustrate the similarity
in the following way:

Antimony oxide is a typical amphoteric compound. This oxide
is soluble in either strongly acid or alkaline solutions:

Sbo0O3; + 6H* 4 8Cl1™ — 28bCly~ + 3H,0
Sbe03 + 20H™ — 2Sb0,;~ + H,0
The sulfide is likewise soluble in either acid or alkaline soultion:
SbeS; + 6H* 4+ 8CI7 — 25bCly~ + 3H,S
25byS3 + 40H™ — 3SbS,; ™ + SbO2~ 4+ 2H,0
If instead of an alkali hydroxide an alkali sulfide, such as Na,S, is
used, solution of SbeS; takes place in much the same way:
S= + HzO0t — SH™ + H,0
SboS3 + 2SH™ — 28bS; "+ H,S

The amphoteric nature of hydroxides and sulfides is utilized in
qualitative analysis to effect a number of separations. Of par-
ticular importance is the separation of the Group II sulfides into
two divisions and the separation of aluminum, chromium and zinc
from iron and manganese in Group III. The student should refer
to these sections of the systematic scheme and write the equations
involved by analogy with those given for SbeS; and Al1(OH );.
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others taking place in aqueous solutions, reach an equilibrium.
How the equilibrium constants for such reactions are calculated
and how relative oxidizing and reducing ability are measured will
now be shown.

The dissolving of a metal, i.e., passing from the solid (atomic)
state to the ionic condition, is a simple case of oxidation, as for
instance, in the case of zinc:

Zn® — Zntt + 2

the action being accompanied by the loss of 2 electrons for each
ion formed. Conversely, when the ion of a metal gains electrons
and is deposited in the metallic condition, the process is one of
reduction, as in the casc of the deposition of copper:

Cutt 4+ 2 — Cu®

The formation of zine ions, when a strip of zine is placed in water
or in a dilute solution of a zinc salt, will leave the strip negatively
charged and the solution positively charged. There is thus set up
a difference of electrical potential at the contact of the metal and
its solution. The value of the potential difference depends, among
other factors, on the “ solution pressure’” of the metal to tend to
drive atoms into solution and on the osmotic pressure to act in the
opposite direction to force ions out of solution. Nernst has de-
rived the following equation for this potential difference, E:

0059, C

- log —
E g

n

in which C, the concentration of ions in the solution, is substituted
for the osmotic pressure; k is the so-called Nernst constant, sub-
stituted for the solution pressure; n is the valence change, and
0.059 a constant (here given for 25° C.).

There is no direct way by which the value of £ can be deter-
mined but relative values can be obtained by making the strip of
metal with its solution one of the electrodes of a voltaic cell, the
other electrode being either a standard hydrogen or a standard
calomel electrode.

A standard or “ normal ”’ hydrogen electrode consists of a small
strip of platinum coated with platinum black and joined to a wire
encased in a glass tube. The tube is surrounded by another larger
tube through which a stream of hydrogen is passed. This arrange-



TABLE VIII

POTENTIAL SERIES

’ Half-Cell Potential
Equation for Half-Cell Reaction

in Volts
K = K* + le —2.922
Ba — Batt + 2e —-2.90
Ca = Catt + 2e¢ —2.87
Na = Nat + 1e —2.712
Sr — Sr*t* + 2e¢ —2.89
Mg = Mg** + 2 —2.34
Al = Al+++ + 3e —1.67
Mn = Mnt+ + 2e —1.05
Zn — Zntt + 2¢ —0.7620
Cr = Crtt++ + 3e -0.71
S~ (basic) =S + 2e —0.508
Fe = Fe*+ + 2e —0.440
Cd — Cd+* -+ 2e —0.4020
Co — Cot* + 2e —-0.277
Ni = Nit++ + 2e —0.250
Sn = Snt+* + 2e —0.136
Pb = Pb*+ + 2e —-0.126
Fe = Fe*tt++ + 3e —0.036
H, = 2H* + 2e¢ 0.00
S= (acid) =S + 2e +0.141
Sntt = SntH+t + 2e +40.15
Cu* = Cut+t + le +0.167
H.O 4+ Sb = ShO*+ 4 2H*+ + 3e +0.212
2H,0 + As = HWAs04(aq.) + 3H* + 3e +0.2475
H.0 + B} = BiOt+ 4 2H* + 3e +0.32
Cu — Cutt 4 2e +0.3448
Fe(CN)g 4 = I'e(CN)43 + le +0.36
4OH~ = 02 + 2H0 + 4e +0.401
Cu = Cut + le +40.522
21° =1 + 2e +0.5345
HAsO2 + 2H.0 = H3As04 + 2HY = + 2¢ +0.559
MnO3; + 40H™ = MnO4~ + 2H,0 + 3e +0.58
Fet+ = Fet++ + le +0.771
2Hg = Hgo** -+ 2e +0.7986
Ag = Ag* + le +0.7995
Hg — Hgt* + 2e +0.854
Hgot* = 2Hg*+ + 2e +40.910
NO 4 2H0 = NOj;™ + 4H* + 3e +0.96
2Br~ = Bro + 2e +1.0652
Au* = Auttt + 2e +41.3
2CI° = Cl; + 2e¢ +1.3583
2Cr+++ 4 7H.0 = Cr20:~ + 14H* + 6e +1.36
Au = Au*ttt : + 3e +1.42
Mn+*+ 4+ 4H,0 = MnO4 + 8H* + 5e +1.52

102
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ment is placed in a vessel containing acid whose concentration of
H+ ions is exactly 1. Such an electrode is arbitrarily assigned a
potential of zevo.

If then a zinc electrode is joined, by an external circuit through a
voltmeter or potentiometer, to a hydrogen electrode and the two
solutions are connected by means of a tube containing a conducting
salt solution, the voltage indicated on the instrument will be the
difference between that of the zine electrode and that of the hydro-
gen electrode.  Since the standard hydrogen clectrode potential
has been taken as 0, that of the zinc electrode will be the value
indicated. In this way it has been found that for a zinc electrode,
when the concentration of zinc ions is exactly molar, the potential
is —0.76 volt. Similarly, for a copper clectrode, the molar
potential is 4+0.34 volt. Values for practically all the metallic
clements have in this way been determined. When arranged in
order, they constitute the familiar potential series or clectromotive
series of metals. The morec common metals are incorporated in
Table VIII. .

The clectrode potential is a measure of the ease with which the
metal is converted from the atomic to the ionic state. The higher
the position of the metal in the series, the more readily it becomes
oxidized; the reducing action of the metal decreases as we go down
through the series.  Since, for example, from the relative positions
of zine and copper in the series, zine is more casily oxidized than
copper, a piece of metallic zine placed in a solution of a cupric salt
will reduce the Cut+t ions to metallic copper, the zine going intg
solution as Zn** ions and depositing the copper. TFor the same
reason aluminum will deposit antimony, and iron will reduce
stannic ions. There are many important applications of this kind
in analytical chemistry.

Calculation of Equilibrium Constant. In the replacement of
copper by zine, the reaction is:

Zn° 4+ Cutt = Zn++ + Cu®.

Applying the Law of Chemical Equilibrium to this reaction, the
equilibrium equation becomes:

CZn“ X CCu°
ZZotr 7> YOW K
CCu*"' X CZn°

and equilibrium is reached when the value of K is satisfied. Since
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the factors Cgoyp and Cz,e represent the solid, metallic condition,
they may be considered constant quantities and the above equa-
tion becomes simply:

Czn++
Ceou++

= K (equilibrium constant)

This means that when the concentration of zinc ions bears a certain
ratio to that of the copper ions, the reaction will have reached
equilibrium. The equilibrium ratio, i.e., the equilibrium constant
K, for this reaction is calculated from electrochemical considera-
tions, using electrode potentials and applying the Nernst equation.

If the strip of zinc is immersed in a solution of a zinc salt and is
made one electrode of a voltaic cell, and a strip of copper dipping
into a copper salt solution is made the other clectrode, and if the two
clectrodes are joined externally through a voltmeter and internally
by a conducting salt solution, as a result of the passage of electrons
from the zinc electrode, clectric current will flow through the in-
strument to the copper electrode. The current will cease when the
system has come to equilibrium; this will oceur when the electrode
potential of the zinc cquals that of the copper.

The Nernst equation:

0.059 C

1
n Og/c

may be expanded into the form:

0.059 1  0.059
E——n—gl -+

E =

log C

When the concentration is molar, C = 1, and the molar potential
E, is given by (0.059/n log 1/k). From this the potential of the
clectrode for any concentration may be expressed by the equation:

0.059

E Eo + IOg C
In the case of the zinc electrode:

0. 059
E (zinc) = EO(zme) + — log CZn*"‘

and for the copper electrode:

0. 059
E (copper) = EO(copper) + — log C(}u++
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At equilibrium, when E ;) is equal to E opper),

0.059 0. 059
2 lOg CZnH' = EO(copper) + IOg CCu**

From Table VIII:

—0.76 + 0.0295 log Czy++ = 0.34 + 0.0295 log Coy++
1.10 = 0.0295 (log Czy++ — log Cgy++)

EO(zinc) +

Czn++
lo = 37.3
& Courr
Caner _ 1 X 103723 or 2 X 10%7
Coyrr
K =2 x 10%

Therefore, K, the ratio of the Znt+ ion concentration to that of
the Cut* ion concentration is 2 X 10%7. This means that when
equilibrium is reached in the reaction in which zine ions displace
copper ions, the concentration of Zn*+is enormous, and the concen-
tration of Cu** remaining in solution is negligible; for practical
purposes the removal of cupric ions is complete.

When a non-metallic element, such as sulfur or chlorine, dis-
solves, negatively charged ions (anions) are formed, and the process
is one of reduction. In the case of chlorine, for example, the re-
action is:

Cly° + 2e = 2C1°
The Nernst equation for non-metallic electrodes takes the form:

0.059 Canion
= — log
n k

Since, however, Cypyion, the concentration of the ion, is dependent
upon the solubility of the gas, the equation is transformed into
0.059 Con

- 1
E == —log & (Ca)? X k

and the molar electrode potential is given by:

0. 059 Con
(C'ca-)2

Eqy = Eoan +
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E, for chlorine has been found to be +1.3583 volts. The corre-
sponding value of E, foriodine is 4+0.5345 volt.  (See Table VIII )
The values show chlorine to be a stronger oxidizing agent than
iodine and the iodide ion a stronger reducing agent than the chloride
ion. Chlorine therefore will oxidize iodides, in accordance with the

equation:
Cla 4+ 21 =2C1" + I,

The equilibrium constant of this reaction is expressed by the
equation:
(Ce-)? X C,
(C1-)? X Cqy,

Applying the same electrochemical method as used in determin-
ing the Znt+/Cut* ratio, when equilibrium is reached, a cell con-
sisting of a chlorine electrode joined with an iodine clectrode will
show equilibrium when the potentials of the two clectrodes are
equal. We have then:

0.059 Ca 0. 050 Cy,
Eocn + — log —2%= = Eom + log
o(Ch 2 (C(A ) “0(I) g (CI )2

- K

0.059 Cy, Caon, )
lo — log = 1.3583 — 0.5345
2 (g(o 2T B () ’ 2
(Cor-)2Ch,
log ————= = 27.90
& (Cr-)*Ca,
-log K = 27.90

K =1X10*or 7.9 X 10%¥

The value of K shows that the reaction runs very far to completion.

Equilibrium in other Oxidizing-Reducing Systems. With ele-
ments which exist in two different ionic forms such as, for example,
the reversible change for the oxidation of ferrous ions and reduc-

tion of ferric ions:
Fett = Fettt + le

and with the more complex relationships, as in the oxidation of
manganous ion and reduction of the MnO,4~ ion in an acidic solu-
tion:

Mntt = MnO,;~ + 8H* 4 5e¢

the molar potentials can be determined and the ions arranged into
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similar series. The more important ones for which data exist are
given in Table VIII.

Equilibrium constants for any interaction between an oxidizing
substance and a reducing substance can be calculated from elec-
trochemical data. For the reaction:

IOFGSO4 + 2I<MIIO4 + 8H9_,SO4
= 5F62 (SO.; )3 + 21\111804 + 8H20 + K2$O4

- rewritten in ionic form:
5Fett + MnO, 4+ 8H* = 5Fe*+t+ 4+ Mntt+ 4+ 4H,0
the equilibrium constant is expressed by
(Crer++)® X Cppnes
(Crer+)® X Cymnoe- X (Cpps)®

By combining the potentials for the Fett — Fettt and Mntt —
MnO,4 ™ half-cells the value of the constant can be found. In this
way one can caleulate whether any particular oxidation-reduction
reaction will take place and, if it does, how near to completion it
will go before equilibrium is attained.

= K

REVIEW EXERCISES — SET 9

1. What is a half-cell? A salt bridge? A standard hydrogen clectrode?

2. Calculate the equilibrium constant for the displacement of Ag by Ph.

3. Will metallic iron reduce stannic ions to the stannous condition? An-
swer by reference to Table VIIL.

4. Magnesium is above aluminum in the tablee. Why does aluminum
not plate out when a strip of magnesium is placed in a solution of an aluminum
compound ?

6. What potential would be developed at 25° by a cell consisting of a molal
Mg half-cell and a molal Pb half-cell?

6. Apply Nernst's equation to two half-cells made up of the same electrode
material and containing the same electrolyte, but at two different concentra-
tions. Combine the two equations and thus obtain the expression for the
potential of a concentration cell.

7. Apply the result of question 6 to two Zn — ZnSQ, half-cells, one con-
taining 1 molal ZnSO4 and the other 0.1 molal ZnSO;. What is the potential
of the combination? What is the electrode reaction in each half-cell? When
will equilibrium be attained?

8. If you wish to prepare Cl; by oxidizing HC], is KMnQO, or K2CrsO7 the
better oxidizing agent? Answer by reference to Table VIII.

9. Why is Cl; liberated instead of O2 when a solution of NaCl is electro-
lyzed?



108 FUNDAMENTAL PRINCIPLES

10. Suppose that you had a solution containing Au*tt+, Ag*, Cu**, and
Cd**. How would you proceed to separate them electrolytically?

11. Find the equilibrium constant for the reaction between 1" and Brs.

12. If you wished to use HsS as a reducing agent would it be more effective
to have the solution acid or basic?



PART II
THE REACTIONS OF THE CATIONS

GENERAL INSTRUCTIONS CONCERNING
LABORATORY WORK

Upon being assigned a locker, check over the equipment con-
tained therein and examine each picee carefully for imperfections,
such as scratches, cracks, excessive etching and especially note
any missing items from the lists of permanent and non-returnable
apparatus supplied. ’

Procure a supply of concentrated HCI, HNO3;, H,S0; and
ammonia, for individual use, and place these reagents in labeled
250-ml. bottles, unless some other provision has been made for
dispensing them.

Cleaning Solution. It is important that all apparatus be clean
at all times. Soap solution or sodium phosphate is usually used
for this purpose. Dichromate cleaning solution is sometimes
recommended in place of the other two.  In order that this cleanser
be sufficiently cool before the close of the laboratory period, it is
imperative that its preparation be attended to without further
delay.

The dichromate cleaner is made as follows: Dissolve 50 grams
of commercial NayCro0O7 in 150 ml. of warm water. Cool and
add slowly, with constant stirring, 230 ml. of commercial H,SO,.
The mixing is best done in a large evaporating dish. When thor-
oughly cool, at the close of the laboratory period, transfer to a
500-ml. wide-mouthed bottle and use as rcquired. This cleaning
mixture can be used repeatedly as long as it remains red and thick.

To use this cleaning agent, pour enough into the apparatus to
coat the inside walls with the red precipitate, returning the excess
to the bottle, and allow the vessel to stand for some time. Rinse
first with tap water, then with a small quantity of distilled water;
place upside down and allow to drain onto a clean towel spread on

the desk or in the locker.
109
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Always rinse apparatus with distilled water immediately before
use. Use distilled water sparingly.

Wash Bottle. A wash bottle should next be made. This is
made from a 500-ml. Florence flask according to the directions
given by the instructor. The nozzle should be attached to the
outlet tube by a piece of rubber tubing so that it can be manipu-
lated by the hand and the stream of water directed in the desired
direction.

Two stirring rods are to be made, from glass rods 6 inches long,
by fire-polishing both ends.

A platinum wire is to be sealed into a 6-inch length of glass
tubing.

Preparation of Locker Reagents. Dilute solutions of HCI,
H,SO4, HNO3 and ammonia are to be prepared by the student
and kept ip his locker. These reagents are made by diluting the
‘““ concentrated ’ rcagents with distilled water. The correct
amount of water must be computed from the specific gravity and
the percentage by weight of the original and final solution accord-
ing to the method given in Part I, page 23, where examples of
dilution calculations are given.

GENERAL RULES OF LABORATORY TECHNIQUE

Some general rules in regard to the operations involved in the
experimental or laboratory work of this course can be stated at
the outset. These rules must be adhered to and diligently followed
if correct technique is to be acquired and the results, especially of
the analysis of samples, arc to be successful.

Cleanliness. Do not allow pools of water to collect on the desk
top; use a sponge and towel freely. Never allow filtrate from a
funnel to drop onto the base of the filter stand; provide a receptacle
to catch the filtrate. If an accident occurs which results in
broken apparatus and spilled solutions, clean up the wreckage and
cheerfully begin the analysis over again.

Never put apparatus away in a dirty condition. Solutions set
aside for subsequent analysis should always be placed in stop-
pered, properly labeled flasks. Have a definite place in the
locker for each picce of apparatus; keep the ironware sepa-
rate from the glassware. Sponge off the desk before leaving the
laboratory.
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Reagents. The reagents and test solutions required are made
according to directions given in the Appendix (pages 323-325).
They should not be carried from the reagent shelves;  transfer the
amount needed to a beaker or test tube. Do not allow the reagents
to become contaminated; if by mistake they become so, discard the
entire contents of the bottle, so that the work of others in the
laboratory will not be rendcred worthless by use of impure re-
agents. This rule applies to the solid reagents as well as the
liquids. Never use more reagent than necessary to produce the
desired result; too much is often worse than not enough. Whe
freshly prepared reagents are called for make only sufficient fo '
the immediate needs.

Precipitation. Most of the scparations required in the course
of an analysis are made by first forming a precipitate through the
action of a reagent. The proper technique here is to add the
reagent slowly, stirring constantly, until it is judged that pre-
cipitation is nearly complete and then to add more reagent drop-
wise. Complete precipitation can be ascertained by allowing the
preeipitate to settle and then adding a few drops of reagent to the
supernatant liquid; or if the precipitate remains suspended, pour
some of the solution through a filter and test the filtrate with the
reagent. Continue addition of reagent to the main solution until
tests show that precipitation is complete. A slight excess of
precipitating agent should be used unless otherwise directed but
too large an excess is harmful.

Precipitations are best made in hot solutions. In some cases
it is necessary to allow the precipitate to remain in contact with
the hot solution in order to bring about complete reaction or to
produce larger particles of the precipitate. This process is called
called digestion. '

Residues are the solid portions remaining after the action of a
dissolving or extracting agent; precipitates arc the solids formed
by ionic reactions. .

Colloidal Precipitates. Certain types of precipitates have the
tendency to remain finely divided. The particles are of colloidal
size and give much trouble by remaining suspended and by passing
through the pores of ordinary filters. This trouble can be avoided
to a certain extent by adding electrolytes which will coagulate the
colloidal particles into larger aggregatecs. Ammonium salts, such
as NH4NOj, are frequently added to overcome colloid formation.
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In some cases digestion is helpful in overcoming this difficulty.
Colloidal precipitates and sols have been discussed on page 74.

Filtration. Precipitates and residues must be completely freed
from their solutions by filtering and washing. A good quality of
filter paper should be used. The paper should be folded twice,
fitted snugly in the cone of the glass funnel and a small volume of
water poured through. If the water does not filter rapidly and
uniformly, use a new paper. In filtering a solution touch the stem
of the funnel against the side of the receiving vessel; this will give
more rapid filtration. Pour the liquid down a stirring rod placed
against the lip of the beaker to prevent spattering. Pour off as
much of the liquid as possible, add a little wash water to the solid,
decant again and finally transfer the entire solid to the filter by
partly inverting the beaker and dirccting a stream of water from
a wash bottle onto the solid, thereby flushing it down the stirring
rod and into the filter.

Washing. If the precipitate is of such a nature that it settles
rapidly, several repeated additions of wash water can be made
before the solid is finally transferred to the filter. This method is
known as washing by decantation and should be used whenever
possible. In other cases all the washing must be done on the filter.
The best technique is to use several small portions of wash water,
allowing the funnel to drain completely after each addition. Never
use more wash liquid than necessary, because all precipitates are
soluble to some extent and, morcover, if the volume of filtrate
becomes too large, the excess must later be removed by cevapora-
tion. Always test for complete extraction.  To do this, filter into
a test tube a few milliliters of the liquid draining from the funnel
when washing is thought complete and apply the proper reagent
which will give a test for the substance being extracted from the
residue. If the test is negative, extraction is complete.

When the filtrate comes through turbid, indicating a colloidal
solution, the difficulty can usually be overcome by resorting to one
of the following devices: (1) refiltering; (2) use of a double filter
paper; (3) use of a filter paper of finer porosity; (4) digestion;
(5) addition of NH4NO; or other electrolyte to the wash water.

To lessen the solubility of a precipitate in pure water, a small
quantity of the precipitating reagent is sometimes added to the
wash water. This is another application of the common-ion
principle.
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Evaporation of Liquids. When it becomes necessary to reduce
the volume of a solution, or to take it down to dryness, this is best
done by heating in an evaporating dish or casserole over the water
bath. The hot plate or free flame may be used, but care must be
taken to prevent spattering and loss of solid residue dunng the
expulsion of the last of the water.

It frequently becomes necessary to remove excess of strong acids
from solutions or to replace one acid by another. The first result
can be accompanied either by neutralization with a base or by
evaporation. If the addition of the base to the solution is objec-
tionable the acid must be removed by cvaporating to dryness.
Thus, for example, if it is desired to remove excess of hydrochloric
acid from a solution, the solution is heated and steam and HCI are
cvolved in such proportions as to leave a 20.2 per cent solution of
hydrochloric acid which has a constant boiling point of 110° C.
This mixture upon further heating will not change its composition
but can be evaporated and completely expelled at this tempera-
ture. The behavior of nitric acid is similar, the constant boiling
mixture having a composition of about 68 per cent HNO; and
boiling at 120° C. Sulfuric acid boils at a much higher tempera-
ture, the constant boiling mixture being reached at about 300° C.
and consisting of about 98 per cent HySO4. Phosphoric acid is
even less volatile than sulfuric acid. The removal of HCl, HNO;
and HySO,4 can therefore be effected by evaporating the constant
boiling mixture to dryness, taking care, however, to prevent loss
of residuec by spattering.

To replace hydrochloric acid by nitric acid, that is, to change
a solution containing chloride ions to one containing nitrate ions,
add nitric acid and evaporate. The nitric acid decomposes the
hydrochloric acid according to the reaction:

HNO; + 3HCI = Cl; + NOCI + 2H,0

By repeating the addition of nitric acid and evaporating nearly to
dryness, all of the hydrochloric acid will be decomposed and will
leave the desired nitrate ions in solution. In a similar way, the
change from nitrate to chloride is effected by adding hydrochloric
acid in excess and evaporating one or more times.

To replace both nitric and hydrochloric acid by sulfuric acid,
add concentrated H,SO,4 and heat until dense white fumes of SO;
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are evolved; this will not occur until all of the hydrochloric and
nitric acid is volatilized. This is known as fuming down.

Notebook.* A notebook of convenient size, in which all labor-
atory records are to be kept, should be provided. The record
should include: (1) the results of the preliminary experiments,
including the writing of equations for the reactions studied, the
character of the precipitates or other products obtained and other
notes bearing on the experiment being performed; (2) notes kept
during the analysis of samples, covering the cffect of reagents used,
the results of each step involved, ete. In all records indicate
precipitates and residues by underlining the formulas, and gases

by overscoring.

THE GROUPING OF THE ELEMENTS

The Periodic Arrangement of the Elements. The sclection of
suitable reactions for carrying out the necessary separations and
identifying tests involved in qualitative analysis is based on the
propertics of the elements concerned. An arrangement of the
chemical elements into groups according to the variation of their
properties with their atomie weights is given by the periodic table
of the clements, page 115. Such a table is here reproduced to
refresh the student’s memory and place before him the elements
to be studied. According to the periodic arrangement the ele-
ments toward the left of the table are the basic elements, which
form the typical hydroxides; they are metallic in character and
when in solution are free positive ions. The elements occupying
the middle columns are less basic in character and may even show
acidic propertics; these are the typically amphoteric elements.
To the right of the table are the elements showing strongly acid
properties, which form the strong acids and in solution exist as
anions. There are, of course, many exceptions to the general way
in which the compounds of these clements ionize with respect to
their position in the table.

{ Cations.” The elements studied in this course are printed in
bold-face type in the table. Those which ionize as cations and
are studied in the schemes for cation analysis are the following,
listed from their positions in the periodic table:

* A Laboratory Record Book has been prepared by the author and is pub-
lished by John Wiley & Sons, Inc.
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The alkali metals, sodium (Na+); potassium (K+).

Copper in cupric salts (Cut+t); silver (Agt).

The alkaline earth metals, magnesium (Mg*+); calcium (Cat+); strontium
(Srt+); barium (Bat+).

Zinc (Znt+); cadmium (Cd++); mercury in mercurous salts (Hgz++) and
in mercuric salts (Hgt+).

Aluminum (Al+++),

Lead (Pb++); tin in stannous salts (Snt+) and in stannic salts (Snt+++),

Arsenic in arsenious salts (Ast++and AsO; ) and in arsenic salts (As+++++,
and AsO4~) antimony (Sb+++ and Sbt+++++); bismuth (Bit++).

Nitrogen in the form of the ammonium radical (NHt).

Chromium in chromic salts (Crt++).

Manganese in manganous salts (Mnt+).

Iron in ferrous salts (Fet+) and in ferric salts (Fet++); nickel (Nit+);
and cobalt (Cott).

Anions. The elements which are considered under Anion
Analysis in the form of their acid radicals are:

The halogens, fluorine, chlorine, bromine and iodine in fluorides (F);
chlorides (Cl™ and chlorates, ClO;); bromides (Br); iodides (I").

Sulfur in the form of sulfides (S7); sulfites (SO3~); thiosulfates (S:037);
and sulfates (SO4 ).

Chromium in chromates (CrO;~) and in dichromates (Cr207).

Nitrogen in nitrites (NO2 ) and in nitrates (NO3 ™).

Phosphorus in phosphates (PO4™). .

Arsenic in arsenites (AsOy ) and in arsenates (AsO47).

Carbon in carbonates (CO3™) and in the organic radicals; viz., oxalates
(C2047), acetates (CoH30,7 ) and tartrates (C4H4O047).

Silicon in silicates (SiO37).

Boron (B4O;", BO2 , BO3™).

To this list are added the cyanogen radicals: thiocyanates (CNS™), ferri-
cyanides [Fe(CN)¢~), ferrocyanides [Fe(CN)¢ ], and cyanides (CN ).

THE ANALYTICAL GROUPING OF THE CATIONS

Although the periodic table is a very usecful arrangement of the
elements and in many respects a most valuable guide in analytical
chemistry, its application to the qualitative schemes is somewhat
limited. For the purposes of qualitative analysis the cations and
anions are arranged according to their behavior toward certain
specific reagents used under carcfully regulated conditions. The
grouping of the cations into five groups is worked out in the fol-
lowing set of experiments. The analytical grouping of the anions
is given in Part III.

The test solutions of the cations are of known strength and are
made up so that each milliliter of each test solution contains 10
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milligrams of the cation. A table of these test solutions is given
in the Appendix, page 328. The nitrates of the metals have been
used whenever possible because all nitrates are soluble in water
and thus certain troublesome interferences with anions are avoided
during the analysis of the cations.

Experiment 1. Take about 2 ml. of cach of the test solutions,
place in scparate test tubes and add a few drops of dilute HCI to
each tube.  Precipitates of AgCl, HgoCly and PbCl,, will form in the
solutions containing silver, mercurous mercury and lead ions.
Write the ionic equations taking place and make a néte of the color
and appearance of the precipitates formed. The 7ojcher solutions
will be unaffected by the rcagent. The cations Ag+, Hgy++, and
Pb*+ therefore constitute Group I, known as the hydrochloric
acid group or the silver group. Save the acidified solutions with
the exception of silver and mercury for the following experiments.

Experiment 2. Into cach of the test solutions [with the excep-
tion of AgNO3; and Hg}, (NO;;) 1, acidified with _HCl from the fore-
roing experiment, pass a stream of H,S gas. Sulﬁdes, namely,
HgS, PbS, BiySz, CuS, CdS, AsySz, SbeS; and SnS, will be pre-
cipitated by the sulfide ion, S=, in the presence of HCI, from the
solutions containing Hg++, Pb++, Bit++, Cutt, Cd++, A§+++, Sb+++
and Sn*+,  The last three elements, if present in their higher states
of oxidation as pentavalent arsenic, pentavalent antimony and tetra-
valent (stannic) tin, will be precipitated as AsySs, SbaS5, and SnS,.
I'he above cations therefore constitute Group II, called the hy-
irogen sulfide group or the copper and tin group. Lead is in-

:luded in this group because PbCl; is not completely precipitated
oy HCl in Group I. The element mercury when in the mercurous
‘orm will precipitate as the insoluble mercurous chloride (in Group 1)
but when in the mercuric form it will be precipitated as mercuric
sulfide in this group. Hence mercury will be found in cither group,
lepending on its state of oxidation. Make a notcbook record of
rolor and other characteristics of the above sulfides and write the
onic equations for the reactions taking place.

Experiment 3. Add a few crystals of NH4Cl to the test solu-
jions which remained unaffected by the above treatment; then add
lilute NH,OH to make them distinctly ammoniacal. The‘ H,S al-
-eady pregent in the solutions will form (NH,4),S and will precipi-
tate Cot+, Nit+, Fe**+, Mn** and Zn*+ as CoS, NiS, Fe,;S3, MnS
and ZnS, and Al*++ and Cr++* as A1(OH); and Cr(OH);. These
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DIAGRAMMATIC GROUPING OF THE CATIONS

Solutions Precipi-
of: tates:
Ag*t :AgCl (white)
Hgatt Hg:Cla (white) Group I — The Hydrochloric Acid Group
Pbt+ PbCl: (white)
Solutions of: Precipitates:
Hgt+ Hg*t HgS (black)
[Pb*+] Pbt+ PbS (black)
Bit++ Bitt++ Bi2Ss (black)
Cutt Cutt CuS (black) .
Cdt+ Cd++ CdS (yellow)
Ast+ AstHt As:Ss (yellow) { Group IT — The Hydrogen Bulfide
Asts Astt As2S;s (yellow) Group Lo
Sht++ Sh+++ Sb2S; (orange)
Sbts Sb+s SbeS; (orange)
Sntt Sntt §n:‘s_ (brown)
Snt+t+ Snt+++ §n_81 (yellow) |
To Solutions Precipi; "
. 2 ml. of of: tates:
Ni++ each Nit+ Nit*+ NiS (black)
Cot+ tfll!t_ Cot+ Co*t CoS (black)
Fer+ 1 fon  Fe*t (HCI) Fe*+ FeS (black)
Fe+++ add Fet++ iI:lass Fet++ FexSs (black) Group I11—The
Mn*+ a few  ppp++ L H,s  Mntt MnS (pink) Ammonium Sul-
Al+H++ :i],rl?ll:z: of p+++ AlFHF _~ Al(OHs (white) | fide Group
Cr++ HCl Cr+++ Lr(OH)s (green)
Zntt Zntt Zntt ZnS (Whlte)
P
. Solutions Precipi-
Bat+ Bat+t Batt Add of: tates:
Sr++ NHCl po++ BaCOs Group
Srr+ Br++ ++ [ NHOH_ SrCO; Iv—
Cat+t Ca Ca and Sr 8 The Am-
%ass in Cat+ - CaCOs monium
1S o Car-
Q bonate
> Group
Ll .
.’5 Solutions
- of:
g Group
Mg++ Mg*+ Mg*+ Mg+t | < K+ Ve
K+ K+ K+ K+ - Saobl
Na* Na* Na* Na* NH* Cation
NH NH* NH* NH.+ Group

cations, therefore, which precipitate as sulfides and hydroxides in
ammoniacal solutions containing a high concentration of S= ions
make up Group III. This is the ammonium sulfide group or the
iron and aluminum group. Record the results in your notebook,
togéther with the equations for the reactions.

Experiment 4. Boil off the HyS from tﬁ?remaining test so-
lutions and add (NH,);COj3 reagent. Ba*+, Srt+, Catt ions will
be precipitated as BaCOg, SrCO3 and CaCOsz. These comprise
Gt6up IV, the ammonium carbonate group or the alkaline earth

group:,
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The remaining test solutions, namely Mg++, K+, Na+ and NH,*,
which have not been precipitated by the preceding group reagents,
are grouped together and called the soluble cation group or some-
times the alkali group (Group V).

Magnesium ions have been hindered from precipitating through
the addition of NH4Cl in Groups IIl and I'V. The ammonium ion
in the systematic analysis must be tested for in a portion of the
original sample. It is included in this group because in its reac-
tions and properties it resembles potassium.

This separation into analytical groups is shown in schematic
form on page118. Such diagrammatic schemes are used throughout
the book to summarize briefly the procedures followed. In these
schemes precipitates arc indicated by underscoring and gases by
overscoring. Test substances in solution are as a rule indicated
as ions.

THE HYDROCHLORIC ACID GROUP — GROUP I

SILVER, Ag*
MERCURY, Hgot*
LEAD, Pb**

In a systematic separation of the cations into analytical groups,
the first precipitating reagent used is hydrochloric acid, which
precipitates AgCl, HgeCly and PbCl,. .These three chlorides are
the only ones which are insoluble in cold water and dilute HCI.
If, therefore, dilute HCl is added to a solution of metallic ions, the
three chlorides, AgCl, Hg,Cl, and PbCl,, will be precipitated and
all other cations will remain in solution. Owing to the appreciable
solubility of PbCl,, some lead will escape precipitation and conse-
quently this ion is also included as a member of the next group.

The following preliminary experiments, by which the separation
and identification of these three ions are carried out, arc based on
their properties. These analytical properties must be thoroughly
understood and the experimental results correctly interpreted
before an intelligent analysis can be made.

SILVER, Ag*

Silver is a monovalent element. The oxide, Ags0, is formed
rather than the hydroxide, when a silver solution is treated with

NaOH or KOH:
2Ag*+ + 20H™ = Ag,0 + H,0
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Ammonium hydroxide likewise produces the oxide, which is soluble
in an excess of ammonia:

Ag20 + 4NH; + H,0 = 2Ag(NH;3),+ + 20H

forming the complex diammono-silver ion.

Most of the salts of silver are insoluble in water. The nitrate
and fluoride and, to a certain extent, the nitrite, sulfate, chlorate
and acetate are water-soluble. Silver nitrate is a widely used
reagent, frequently cmployed in analytical procedures as, for
example, in the precipitation of anions.

Silver chloride is precipitated as a curdy white solid when
hydrochloric acid or any soluble chloride is added to a solution
containing Ag+t. The equation is:

Agt + ClI” = AgCl

Sunlight will cause silver chloride to darken. AgCl is insoluble
in dilute acids but somewhat soluble in concentrated HCL. Tt is
soluble in ammonia solution, forming the complex ion, Ag(NHj3)o+.
The equation for the reaction is:

AgCl -+ 2NH3 = Ag(NH3)2+ + Cl-

If a solution containing the complex ion is neutralized with
dilute HNOg3, AgCl reprecipitates:

Ag(NHj)s+ 4+ ClI” + 2H+ = AgCl + 2NH,+

The reprecipitation of AgCl from such an ammoniacal solution
constitutes the test for silver.

AgCl is also soluble in potassium cyanide and in sodium thio-
sulfate solutions and is transformed into AgsS by ammonium
polysulfide. With KCN, complex silver cyanide ions form:

AgCl + 2CN~ = Ag(CN);™ + CI°

With NayS,03, the “ hypo ” of the photographer, complex silver
thiosulfate ions are produced. The reaction is probably:

2AgCl + 38203_ = Ag, (S203)3= + 2CI1~
Silver bromide is somewhat more insoluble in water and in

ammonia than AgCl. Silver iodide is still more insoluble in water
than the other two halides and completely insoluble in ammonia.
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This relationship will later be utilized in the detection of the
chloride, bromide and iodide ion.

Hydrogen sulfide precipitates black silver sulfide, AgsS, from
solutions of Agt*t. Since HoS is the precipitating agent for
Group II and indirectly also for Group III, it is important that
silver be precipitated as completely as possible as AgCl in Group
I. AgsS is insoluble in HCI but dissolves in hot HNOj.

Ammonium carbonate, the reagent used in precipitating the
alkaline earth elements which constitute Group IV, will precipi-
tate Ag20

PRELIMINARY EXPERIMENTS

Note: Instructions for carrying out experiments with test solu-
tions of the cations and anions studied in this book are given under
the heading ‘ Preliminary Fxperiments.” These experiments
form the basis for the separation and identification of the ion in
question. Record in your notebook a description of the products
formed in all experiments performed, answer all questions and
write balanced equations for all reactions.

1. Precipitation of Silver Chloride. To 5 ml. of the AgNO;3
test solution add dilute HCI dropwise until a precipitate no longer
forms. Write the ionic equation for the reaction that takes place,
Reserve the preeipitate for further. experiments. Determine
whether NaCl and NH4Cl produce the same precipitate.  Why is
HCI used rather than NH,C1?

Allow the precipitated AgCl to settle and pour off and discard
the supernatant liquid.  Add a few milliliters of water to the AgCl
and heat the mixture. Does the precipitate appear to dissolve to
any appreciable extent in hot water? This property of AgCl is
used to separate AgCl (and mercurous chloride) from PbCly (the
latter salt is soluble in hot water).

2. Reaction of AgCl with NH,OH. Deccant the hot water and
gradually add to the AgCl a dilute solution.of NH4OH. What
happens? Explain the result. Write the reaction for the dissolv-
ing of AgCl in NH3. This property of AgCl is used to separate
silvér chloride from merecurous chloride. The latter reacts in an
entirely different way with this reagent.

3. Reprecipitation of AgCl and Test for Silver. Gradually add
dilute HNOj; to the test tube containing the Ag(NH3),t until the
solution is acid, stirring the solution and withdrawing a drop from
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time to time with a glass rod and touching it to a piece of blue or
neutral litmus paper. What happens when the solution is ren-
dered acid? Give the equation.

MERCUROUS MERCURY, Hg,t*

The element mercury forms two series of compounds, namely,
the mercurous, such as the oxide, HgyO, the chloride and the
nitrate, in which the clement i monovalent, and the mereurie, in
which mercury is divalent. In mercurous salts, the element is
present in the form of the divalent group, Hg—Hg, written Hgytt,
rather than as a single monovalent charged atom, Hgt. In
mercuric salts mercury is present as the divalent mercuric ion,
Hgtt.

Mercurous chloride, HgyCly (calomel), is insoluble in water
and dilute HCl; on the other hand, mercuric chloride, HgCly
(corrosive sublimate), is soluble in water and dilute acids.  For
this reason, the mercurous ion belongs in this analytical group and
the mercuric ion is 2 member of the following group.

When a solution containing the mercurous ion, such as the test
solution of Hgs (NOy)s is treated with a soluble chloride such as
H(1 or NH4Cl, insoluble, white HgoCly is formed:

Hgott 4+ 2017 = HgoCly

This salt is insoluble, like AgCl, in hot water. It reacts with
NH,OH to produce a mixture of black, metallic mercury and
white, mercuric amido chloride, HgNH,Cl. This is an internal
redox reaction; one atom of mercurous mercury is reduced to Hg
and the other is oxidized to the mercuric state. The equation is
developed on page 133; in final form it is:

Hg2C12 + 2NH4+ -+ 20H™ =
HgNHCl + Hg + 2H,0 + NH4* + ClI-
Metallic mercury, when acted upon by aqua regia, forms the

weakly ionized salt, mercuric chloride, HgCl,. The equation,
balanced in detail on page 133, is:

3Hg + SH* + 2NO;~ + 6C1™ = 3HgCl, + 2NO + 4H,0

Aqua regia also dissolves mercuric amido chloride, likewise
with the formation of HgCly; the other products of the reaction
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4

are NO, nitrogen and water. The reaction (sec page 133) is:

9HgNH,CI + 4H* + 2NO;” +2C1" =
2HgCly + 2NO + N, + 4H,0

Mercurous sulfide is at first formed when H,S is passed into a
solution containing the mercurous ion. The product, however,
soon decomposes into a mixture of Hg and HgS.

Ammonium carbonate forms, with mercurous nitrate solution, a
mixture of mercuric amido nitrate, mercuric oxide and free mer-
cury.

The identifying test for mercury in this group consists of the
reduction of mercuric chloride, formed as previously described
by the action of aqua regia on Hg and HgNH,Cl.  The reducing
agent is stannous chloride. When this reagent reactson HgCl,
the product first formed is HgoCly.  The reaction is:

2HgCl, 4+ Sntt 4 2C17 = HgyCly 4 Sntt++ 4 4C1°
A further reduction takes place, forming free mercury:
Hg,Cly + Snt+ + 2C1™ = 2Hg + Sn++++ 4 4CI°

The test appears as a white precipitate, gradually becoming
. gray owing to the mixture of Hg,Cl, and Hg, or sometimes almost
black if the reduction to Hg is complete.

PRELIMINARY EXPERIMENTS

1. Precipitation of Mercurous Chloride, Hg,Cl,. Add dilute
HCI to 5 ml. of Hgo(NO3)p test solution until precipitation is
complete. Write the equation for the reaction.

Decant as much of the supernatant liquid as possible from the
precipitate, add a little water and heat the mixture.  Does the
precipitate dissolve in hot water? Compare the action of hot
water here with that on AgCl, and bear this in mind when a similar
experiment with PbCl, is performed. The difference in the action
is used to scparate AgCl and HgyCls from PhCl,.

2. Reaction of Hg,Cl, with NH,OH. Filter off the precipitate
of Hg,Cl, and treat it with dilute ammonia solution. Does it
dissolve? Istherc any apparent change? Show how the equation
for the reaction is balanced. Compare the effect of NH;OH on
Hg,Cl, with its effect on AgClL
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3. Dissolving the ‘‘ Black Residue.” Remove some of the
black mixture of Hg and HgNH,Cl and place it in a small evapo-
rating dish. Prepare a small quantity of aqua regia by mixing
three volumes of concentrated HCl with one volume of concen-
trated HNO3; and add 5 ml. of this solvent to the residue. Under
the hood, heat the mixture until the solution is nearly evaporated
to dryness. Show by separate equations how aqua regia dissolves
mercury and mercuric amido chloride. Refer to page 133 for the
balancing of these equations. The almost complete evaporation
of the solution is necessary to decompose the excess of reagent
and to remove the chlorine produced in the decomposition of the
aqua regia. When aqua regia decomposes, the products are Cly,
NOCI and water. The reaction is:

NO;™ + 3Cl™ + 4H* = Cl, + NOCI + 2H0

The presence of mercury can now be demonstrated in the
almost completely evaporated solution by the following experi-
ment.

4. Stannous Chloride Test for Mercury. Dilute the solution
with 5 ml. of water and add, dropwise, a solution of stannous
chloride. Observe how the precipitate gradually changes color.
What is first formed? To what is the darkening due? Supply
the equations for the reactions taking place.

LEAD, Pb*+

Lead forms two series of compounds, in which the element is
respectively divalent and tetravalent. Thus, from the monoxide,
litharge, PbO, are obtained the common salts such as Pb(NO;),,
PbCl,;, and PbSO;. The hydroxide, Pb(OH),, is precipitated
from Pb** solutions by NaOH; it is an amphoteric substance,
reacting with acids to give Pb** ions and with bases to give the
plumbite ion, PbOy=. The dioxide, PhO,, is typical of the tetra-
valent compounds of lead. In the reactions utilized in the sepa-
ration and detection of lead, only the divalent forms are involved.

Most of the,salts of lead are insoluble in water, the notable
exceptions being the nitrate, nitrite and acetate. Tead chloride
is somewhat soluble in cold water and quite soluble in hot water.
The bromide and iodide are less soluble in cold water than the
chloride. Owing to the partial solubility of PbCl; in cold water,
lead is not completely precipitated as lead chloride in this group.
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The properties of lead which are involved in this group are here
given; further propertics of lead are considered on page 136.

The important salts of lead from an analytical standpoint arc
PbCly, PbCrO4, PbSO4 and PbS. The properties of the sulfate
and sulfide are described on page 137.

Lead chromate is rcadily precipitated by K;CrOy4 as a rather
insoluble yellow salt. It is insoluble in acetic acid and in NH,OH.
This is the most characteristic test for lead.

—— —
PRELIMINARY EXPERIMENTS

1. Precipitation of Lea oride, PbCl,. To 5ml of Pbh(NQO3),
test solution add dilute HCL. Write the ionic cquation for the
reaction.

Decant, add 3 ml. of water and heat to boiling. IHow does the
action here differ from that for AgCl and HgyCly? Allow the
solution to cool. What are the ncedle-like erystals which form?

2. Chromate Test for Lead. Warm the solution again to dis-
solve the crystals and divide the solution into two parts. To one
portion add a few drops of potassium chromate, K,CrO,, reagent.
Write the equation.

3. Sulfate Test for Lead. To the other portion of the lead
chloride solution add dilute HoSO4. Note the nature of the pre-
cipitate. Write the equation. This is another good test for lead.
Further properties of PbSOy4 are deseribed on page 137.

.

REVIEW EXERCISES — SET 10

1. How may lead, silver and mercurous mercury ions be separated from
all other common cations? Give the ionic equations for the reactions involved.

2. What property of lead can be used to separate it from silver and
mercurous mercury? Does the separation of lead from silver involve a
chemical reaction?

3. In experiment 1 under lead, what would have heen the result if HCI
had been added to a hot test solution of Pb(NOj).?

4. What properties of the compounds of silver, lead and mercury suggest
themselves as identifying tests for these cations?

6. What difference in behavior do AgCl and Hg3Cl, show toward NH,OH?
Write the reactions. Does this suggest a method of separation?

6. What reaction is involved when Ag(NH3)2Cl is treated with HNO3?
Write the equation.

7. What is the composition of the black precipitate formed by treating
HgoCl; with NH,OH? Write the reactions between aqua regia and this
residue.
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8. The test solution of Pb(NQj3)2 contains 10 milligrams of lead per
milliliter. Calculate (a) the gram-atoms of Pb per liter and (b) the gram-
moles of Pb(NO3). per liter.

9. Calculate the grams of hydrogen chloride required to precipitate, as
AgCl, the Ag* contained in 5 ml. of test solution. (The student test solution
will contain 10 milligrams per milliliter.) What weight of AgCl will be pro-
duced in the reaction?

10. What volume of dilute HCl sclution (specific gravity 1.100) will be
required to precipitate, as HgoCly, 50 milligrams of Hgett ion?

OUTLINE OF THE METHOD OF ANALYSIS OF THIS GROUP

The foregoing experiments have shown:

1. That AgCl, Hg,Cl, and PbCl, are precipitated by dilute
HCl. Reference to the group precipitation experiments, page 117,
reveals that all other chlorides are soluble; hence through the
formation of insoluble chlorides the members of this group can be
separated from other cations.

2. That PbCl, is very soluble in hot water; AgCl and Hg,Cl,
are not. This property therefore serves to separate lead from
silver and mercurous mercury. The presence of lead can be shown
by the precipitation of ycllow PbCrO4 or white PbSOj,.

3. That AgCl is soluble in NH4;OH, whereas HgyCls, although
undergoing a change, is insoluble in this reagent. Ammonium
hydroxide is therefore used to separate AgCl from HgoCl,.  If the
solution of the complex salt, Ag(NHj3),Cl, formed when AgCl dis-
solves in NH,OH, is ncutralized by HNOj3, AgCl is reprecipitated;
this constitutes the test for silver. The product formed by the
action of NH4OH on HgyCl, is a black mixture consisting of
metallic mercury and mercuric amido chloride, HgNH,Cl. Both
constituents can be dissolved in aqua regia, and the test for mercury
consists of reducing the resulting mercuric ion with stannous
chloride. '

These reactions and properties furnish the basis for the scheme
of analysis and, when properly applied, the cations of this group
can thus be separated and identified. The order of introducing the
reagents and of conducting the various manipulations is shown
diagrammatically in the scheme. This condensed arrangément,
although it serves as a guide to the essential steps in the analysis,
should by no means be employed as a set of working directions.
The detailed procedure to be followed in the separation and de-
tection of a mixture of these ions is here given.
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DIAGRAMMATIC SCHEME — GROUP 1

Solution: Precipitate: Residue: " Residue:

Hgo*t* HgyCl HgyClp HgNH,CI + Hg —
Dissolved in aqua
regia, boiled, SnCl,

Diluted Boiled Treated added; white, gray
to 25 ml. with with or black precipitate
HCI AgCl 15 ml. AgCl dilute  proves Hg.
Agt added = [water; = | NH4OH;
| until ( filtered. filtered.
precipi- Filtrate:
tation Ag(NHj3)ot —
is com- Acidified with di-
plete. lute IINO3; white

Ph++ De- PbCl, precipitate proves

canted Ag.

through Filtrate:

filter. Pbt+ } K2CrO4 added;

Washed. yellow precipitate proves Pb.

PracTicE ANALYSIS OF A MIXTURE CONTAINING LEAD, SILVER
AND MERCUROUS MERCURY lons

Preparation of Mixture. Prepare a mixture of the cations of this
group by placing in a beaker about 15 ml. of the Pb(INO3), test
solution, 5 ml. of the AgNO; test solution and 5 ml. of the
Hgy(NO3)e test solution. This solution will be acid from the
HNOj; used in preparing the mercurous nitrate test solution, but
the presence of not too large amounts of HNO; will not interferc
with the group precipitation.

Group Precipitation. Take the 25 ml. portion of the sample just,
prepared and add dilute HCI slowly with constant stirring, until
a precipitate no longer forms. Allow the precipitate to settle and
to the clear supernatant solution add a drop or two of the dilute
precipitating agent; if incomplete precipitation is indicated by
the formation of a white precipitate, continue the addition of HCI
until precipitation is complete. The precipitate consists of a
mixture of PbCl;, AgCl and HgsCl; and is formed by the simple
combining of ions as shown in the equations:

Pb++ + 201~ = PbCly
Agt + ClI” = AgCl
Hg,++ + 2C1~ = HgoClp
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take place. The solution in which a precipitate has been formed
contains just enough of the ions involved so that the product of
their concentrations is equal to the K, , of that precipitate. The
concentration of one ion may greatly exceed that of the other and,
in fact, it is desirable to have an excess of the precipitating ions in
order to insure more complete removal of the ions being precipi-
tated. . .

The molar and gram solubilitics and the solubility product
constants of the chlorides of this group are given in the table
below:

TABLE X
) Solubility Solubility
Substance Grams per Liter Moles per Liter Kop.
Hg:Cly 3.8 X 1074 8.0 X 1077 2.0 X 10718
AgCl 1.5 X 1073 1.06 X 1075 1.1 X 10710
PbCl, 11.0 3.9 X102 2.4 X 1074

Note the small value for the K, of HgoCls, indicating it to be
a very insoluble compound. PbCl,, on the other hand, has a
relatively large value. It is quite soluble; so much so that an
appreciable amount of the lead escapes precipitation in this
group.

The solubility product principle, as already pointed out, enables
us to calculate the amount of precipitating reagent to add in order
to initiate the precipitation of the desired ion. Thus, in a solu-
tion containing a known concentration of silver ion we can caleu-
late the concentration of chloride ion necessary to give a precipi-
tate of AgCl, according to the following equation:

Cpg+ X Cz = 1.1 X 10710

where C, is the required gram-ion concentration of chloride ion
and 1.1 X 107 is the K, ;, of AgCl. Applying this equation to a
solution containing a known concentration of Ag* ion, we can
readily calculate the concentration of Cl”™ ion required to saturate
the solution, and any excess beyond this must result in the precipi-
tation of AgCl. If, for example, a certain solution contains
1 X 1072 gram-ion of Ag* per liter, from the equation:

1 X102z =1.1X 1010

the concentration of chloride ion is approximately 1078 gram-ion.
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The solubility product equation for Hg,Cl, is expressed by the
relation:
Chg+ X (Ca-)? = Kyp.(2.0x10m9)

To find the chloride-ion concentration necessary to start the
precipitation of HgyCly in a solution in which the mercurous-ion
concentration has a definite known value, say 1 X 1072 it is
necessary to solve for the chloride-ion concentration in the above
equation.

(1 X 1072%) X (z)? = 2.0 X 1078

from which z = 1.4 X 1078 gram-ion of Cl .

In the same way, in a solution of a lead salt containing this
same concentration of Pb*+ jon, the chloride-ion concentration
required to start precipitation of PbCl; is obtained from the
equation:

Cpp++ X (Car-)? = Koy,

1X 102X (r)2 =24 %X 107*

from which £ = 0.16 gram-ion of Cl  ion.

Suppose a solution contains both IHge*+ ions and Pb*+ ions,
cach having a concentration of 1 X 1072 If chloride ions are
added, the solution will become saturated with respect to HgyClg
when the C17 ion concentration reaches 1.4 X 1078, and hencceforth
solid HgoClg will precipitate, unmixed with PhCly, until the solu-
tion becomes saturated with respect to Pb(llg also; after this there
will be simultancous precipitation of hoth Hg,(Cly and PbCl,.
The concentrations of Hge™ and Pb*+ in the solution when the
latter begins to precipitate can be determined from the principle
of fractional precipitation discussed on page 70. The ratio of
Pb*+ to Hgett is the same as the ratio of the solubility product
constants of these two chlorides: ‘

Cpb++ - K,_p_(pr]z) _ 2.4 X 10—4 =11 X 1014

Cng*'" Ks.p.(szCh) . 20 X 10718 .
From this it follows that, when both chlorides are precipitating,
the concentration of Pb*+ ion in solution is enormously greater
than that of the Hg,* ion.

Complex-Ion Formation. An application of the theory of com-
plex ions is encountered in this group in the separation of silver
from mercurous mercury. NH,OH will dissolve AgCl on account
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of the formation of the complex silver ammonia ions, according to
the reaction:

AgCl + 2NH; = Ag(NHy)s*+ + CI°

This complex ion tends to dissociate into its simpler components
thus:
Ag(NH3)o* = Agt + 2NH;3

and an equilibrium is set up between these components which can
be formulated by the equilibrium expression:

Cagr X (Cnm,)?
C Ag(NH*

= K (instability constant)

An excess of NH; will therefore foree back the ionization and
lower the concentration of Agt ions. The Agt ion concentration
becomes so low that the K, for AgCl is not exceeded, and conse-
quently solid AgCl will continue to dissolve in order to maintain
the required ion concentration. This cycle continues until the
AgCl is completely dissolved. 'When HNOj is added to the solu-
tion containing the complex ion, its action is to neutralize the
ammonia, thus disturbing the above equilibrium gnd precipitating
AgCL

Oxidation-Reduction. Redox phenomena are encountered in
the separation and identification of mercury. The first case, that
of the action of NH;OH on HgyCly, is an interesting example of
an internal oxidation-reduction reaction in which one monovalent
atom of mercury becomes oxidized to the mercuric state (forming
HgNH,Cl) at the expense of another which becomes reduced to
the zero-valent (metallic) condition.

The writing of the equation for this reaction is not so readily
apparent, hence will here be shown. The reduction of the mer-
curous chloride to metallic mercury can be shown by the half-cell
equation:

Hg,Cly + 2¢ = 2Hg? + 2C1°

two electrons being required to reduce Hgott to 2Hg?; the oxida--
tion of Hg,Cl; to HgNH201 is written as the other half-cell
reaction:

Hg,Cl, + 4NH,OH = 2HgNH,Cl + 2¢ 4+ 4H,0 + 2NH,+
the two electrons being lost by Hgy** in becoming 2Hg++.
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Adding these two half-cell reactions and dividing the entire
>quation by 2 give:

The second case is the dissolving of this black mixture in aqua
regia. Here we have:
(1) The oxidation of metallic Hg to HgCl,:

3[Hg + 2C1" = HgCl, + 2¢]
2[N03— + 4H+ + 3e = NO + 2H20]
giving:
3Hg + 8H* 4+ 2NO;™ + 6Cl™ = 3HgCl, 4+ 2NO. + 4H,0

(2) The dissolving of HgNH,Cl. The equation for the reaction
can be balanced in the following manner. In the half-cell reaction:

2NH, = Ny + 4+ + 6e
the 6 electrons lost will reduce 2NO3~ to 2NO:
2NO;~ + 8H* 4+ 6e — 2NO + 4H,0

The completed reaction is:

2HgNH,Cl + 2C1° + 2NO;~ + 4H+ =
2HgCl; + Ny + 2NO + 4H,0

(3) The reduction of HgCly by SnCl, successively to HgoCl, and
finally to Hg.

THE HYDROGEN SULFIDE GROUP — GROUP II

MERCURY, Hg**  ARSENIC, As*** AsO;™ and As****+ AsO "
LEAD, Pb*+ ANTIMONY, Sb*** and Sb +++++
BISMUTH, Bit+++ TIN, Sn** and Sntt++

COPPER, Cut*

CADMIUM, Cd++

‘he cations of this group are those whos ide -

W from solutions acidj 1. They are:
gt Phtt RBitt+ Cytt Cd+t Agt+ (AsQ.”) and Astt++t
(AsO4=), Sb*+++ and Sb+++++ Sn*+ and Snt+++]/ Mercuric salts
are not precipitated by HCI but mercurous salts are. This fact
places mercuric mercury in this group and mercurous mercury in
Group I. Lead is not completely precipitated by HCI, hence pro-
vision must be made in this group for its separation and detection.
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Cupric copper and cadmium resemble each other closely in their
analytical reactions. Arsenic, no matter whether occurring
originally as trivalent or pentavalent cation or as the anions
AsO,~ or AsO,=, will be precipitated as As,S3 and As,Sz by this
group reagent. Antimony salts show a similar behavior. Tin
may be present in the starting material as stannous or as stannic
salts and will be precipitated as the corresponding sulfides, SnS
and SnS,.

The sulfides of this group are divided into two subgroups by
the action of ammonium polysulfide, (NH4),S,. Those which
remain practically insoluble in this reagent are HgS, PbS, BiySs,
CuS and CdS. This subgroup is known as Division A or the
‘“ copper subgroup.” The sulfides which are dissolved by am-
monium polysulfide are AsyS3 and As,Ss, SboS3 and Sb,Ss, SnS and
SnS,. This subgroup is known as Division B or the * tin sub-
group.”

During the systematic analysis of a mixture of ions of this and
the following group, it is urgently important that correct conditions
of acidity, concentration and temperature be maintained in order
that the sulfides of this group are precipitated, and at the same
time the sulfides of Group III are not precipitated. The theory
here involved is discussed in detail on page 168. Jn brief, during

the precipitation of this group, the acidity is kept at 0.3 M, re-
quiring for this purpose 2.5 M}WMM&@L
of solution; ;this is done in order that the sulfide-ion concentration
can be controlled. In the procedures, therefore, for the prelimi-
nary experiments as well as the analysis of known and unknown

mixtures, it is highly important to maintain carefully this acidity
and to understand why this must be done,

THE Ions oF DivisioNn A, Grour II
- MERCURIC MERCURY, Hgtt

Mercuric salts, as a rule, are more soluble than the corresponding
mercurous salts, although most of them are insoluble in water,
The fact that mércuric chloride is soluble in water and dilute ucl
places mercuric mercury in this group rather than in the preceding
group. Many of the mercuric salts are poisonous. Mercuric
salts, like the mercurous ones, show a tendepcy to hydrolyze in
aqueous solution; the test solution of Hg(NO;);, for example,
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hydrolyzes to form the insoluble basic nitrate, Hg(OH)NQ;. To
prevent its formation the test solution is kept strongly acid with
HNO;. A solution of HgCl; is very slightly ionized; this is an
exception to the general behavior of salts. In the presence of a
large excess of Cl~, HgCl; forms a complex ion represented by the
formula, HgCl,~.

The most important compound of mercuric mercury is the
sulfide, HgS. When H,S is passed into a solution containing the
Hg** ion there is formed at first a white precipitate which gradu-
ally changes color, finally becoming black. These color changes.
are due o varying proportions of double salts of HgS and HgCl,,
such as HgS-HgCl,. _I_I_gS/m_bln.nk,_cxt‘Jmnel*-;amluJﬂuwu
and practically insoluble in dilute acids as well as in ammonium
golxsulhdﬁ___I“-fngS is boiled with dilute HNO3 for some time,
it will be transformed into a white, insoluble double salt,

Aqua regia is required to dissolve mercuric sulfide, The action
of this solvent can best be understood by considering the reaction
involved. The products formed in the reaction are the slightly
ionized HgCl,, free sulfur, NO and water. Like other reactions
with aqua regia, this is a redox recaction. The balancing of the
equation for the reaction is carried out as follows.  As noted else-
where, the constituent ions in aqua regia are NO3~, H* and Cl".
For the half-cell reaction involving the reductlon of NO3™ to NO
we have:

NO3™ + 4H* + 3e = N()+2H20 (1)

The oxidation of the sulfide ion in HgS to free S is represented by :

‘ S= =8+ 2 @),
This equation when combined with the formation of HgCl; gives:
HgS + 2C1" = S + HgCl, + 2¢ - 3)

To balance the electrons, equation (1) is multiplied by 2 and
cquation (3) by 3. Adding these and canceling out the electrons
gives:

2NO;~ + 8H* + 6e = 2NO + 4H,0
3HgS + 6Cl1™ = 3S + 3HgCl; + 6e
3HgS + 6C1™ + 2NO;~ + 8H*+ = 38 4+ 2NO + 3HgCl, + 4H,0
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If desired, this ionic equation can easily be transformed into
the following molecular one:

3HgS + 6HCl + 2HNO3; = 3HgCl; + 3S + 2NO + 4H,0

The test for mercury consists, as already described on pages 123
and 129, of the reduction of HgCl,; by means of stannous chloride.

PRELIMINARY EXPERIMENTS

1. Precipitation and Properties of Mercuric Sulfide. To 5 ml.
of mercuric nitrate, Hg(NOj3),, test solution add 2.5 ml. of con-
centrated HCI, dilute to 50 ml. and pass in HyS. Accedunt for
the change in color of the precipitate. Write the equation for the
formation of HgS.

Filter off and wash the precipitate. se separat
the precipitate for the following experiments.

Action of Ammonium Polysulfide on HgS. _Ta_one portion of
the pregipitate, transferred to a test tube, add 2 ml. of ammonium
polysulfide_ This reagent, KNowI iso a8 yeHow-smmomnitm sul-
fide, is made by dissolving sulfur in a strong solution of ammonium
sulfide; it contains several different kinds of sulfide ions, the
disulfide S,= and the monosulfide S= predominating. Its formula
is variously given as (NII4).S, or (NHy),S;. This reagent is
used in the systematic scheme given in this book to separate
the sulfides of this group into two subdivisions.

Does the HgS appear to dissolve in this reagent? Make a note
of this property of HgS and later compare the action of this solvent
on the other sulfides of this group.

Action of Dilute HNOg on I1gS. 'Lreat another portion of the

dute HNO3;. Heat the mixture gently at first. Does
HgS dissolve? Continue boiling for some time. Account for
any observed change in the precipitate.

Action of Aqua Regia on HgS. Lo a third portion of the pre-
W and heat if necessary in order to

issolve it. Write the reaction showing the method of balancing
the equation.

2. Review the test with SnCl; gs described on page 124.

LEAD, Pb++

The failure of HC1 to completely precipitate lead as PbCl; in
the preceding group makes it necessary to provide for its further
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separation in this group. In fact, if the amount of lead in a
sample is too small to give a precipitate with HCI, no scparation
as PbCl; in Group I is at all possible and small amounts of lead
are consequently detected only in Group II. The sulfide, how-
ever, is very insoluble and enables one to precipitate lead al-
most completely as PbS. Properties relating to the sulfide and
sulfate are given below.

Lead sulfide, PbS, is readily precipitated by HyS from alkaline,
neutral or slightly acid solutions containing the lead ion, as a

blacky-very-irsotuite-sabratareey—H the acidity is too great PbS

will either not precipitate or else there will be formed a reddish
, PbClp-2PbS.

The sulfide is insoluble in cold dilute acids and in ammonium
polysulfide. Hot dilute.HNOj3 will dissolve it with the formation
of Pbtt, free sulfur and NO. In this respect it differs from IHgS
and shares this property with BixS3, CuS and CdS. The solu-
bility of PbS in HNOj is accounted for by the oxidizing action of
NO3~ on the S=ion. The writing of the equation for this reaction
is as follows: When PbS dissolves in warm dilutc HNOj the prod-
ucts of the reaction are Pbtt, free S, NO and HzO. To balance
the equation:

PbS + NO;™ + Ht = Pb+*t 4+ NO 4+ S 4+ Hy0
resolve it into two half-cell equations
S= =8+ 2

from which we have:
PbS = Pb*+ 4+ S + 2¢ (1)
and B
NO3_ + 4I‘I+ + 36 = NO + 2H20

Multlplymg, adding and cancelmg clectrons gives the balanced
equation in ionic form:

3PbS = 3Pb+ + 38 + 6e
2NO;~ + 8H* + 6¢ = 2NO + 4H,0
3PbS + 8H* + 2NO;~ = 3Pb++ + 3S + 2NO + 4H,0

Expressed in molecular form, since 8H* require 8HNO3, the
equation may be written thus:

3PbS + 8HNO; = 3Pb(NO3); + 3S + 2NO + 4H,0
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Lead sulfate, PbSQOy, is best precipitated by adding a large
excess of HoSO,4. It is soluble in ammonium acetate owing to
the formation of the slightly ionized salt, Pb(CoH3032)2:

PbSO4 + 2021‘1302~ = Pb (CQH302)2 + SO4"

PRELIMINARY EXPERIMENTS

1. Precipitation and Properties of Lead Sulfide, PbS. Dilute
5 ml. of Pb(NOg3), test solution to 50 ml., add 2.5 ml. of concen-
trated HCI and saturatc with HyS. Write the ionic equation for
the formation of PbS. Repeat the experiment, doubling the
quantity of HCl. Explain the result.

Action of Ammonium Polysulfide on PbS. Filter off the PbS
obtained in the first part of the above experiment and divide
into two portions. To one portion add some ammonium poly-
sulfide. Is there any apparent action?

Action of Dilute HNO3 on PbS. Add dilute HNOj3 to the other
portion of the precipitate and warm the mixture. How does the
action differ from that of HgS? Write the equation, showing the
steps involved in the balancing.

2. Properties of Lead Sulfate, PbSO,. Add a few milliliters of
dilute HySO4 to lead nitrate test solution and evaporate until
dense white fumes of SO3 arc evolved. Cool and pour the solution
into cold water. The white precipitate is PbSO4. Write the
reaction. This is the method of separating lead from bismuth,
copper and cadmium, since the sulfates of the latter three cations
are soluble in water and dilute HoSOy4.

Filter off the PbSO, and pour through the filter a few milli-
liters of hot dilute ammonium acetate, NH4CoH3gO,, solution.
Test for lead in the filtrate. How?

BISMUTH, Bitt+

The common valences of bismuth are +3 and +5. The chief
oxides are Bi;O3 and BisO5. The properties and reactions of only
the trivalent ion, Bit*+, are here considered. A characteristic
property of bismuth salts is the ease with which they hydrolyze,
precipitating insoluble basic salts. Thus the chloride readily
hydrolyzes to the oxychloride, BiOCl; the nitrate first forms the
oxynitrate, BIONQOg3, which then passes over into the subnitrate
(BiO)2(OH)NOs.
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On account of the ease of hydrolysis, the test solution of
Bi(NO3); is kept strongly acid with HNO; to prevent the pre-
cipitation of BiIONOj.

Bismuth hydroxide, Bi(OH)3, a white solid, is formed when
NH,OH or NaOH is added to Bit*+:

Bit++ + 30H™ = Bi(OH)3

It is insoluble in an excess of ammonia solution, differing in this
respect from Cu(OH), and Cd(OH),, the latter two dissolving
to form complex ions. This property of Bi(OH)j3 serves to sepa-
rate bismuth from copper and cadmium.

As already noted, solutions of bismuth salts, such as BiCly,
readily hydrolyze. In the case of the chloride, by diluting with
water we have:

Bi+t+ + ClI” 4+ HOH = BiOCI + 2H*

This reaction is distinetly reversible and therefore if much acid is
added to a solution containing precipitated BiOCL the latter dis-
solves,  The formation of BiOCI is oue of the tests for bismuth.

Bismuth sulfide, BiyS3, a dark brown, very insoluble substance,
is formed when HoS or (NI4).S is added to a Bit++ solution.

2Bitt+ 4+ 38— = BioS3

This sulfide is insoluble in ammonium polysulfide and in cold
dilute acids, but readily dissolves in hot dilute HNO3. The re-
action can be expressed ionically by the equation:

BigS; + 2NO3~ + 8Ht = 2Bit*+ 4 38 + 2NO + 4H,0

This equation is similar to the one given for PbS; the method of
balancing was developed on page 137.

SBulfuric acid does not react with Bit** to form an insoluble
sulfate.

Sodium stannite reduces Bit++ or Bi(OH)z to black, metallic
Bi. This is the best test for bismuth. The reagent is prepared,
as needed, by treating a solution of SnCly with an excess of NaOH.
In the preparation of this reagent, the product which first forms
is Sn(OH), and this dissolves in an excess of the base, on account
of its amphoteric nature, to form the stannite ion, SnOz™:

Sntt + 20H™ = Sn (OH),
Sn(OH), + 20H™ = SnO,;~= + 2H;0
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When Bi(OH); is treated with this reagent reduction of the
bismuth to Bi takes place:

2Bi++ + 60H™ + 38n0,~ = 2Bi + 38n05= + 3H,0

PRELIMINARY EXPERIMENTS

1. Precipitation and Properties of Bismuth Sulfide, Bi,S;.
Neutralize 5 ml. of Bi(NO3); test solution with dilute NH,OH,
add 2.5 ml. of concentrated HCI, dilute the solution to 100 ml. with
water and pass in H,S. Note the color of the precipitate and
write the equation.

Action of Ammonium Polysulfide on BisS3;. Decant the solu-
tion and treat the BiyS3 with a few milliliters of (NH,)oS,.  Does
it dissolve? Compare the action with that for HgS and PbS.

Action of Dilute HNO3 on BisS3. Wash the undissolved pre-
cipitate with a small portion of water, filter and then pass-through
the filter 5 ml. of hot, dilute nitric acid. Show how the equation
for the reaction is balanced by supplying the half-cell equatlons
Is this property of Bi,S; like that of HgS and of PbS?

2. Action of HySO,. Add dilute HoSO4 to a few milliliters of
bismuth test solution. Does a precipitate of bismuth sulfate
form? Compare this with the analogous experiment with lead.

3. Precipitation of Bi(OH)3;. To a few milliliters of Bi(NOj3);3
test solution add dilute NH4OH until a precipitate forms. Write
the equation.

Add an excess of the reagent. Is Bi(OH)s; soluble in an excess
of NH,OH?

4. Hydrolysis of Bismuth Chloride. Dissolve a portion of the
Bi(OH); obtained in experiment 3 by adding a small amount of
dilute HC], and then dilute the solution with a large volume of
water. What forms? What is the equation for the reaction?

6. Sodium Stannite Test for Bismuth. Prepare some sodium
stannite reagent by adding a solution of NaOH to a SnCl, solu-
tion until the Sn (OH); which first forms redissolves. The reagent
thus prepared contains the stannite ion, SnO;=, a good reducing
agent.

To the remainder of the Bi(OH); obtained in experiment 3 add
some of the freshly prepared reagent. What happens? Write
the redox reaction. This is a very sensitive test for bismuth.
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COPPER, Cu**

Copper forms two series of salts, the cuprous, in which copper
is monovalent, and the cupric in which this element is divalent.
Cuprous salts are easily oxidized to the cupric form; they arce
for the most part insoluble in water. The test solution is made
from Cu(NOjz)s, and thercfore con ains the cupric ion, Cut+.
Cupric nitrate is derived by dissolving the black cupric oxide,
CuO, in nitric acid.

Cupric hydroxide, Cu(OH)s, a blue precipitate, is formed when
a dilute solution of NaOH or KOH reacts with cupric ion.

The same product, or possibly a basic salt, is formed when an
equivalent amount of dilute ammonia solution is added to Cut+:

Cu*t 4 20H™ = Cu(OH),

If an excess of the ammonia reagent is used, the precipitate
dissolves forming the complex Cu(NHjz)4+ ion:

Cu(OH); + 4NH; = Cu(NH;),+ + 20H

In the Werner system of nomenclature this complex of copper and
ammonia is called the tetrammono-cupric ion. This complex has
an intensely blue color and is one of the tests for copper.

Cupric sulfide, Cu§, is formed when a cupric solution is treated
with sulfide ion. The cuprie sulfide is very insoluble and readily
forms when H,S is passed into a strongly acidified solution of Cu*+:

Cutt 4 8= = CuS

This sulfide is soluble to a slight extent in ammonium poly-
sulfide, forming the complex thio-ion CuS;~, so that the separation
of copper from arsenic, antimony and tin is not perfect and traces
of copper may consequently be found in Division B upon analysis
of samples containing this element.

Dilute, hot nitric acid dissolves CuS with the formation of
Cutt, NO, S and water. The equation:

" 3CuS + 2NO;™ + 8H* = 3Cu*+ + 2NO + 38 + 4H,0

is balanced in the same way as developed for the action of HNO;
on PbS (see page 137).

Cupric ion reacts with an excess of KCN to form a very stable
complex. When a cupric solution is treated with KCN the first
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result is the formation of cupric cyanide:
Cutt + 2CN~ = Cu(CN),
This immediately is reduced to cuprous cyanide:
2Cu(CN), — Cuz(CN); + (CN),

An excess of KCN then reacts, forming a colorless solution which
contains the cuprocyanide complex ion:

Cuz(CN); + 6CN- = 2Cu(CN),=

From a solution containing this complex, HyS will not precipitate
CusS. A corresponding but less stable complex is formed with
Cdtt; this difference in stability of these two complexes is utilized
to detect cadmium in the presence of copper.

A very sensitive test for copper is the reddish brown precipitate
of cupric ferrocyanide which forms when potassium ferrocyanide
is added to a cupric solution:

2Cu++ + Fe(CN)g—= = CuxFe(CN)g

PRELIMINARY EXPERIMENTS

1. Precipitation and Properties of Cupric Sulfide, CuS. Add
2.5 ml. of concentrated HCl to 5 ml. of Cu(INQOjz)s test solution,
dilute to 100 ml. and saturate the solution with HoS. Write the
reaction. Note the color of the precipitate. ;

Action of Ammonium Polysulfide on CuS. TFilter off the CuS
and treat a portion of it with (NH;).S,, warming the mixture. Is
CuS soluble in this reagent to any extent at all?  If a small portion
dissolves owing to prolonged action of the reagent. where further
in the analytical scheme might copper be detected?

Action of Dilute HNO3 on CuS. Treat the remainder of the CuS
with hot, dilutce HNO3. Why is an oxidizing solvent necessary to
dissolve sulfides like CuS? In this respect, CuS resembles what
other sulfides? Show how the equation for the reaction is
balanced. .

2. Complex Ion of Copper and Ammonia. Add dilute ammonia
solution to 5 ml. of test solution until a deep blue color develops.
What is the complex formed? Write the equation. Compare the
effect here with the action of NH,OH on AgCl and on Bi(OH);.
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8. Ferrocyanide Test for Copper. Add a few drops of potassium
ferrocyanide, K4Fe(CN )g, reagent to 1 ml. of copper test solution.
Note the color and give the equation. This is a very sensitive
test for copper.

4. Complex Ion of Copper and Cyanide. To 2 ml of the
Cu(NHj3)4H solution obtained in experiment 2 add, dropwise, a
dilute solution of KCN. Caution: KCN <s a violent poison!
Work with extreme care. Perform the experiment under the hood.
Continue adding the reagent until the blue color of the solution
is discharged. In what oxidation state is the copper now? (lom-
pare the stability of the complex with the corresponding one formed
with cadmium. Write the equation, showing the steps in the
reaction.

CADMIUM, Cdt++

Cadmium forms salts in which this clement always has a
valence of +2. Many of the salts of cadmium are insoluble in
water. In its analytical reactions cadmium closely resembles
copper. The sulfide and the complexes formed with ammonia ion
and with cyanide ion are the most important forms from an
analytical standpoint.

Cadmium sulfide, CdS, yellow, is formed when HyS is passed
into a neutral, alkaline or acid solution containing Cd++.

Cd++ 4+ 8- = CdS

If the acidity is somewhat high, precipitation of the sulfide may
be incomplete and there may be formed an orange-colored pre-
cipitate of a double salt of the probable composition, CdCly-CdS.
In slightly acid solutions, the precipitation of CdS is practically
complete.

CdS is insoluble in ammonium polysulfide, sharing this property
in common with HgS, PbS, Bi,S; and for the most part with CuS.
It dissolves in hot, dilute HNOj:

3CdS + 2NOz~ + 8H*t = 3Cd** + 2NO + 38 + 4H20

Like the cupric ion, Cd** reacts with NH,OH first to precipitate
the hydroxide:
Cd++ + 20H™ = Cd(OH),

The hydroxide is soluble in an excess of the reagent forming the
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colorless complex ion, Cd (NH3 )4+
Cd(OH); 4+ 4NH3 = Cd(NH;3)4+ + 20H™

corresponding to the deep blue tetrammono-cupric complex.
The cadmium ion reacts with an equivalent amount of potassium
cyanide to form cadmium cyanide:

Cd*+ 4 2CN~ = Cd(CN),

This dissolves in an excess of CN7, forming a complex cadmium-
cyanide ion:
Cd(CN)s + 2CN™ = Cd(CN)4~

This ion is much less stable than the cuprocyanide complex formed
with copper, and this difference in stability enables one to detect
cadmium in the prescence of copper for, if H,S is passed into a solu-
tion containing both Cu(CN),= and Cd(CN),~, cadmium sulfide
only will be precipitated, the great stability of Cu(CN),= sup-
pressing the concentration of cuprous ions to such an extent that
CusS cannot form and, by its black color, obscure the yellow color
of CdS.

PRELIMINARY EXPERIMENTS

1. Precipitation and Properties of Cadmium Sulfide, CdS. To
5 ml. of Cd(NOj3), test solution add 2.5 ml. of concentrated HCI,
dilute to 50 ml., heat to boiling and pass in H3S. Describe the
precipitate that forms.

Repeat the experiment, diluting the mixture to 100 ml. instead
of to 50 ml. 'What is the yellow precipitate? Write the equation.
From these two experiments state the best conditions for the pre-
cipitation of CdS.

Action of Ammonium Polysulfide on CdS. Treat some of the
precipitated CdS with (NH4)2Ss, warming the mixture. Does
the sulfide dissolve? What other sulfides show a similar behavior?

Actton of Dilute HNO3 on CdS. Treat the remainder of the
CdS with dilute HNO3, warming if necessary. Show how the
equation for the reaction is balanced. What other sulfides already
studied show a like behavior toward HNO3?

2. Complex Ion of Cadmium and Ammonia. Neutralize the
nitric acid solution obtained in (1) with dilute NH;OH and then
enough of the reagent to dissolve any Cd(OH); which may form.
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In what form is the cadmium now? Write the equation., Com-
pare this behavior with that for copper.

3. Complex Ion of Cadmium and Cyanide. Add, dropwise, KCN
reagent to the solution containing Cd (NHj3),+ until the precipi-
tate which first forms redissolves. What forms first? In what
form is the cadmium when an excess of CN~ has been added?
Write the equations.

Pass HoS into the solution. What is the yellow precipitate?
Iixplain how KCN and H,S can be used to identify cadmium in
the presence of copper.

REVIEW EXERCISES — SET 11

1. Group together the equations showing the reactions of the cations of
this subgroup with HjS, specifying the color of each sulfide.

2. What effect, if any, has ammonium polysulfide on the sulfides of this
subgroup?

3. What effect has dilute HNOj on the sulfides of this subgroup? Write
the balanced molecular equations for the reactions which take place.

4. What property of the lead ion enables one to scparate it from bismuth,
copper and cadmium? Write the necessary cquation.

6. Show, by equations, what difference in behavior toward excess NII4JOH
is shown by bismuth, ecopper and cadmium which enables one to scparate
bismuth from copper and cadmiumn.

6. Show, by equations, how cupric ion differs from cadmium ion in the
behavior toward excess KCN.

7. Write equations showing (a) an identifying property (test) for the
mercuric ion, (b) two identifying tests for lead, (¢) two identifying tests for
bismuth, (d) two for copper, (e) a test for cadmium when originally present,
with copper.

8. In what group of the periodic table is each of these elements found?
What valence or valences does each of these elements show? Assemble the
equations, showing how certain of these cations are either oxidized or reduced,
as revealed in the preliminary experiments.

9. Summarize the instances in which (a) hydrolysis, (b) complex-ion
formation, (c¢) oxidation or reduction is a pronounced property of these cations.

10. Would the sulfides of this subgroup be more easily or more difficultly
precipitated in a solution less acid than that employed in the individual
experiments?

OUTLINE OF METHOD OF ANALYSIS OF THIS SUBGROUP

The members of Group II as a whole, including arsenlc, anti-
mony and tin which make up subdivision B, also called the tin
subgroup, are precipitated as sulfides by the use of hydrogen
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sulfide under carefully regulated conditions of acidity, dilution
and temperature so that the sulfides of Group III are prevented
from forming. The group precipitate is then subdivided by the
use of ammonium polysulfide, in which reagent the sulfides of
Division A are practically insoluble.

Careful study of the properties of the members of this sub-
group, as revealed through the preliminary experiments and
review exercises, lead further to the following conclusions:

1. In regard to the conditions under which the group precipi-
tation is made, the necessity of a careful regulation of the acidity
has already been emphasized. The student should not get the
wrong impression that the sulfides of this group can be precip-
itated only from an acid solution. Quite the contrary is true,
and if the precipitation is not complete here, the ions escaping
precipitation in this group will nevertheless be precipitated in
Group III where their presence will seriously interfere with the
separation and detection of the members of the ammonium sulfide
group. The same applies to silver and mercurous mercury, for
if these ions arc not completely removed in Group I, they will be
preclpltated as AgoS and HgoS in Group I1.

™ To effect a separation of the sulfides of Group II from those of
Group III the solution should be 0.3 A with respeet to HCI.
This is accomplished by the addition of 2.5 ml. of concentrated
HCl to the solution, which finally is diluted to 100 ml. Instead
of using the concentrated acid, 10 ml. of more dilute (3 ) HCI
is sometimes used. The usc of an indicator is advantageous to
‘establish definitely the correct acidity of the solution. Methyl
violet is somctimes recommended. Ware (Essentials of Qual-
itative Chemical Analysis) recommends acid cresol red, the
color shade being close to the transition tint from pink to orange-
yellow.

Kor the corwmmm.awld
Jbe relatively strongly acid and hot; on the other hand ium,
Yin_and lead ar lyte solutlon
These conditions are taken ca_re of in the detailed procedure
which follows.

2. Of the sulfides of Diyj ‘ghg.onlme&@ch&emsts.the
i ilute HNO3 is H e this property is made use
in separating this sulﬁ from e others of this subgroup.

HeS 1s solu and in this solution The presence of
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DIAGRAMMATIC SCHEME — GROUP I1
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mercuric ions can be shown by the reducing action of stannaus
chloride.
3. The action of dilute H,S04 on test solufions of Pb**,

Bit++, Cutt d*+ has Wadﬁ.ﬁm,
thus offering a means of separating leadelrom bismuth, copper
and_cadmium.y PbSQ, jEsoluble in NH,C,H30,, from which

solution the lead can be reprecipitated as PbCrOy.

T Amibonium hydroxide will precipitate J3igQHs, insoluble
in an excess of the recagent, whereas the hydroxides of copper and
cadmium are soluble in NH4OH, forming complex metal-ammonia

ions. This reagent will therefore separate bismuih-from copper

and_cadmiiim, Bismyth can be teste the formation of
bismuth oxychloride, or reduction to metallic bismuth with

sodium stannite.

5. : d cadmium behave alike toward all the reagents
introduced up to this point. In order to detect cadmium, when
the deep blue color of the complex Cu(NHj),** ion.reveals the
presence of copper, use is made of an excess of IKCN, which reduces
the cupric ion to the cuprous condition, forming a stable complex
cuprocyanide ion, and thus lowers the concentration of the cuprous
ion so that when I,S is passed into the solution no CusS will
form. CdS, however, will be precipitated, serving as a test for

cadmium.

In short, the procedure of sgparatin mber from others
i rou sists in the successive use of dj JNQs,

dilyte H,80,, MILOH and KCN, i
rom e T i : 3 ] of HgS, PbS0,,
Bi(OH);, Cu(CN)4~ and CdS. Identifying tests are then ied

as already indicated.
diagrammatic arrangement of the scheme of separation and

identification, including Division B as well, appears on page 147.
The detailed procedure for the analysis of a known mixture of
Division A follows.

PrACTICE ANALYSIS OF A MIXTURE CONTAINING MERCURIC
MErcury, LEap, BismutH, CoPPER AND CaDMIUM IONS

In a 100-ml. measuring cylinder place 5 ml. of each of the test
solutions of Hgt+, Pb*+, Bi++, Cut*t and Cd**, neutralize with
dilute NH,OH, make faintly acid with dilute HCl and then add
2.5 ml. of concentrated HCl. Dilute the mixture to 50 ml. with
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distilled water. Transfer the solution to an Erlenmeyer flask
and pass in a rapid stream of hydrogen sulfide until precipitation

appears to be complete.
The reactions involved in the precipitation of the sulfides of
this subgroup are shown by the ionic equations:

Hgt + S- = HgS
Pb+ + §= = PbS
2Bit++ + 35 = BisS;
Cut™ 4 8= = CuS

Cdt+ + S= = CdS

to be sure that precipitation is gomplﬁg. Wash the precipitate
oL Ihc Tilter with small portions of water, saturated with HyS
and containing a small quantity of NH,NOs.

Separation of HgS and Identification of Mercury. Transfer the
precipitated and washed sulfides to a beaker, add 20 ml. of dilute
HNO; (made by adding 7 volumes of water to 1 volume of con-
centrated HNOj3), heat for several minutes while stirring con-
stantly and then filter.

The residue consists of HgS or possibly the double salt,
2HgS Hg(NO3), and free sulfur; the filtrate contains Pbtt,
Bit*+, Cutt and Cd**, the sulfides of these ions having dissolved
in the nitric acid.

To identify mercury in the black residue, wash it with water,
transfer to a beaker with a spatula and boil with 5 ml. of aqua
regia until brown fumes of NOy are no longer given off and all
chlorine is evolved. Be careful not to allow the solution to evap-
orate to dryness. Dilute the solution with 5 ml. of water and
filter. The filtrate contains the mercuric ion.

To this filtrate add, drop by drop, SnCly reagent. This will
reduce the Hg++ ion, first to the mercurous state, precipitating
white HgoCl, which, on further reduction, results in finely divided
black metallic mercury. The precipitate, changing color from a
white, through shades of gray to black, shows the presence of
mercury
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Separation of PbSO, and Identification of Lead. The filtrate
from the separation of mercury will contain Pb**, Bit++, Cut+t
and Cd*++ ions and excess HNOj3;. Place the filtrate in an evap-
orating dish, add 5 ml. of concentrated HySO4 and evaporate
under the hood until white, cloudy fumes of SOz appear. This
will not occur until all the HNO3 has been evolved and the vol-
ume reduced to a few milliliters. It is important that all HNO,
be removed because PbSOy is somewhat soluble in this acid and its
presence in the filtrate will interfere with the test for bismuth.

Cool the solution and pour it slowly into 20 ml. of water, wash
the dish with a few milliliters of water, adding this to the solu-
tion; allow the mixture to scttle and then filter. Reserve this
filtrate for the identification of the Bit++, Cu*+ and Cd** ions.
The white, finely crystalline precipitate is a good indication of
lead. Basic bismuth sulfate, (Bi0)2SO4, may appear at this
point, and may be mistaken for PbSO4; hence the confirmatory
chromate test for lead should be made.

Wash the white precipitate with a little water nd then pour
through the filter 10 ml. of hot NH4C;H30; solution. Reheat the
filtrate and repeat the extraction. Add a few milliliters of
acetic acid and several drops of KyCrO4 to the filtrate. The
yellow precipitate of PbCrO4 shows the presence of lead.

Separation of Bi(OH)3; and Identification of Bismuth. Ncu-
tralize the filtrate from the lead separation with dilute NH,OH,
and then add a few millilitersin excess, in order to dissolve copperand
cadmium hydroxides. The white precipitate remaining is Bi(OH)s.

Filter off the white precipitate and wash it with water. Dis-
solve a portion in a few drops of dilute HCl and pour theé solution
into about 50 ml. of warm water. A white precipitate or tur-
bidity is due to BiOCl.

The test for bismuth is carried out as follows: Prepare fresh
sodium stannite, NaSnO,, by adding NaOH to a few milliliters
of SnCl, solution until the precipitate, which first forms, dissolves.
Cool the reagent and add a few drops to the Bi(OH)3 remaining
on the filter paper. The residue will turn dark owing to the
reduction of the bismuth to the free state.

Identification of Copper. The deep blue solution obtained dur-
ing the Bi(OH);3 separation, owing to complex copper-ammonia
ions, Cu(NHj)4t, is usually sufficient proof of the presence of
copper (see note under arsenic test, page 302).
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For traces of copper, the test with potassium ferrocyanide,
K Fe(CN)g, is more sensitive. To carry out this test, take a
small portion of the solution, make it slightly acid with H,S0,
and add a few drops of dilute K4;Fe(CN)g solution. A reddish
brown color due to CuzFe(CN)g identifies copper. Care must
be taken not to add an excess of the reagent, otherwise white
Cd;Fe(CN)g will form.

Identification of Cadmium. The only test by which cadmium
can be recognized is the formation of yellow cadmium sulfide.
Since under the present conditions copper is also present, the
precipitation of black CuS obscures the color of CdS. Accord-
ingly CuS is prevented from precipitating by the use of KCN.
This reagent suppresses the concentration of the copper ion to
such an extent that, when H,S is added no black sulfide of copper
can form. '

In carrying out this test use utmost care with KCN, since this
reagent is a violent potson. Carry out the test under the hood.
Proceed as follows:

Add KCN to the deep blue solution until the color is discharged
and the precipitatec which first forms dissolves in the excess of
reagent. Then saturate the solution with H,S. Under these
conditions copper does not precipitate but cadmium does as
yellow CdS. If this sulfide precipitate is dark-colored, treat it
with 3 ml. of 1:4 H,SOy, filter, dilute the filtrate to about 50 ml.
and pass in HyS. A yecllow precipitate shows the presence of
cadmium. ,

See the preliminary experiments with KCN for an explanation
of the above test for cadmium in the presence of copper (page 143).

THE Ions oF DivisioNn B, Grour II
ARSENIC, Asttt AND Astt+++

‘Arsenic forms two series of compounds: the arsenious, in which
the element is trivalent, and the arsenic, in which the element
is pentavalent. These compounds may be considered as being
derived from the two oxides, As;O3 and AssOs. Moreover, these
oxides are somewhat amphoteric and hence give rise to salts in
which the element may be either in the cation or in the anion
form. Thus the trivalent forms may be such compounds as
AsCl; and H3AsO; or HAsO, whereas the pentavalent forms
are such compounds as AsClg and H3AsO,.
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The arsenious test solution supplied in the laboratory contains
arsenic in its trivalent forms. It can be prepared by treating
Asp0O3 with dilute HCIl. Arsenic trioxide dissolves to a limited
extent in water, according to the equation:

A8203 + 3H20 = 2H3ASO3

The product formed, here written as orthoarsenious acid, is an
amphoteric substance and may also be assigned the formula
As(OH)3. Asatribasic acid, this substance ionizes in three stages,
as shown by the equations:

H3ASO3 =H* + H2A803—
H2A803_ = Ht+ + HASO:;—‘
HAsO;~ = H* + AsO,=

giving rise to the thrce anions in decreasing concentrations.
Furthermore, by the loss of a molecule of water from the ortho
form, meta-arsenious acid, HAsO,, is formed:

H3As03 — HAsO, 4 11,0

Meta-arscnious acid is a weak monobasic acid which, by under-
going slight dissociation, produces the meta-arsenite ion:

HAsO, = H* + AsOy

Although these four anion forms may exist in an arsenious so-
lution, the undissociated HAsO; undoubtedly predominates.
Moreover, acidification of an aqueous solution of the oxide in-
creascs the solubility of the oxide and promotes the formation of
the cation in the form of ionized AsCl;.

H3As05 4+ 3H* 4 3C1" &= Ast++ + 3Cl1 4 3H0

Since this reaction is reversible, a solution of As;O3 dissolved in
HC! contains the several anion forms as well as HAsO, and
Ast+t+ the relative amounts depending on the concentration of
the HCl present.

The test solution containing pentavalent arsenic may be made
by dissolving arsenic pentoxide in water:

A5205 + 3H20 = 2H3A.SQ4
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formmg arsenic acid, which may, like H;;AsOs, undergo ioniza-
tion in three stages, thus:

H3AsOy = H* 4+ HyAsO4"
H;AsO, = H* + HAsO4~
HAsO4~ = H* + AsO,=

Such a solution consists chiefly of the H,AsO,~ ion but con-
tains a certain, though small, concentration of HAsO,~ and a
still smaller concentration of the orthoarsenate, AsO4=, ion.

The reactions of arsenic with hydrogen sulfide are extremely
important and the best conditions for the precipitation of the
sulfides of arsenic must be clearly understood if trouble is to be
avoided. 1If HyS is passed into a solution containing arsenic in
its trivalent forms, the solution being first acidified with HCI
(2.5 ml. of concentrated HCL per 50 ml. of solution), an imme-
diate and rapid precipitation of yellow arsenious sulfide, As,Ss,
results.  Since the arsenic is present almost entirely in the form
of HAsQ, the reaction is best shown by the equation:

2HAsO3 + 3H.S = AsyS; + 4H,0

If the arsenious solution is too weakly acid with HCI, the
sulfidle will not precipitate and coagulate; instead colloula,l
AsyS; will form and produce a yellow turbidity.

With solutions containing the arsenate (pentavalent) forms,
the cffect of HoS is more varied, depending upon the conditions
of acidity and temperature.

These conditions may be summarized as follows:

1. If hydrogen sulfide is passed into a cold solution of an
arsenate containing a very large excess of concentrated hydro-
chloric acid, the arsenic is precipitated mainly as the ycllow
pentasulfide, AsySs: .

H3As0,4 + 5H2S = As,S; + 8H0

2. If, under the same condition of high acidity, the solution
is heated and H,S is passed in, some of the arsenic is precipitated
directly as As;S;5 and some is first reduced by the HsS to HAsO,:

H3AsO4 4+ HpS = HAsO, + S + 2H,0
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and then precipitated as AsyS;3:
2HA802 + 3HQS = ASzSg + 4H20

and there will result a mixture of AsySs, AsoS3 and S.

3. If the acidity is only moderate (2.5 ml. of concentrated
HCI per 50 ml. of solution) and the solution is cold, the arsenate
is slowly reduced by the HsS and only after a long time will there
be formed a precipitate consisting of the trisulfide.

4, If a reducing agent such as ammonium iodide is added to a
moderately acidified solution of an arsenate and then H,S is
passed into the solution, there will be a rapid precipitation of
As,S3.  The reduction of the arsenate solution by NH4I may be
shown by the equation:

H3As04 + 217 + 2H* = HAsOq + I + 2H50

Arsenic pentasulfide is soluble in ammonium polysulfide sulfide,
according to the equation:

AsoSs + 3S= = 2AsS=,

forming the complex thioarsenate ion, analogous to the AsO4=
ion, in which sulfur has replaced oxygen in the anion.

Arsenic trisulfide likewise dissolves in this reagent, the arsenic
being at the same oxidized, forming the thioarsenate ion, iden-
tical with that formed from the pentasulfide. The equation for
this reaction may be derived on the basis of the following consid-
erations. The oxidizing agent is probably the disulfide ion,
S.=, present in the polysulfide reagent. This may be considered
as being reduced to the monosulfide ion:

S~ + 2¢ = 25= (1)

The AsoS; is converted into the thioarsenate ion as indicated in
the equation:
As,S3 + 58— = 2AsS,= + 4e : (2)

As a net result we have, multiplying equation (1) by 2 and
adding the two equations:
AsoS3 + 5= 4 28, = 2As84=

This equation, regarded from a molecular standpoint, would
be written:

AsoS3 + (NHy)S 4+ 2(NH,)S, = 2(NH,)3AsS,
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When a solution of thioarsenite is acidified with dilute HCI,
AsoS; precipitates. Likewise when a thioarsenate solution is
acidified with dilute HCI, the pentasulfide precipitates and HoS
is evolved:

2AsS,= + 6H+ = AsoS; + 3H,S

The sulfides of arsenic are also soluble in hot, concentrated
HNOQOj;. In the case of As;S3 the arsenic is oxidized to the arse-
nate form and NO; is evolved, the sulfide ion being oxidized
cither to free sulfur or to SO4~.

In the case of AsySj;, the products are HyAsO4™, S, NO; and
water. The balancing of the equation for the action of concen-
trated HNO3 on AseSs is accomplished as follows. The nitrate
ion is the oxidizing agent and is reduced to NOg, requiring one
electron for each NO3™ reduced:

NO;;— + 2H+ -+ le = N02 -+ Hzo (l)

The other half-cell reaction is the oxidation of the 5 sulfide
ions to free sulfur:

53~ = 53% + 10e

and this, combined with the formation of H;AsO, , which re-
quires 4 oxygen atoms for cach atom of arsenie, results in the
equation:

AS2S5 + 8H20 = 2:['12ASO4~ + 12H+ + 5S + 10e (2)

Obviously, to balance electrons, equation (1) must be multiplied
by 10, and we have:

10NO3;~ + 20H* + 10e = 10NO; + 10H,0
ASzS5 + 8H20 = 2H2ASO4— + 12H+ + 5S '+' 106
Ast5 + 10NO3_ -+ SH+ 10N02 -+ 2H20 + 2H2ASO4_ + -_S_S_

Arsenites are reducing agents and are oxidized by a number of
oxidizing substances. The reaction with iodine is an important
one since, as we shall see later in the study of anions, it is em-
ployed to distinguish or detect arsenites in the presence of
arsenates. The reaction is:

ASOz— + 2H20 + Iz = H2A804- + 21 + 2H+
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Arsenates act as oxidizing agents toward certain substances
as, for example, HS, as already shown. The reaction toward the
iodide ion:

H3AsO4™ + 217 4 2H* = AsOy” + 2H,0 + I

is, as will be obscrved, the reverse of the reaction of arsenites
toward I,. In fact, the two equations just given reveal an inter-
esting reversible reaction. The latter equation represents the
test for an arsenate in the presence of an arsenite, as conducted
in the anion procedure.

For identifying tests for the arsenate ion, as applied in the
cation procedure, there are three important reactions. These are:

1. Silver nitrate, in a neutral solution will precipitate chocolate-
colored silver arsenate:

3Agt + AsO4= = AgaAsOy

2. Magnesia mixture (a mixture of MgCl; and NH,OH, buf-
fered by NH4Cl) forms a white, crystalline precipitate of mag-
nesium ammonium arsenate:

MgH + NH4+ + ASO[:‘ = MgNH4ASO4

3. Ammonium molybdate, in a warm, nitric acid solution,
reacts to form a bright yellow, finely divided precipitate known
as ammonium arsenomolybdate:

AsO4= + 12MoO,= + 3NH* + 24H+ =
(NH,)3As04 12MoO; + 12H,0

In molecular form this equation is written:
H3As04 + 12(NH,4)2MoOy4 + 21HNO; =
(NH,4)3As04-12Mo0O3 + 2INH4NO; + 12H,0

Reactions analogous to (2) and (3) take place with the phos-
phate ion but not with the arsenite ion.

PRELIMINARY EXPERIMENTS

1. Precipitation and Properties of As,S; and As,S;. (a) To
5 ml. of arsenite test solution add 2.5 ml. of concentrated HCI,
dilute to 50 ml. and pass in HyS. Note the color of the sulfide
formed and write the equation. Reserve the precipitate for
further experiments.
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(b) Repeat the experiment using the arsenate test solution.
Is there an immediate precipitate formed? Heat the solution
and again pass in HoS. What is formed?

(¢) Dilute 5 ml. of arsenate test solution to 45 ml. with water,
add 2 ml. of ammonium iodide reagent and acidify with 2.5 ml.
of concentrated HCl. Show what happens by writing the equa-
tion. Then pass HgS into this reduced solution. What forms?
Give the equation.

Action of Ammonium Polysulfide on AsySz. Filter off the
As2S; obtained in (a) above, transfer it to a small dish and treat
it with a few milliliters of (NHy)2S,, stirring until solution takes
place. In what form is the arsenite now? Give the equation.

Acidify the solution containing the thioarscnate with dilute
HCl. What is the precipitate which forms?

As.S5 is insoluble in concentrated HCl. Dissolve it by treat-
ing with concentrated HNOj;. Show how the equation is
balanced.

2. Tests for the Arsenate Ion. Perform the following experi-
ments, which reveal the properties upon which identifying tests
for arsenic arc based.

(a) To the solution obtained by dissolving AssSs in nitric acid,
add NH4OH until the solution is neutralized as shown by litmus
paper, and then add some silver nitrate reagent. What color is
silver arsenate? Write the equation.

(b) To a solution of an arscnate, add an equal volume of mag-
nesia mixture. If precipitation does not result at once, shake
the tube vigorously and set aside for further observation.  Deseribe
the precipitate and give the equation for its formation.

(c) Add dilute HNOj to a few milliliters of arsenate test solu-
tion, add ammonium molybdate and warm but do not boil.
What is the finely divided yellow precipitate? This is an im-
portant reaction and the balancing of the equation should be
mastered.

ANTIMONY, Sbt++ AND Sb*++++

Antimony, like arsenic, forms two series of compounds, the
trivalent or antimonious, and the pentavalent or antimonic. The
two important oxides, Sb2O3 and SbyOj3, are amphoteric and both
yield, like the corresponding oxides of arsenic, two types of com-
pounds in which the element may exist in cither cation or anion
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form as, for example, ShClz and H3SbOs, representing trivalent
forms, and SbCl; and H3SbOy, typical of the pentavalent types.
Antimony salts are casily hydrolyzed like those of bismuth and
tin; they yield insoluble compounds.

Among the trivalent forms, SbCl; and SbsS;, are the most
important salts from an analytical standpoint. SbCls, when
treated with water, readily hydrolyzes to SbOCI:

SbCl; + HOH = SbOCl + 2Cl™ + 2H*

SbOCI is antimonyl chloride, somctimes called antimony oxy-
chloride, and contains the antimonyl, SbO, group. The test
solution containing the trivalent ion is made by adding sufficient
HCl to SbCl; to prevent hydrolysis to SbOCL. The antimonyl
ion unites with a number of organic anions to form stable organic
complexes; for example, with the tartrate ion, (ShO)C,H,04"
ions are formed, in this way preventing the precipitation of
antimony compounds. In a solution of SbCly containing a large
amount of concentrated HCI, the antimony probably exists as
SbClg=, the chloroantimonite ion.

The important pentavalent compounds are ShCls;, SboS5 and
orthoantimonic acid, H3SbO4. The latter results when Sb(lj
completely hydrolyzes:

ShCls; + 4HOH = H;ShO, + 5H+ + 5C1°

Both SbaS; and SheS; are orange-red in color and are readily
precipitated when HoS is passed into solutions of SbCl; and
SbCls, respectively, provided these solutions are not too strongly
acidified.

Both sulfides dissolve in ammonium polysulfide to form the
thioantimonate ion. In the case of ShyS;, the complex thio-ion
forms directly:

Sb2S5 + 35 = 2SbS4:

In the case of SboS;3, however, the antimony is oxidized to the
pentavalent state, forming the thioantimonate ion. As with
arsenic trisulfide, the oxidizing agent is probably the disulfide
ion, S,=, this half-cell reaction doubtless being:

So= + 2¢ = 28—

The oxidation of SbyS; and conversion into SbS,= may be rep-
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resented by the equation

SbeS3 + 58= = 25bS4= + 4e
giving

SbeS; + 2S,~ + 8= = 28bS,=

Acidification of a thioantimonatc solution results in the pre-
cipitation of SboSs:

ZSbS‘{i + 6H+ = Sngs + 3st

Both sulfides are soluble in concentrated HCI, forming Sh+++,
In the case of the pentasulfide, the dissolving is accompanied by
reduction of the Sb+++++ to Sh*'+ and liberation of sulfur:

SbeSs -+ GH* = 28ht++ 4 3H,S + 28

Antimonic salts are reduced by iodides such as NH4I to the
trivalent state; the iodide ion is oxidized to Is.

Metals standing above antimony in the electromotive series
will reduce the ions of antimony to the metallic condition.  With
aluminum, the Sbh forms a black, spongy deposit. This redox
reaction is resolved into:

Al°

Il

Al + 3e
Sht++ 4 3¢ = Sh°
Al? 4 Sh+++ = Alt++ 4 ShO

- By using a Zn—Pt couple, the deposited Sb appears as a black
stain on the surface of the bright platinum. The stain is insoluble
in sodium hypochlorite. The reduction of antimony to the
metallic state is a common test for this clement. A further, con-
firmatory test is that carried out by the dyestuff, rhodamine-B.
This test is deseribed below.

PRELIMINARY EXPERIMENTS

1. Precipitation and Properties of SbyS; and SbeS;. (a) To
5 ml. of SbClj; test solution, add 2.5 ml. of concentrated HCI, dilute
to 50 ml. and pass in HoS. Note the color of the sulfide formed
and write the equation. Reserve the precipitate for further
experiments.
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(b) Repeat the experiment using a solution of SbCl;. What
forms? Write the equation.

Action of Ammonium Polysulfide on SbeSs. TFilter off the
Sb,Ss obtained in 1(a), transfer it to a small dish and add some
(NHy)2S2, warming if necessary to dissolve the precipitate.
What has formed? Compare the result with that obtained with
AsoS3.  Record the equation for the reaction.

Add concentrated HCI to the solution just obtained. In what
form is the antimony now? Account for the formation of sulfur.
Show how this redox reaction is balanced. ~

2. Separation of Antimony from Tin. Take 5 ml. of SbCl; test
solution, add 10 ml. of concentrated HCI, dilute to 50 ml. and heat
almost to boiling. While hot pass in H,S for 5 minutes. SbsS;
precipitates, but under the same conditions tin sulfide will not
precipitate. This constitutes a method for the separation of
antimony from tin.

3. Reduction of Antimony. To 2 ml. of SbClj test solution add
a few pieces metallic aluminum in the form of chips, turnings or
wire. Warm if necessary to start the reaction. What is the
black spongy deposit? Iixplain the action of Al.

4. Rhodamine-B Test. The dyestuff, tetracthyl rhodamine,
better known as rhodamine-B, forms a violet color with penta-
valent antimony. To conduct this test the trivalent antimony
solution must first be oxidized. Proceed as follows: Place not
more than 1 ml. of test solution in a test tube, add some crystals
of KNO, and several drops of concentrated HCl. After effer-
vescence has ceascd, add several drops of the dye reagent. A
distinct color change from bright red to violet will be observed.

TIN, Sn*+ AND Sn*+++

The clement tin cxists in two states of oxidation: one, the
stannous, in which tin is divalent and the other, the stannic, in
which tin is tetravalent. The compounds of tin may be con-
sidered as derived from SnO and SnQO;, respectively. These
oxides are amphoteric and hence yield salts in which the tin may
be present either as cation or anion just as in the case of antimony
and arscnic. The commonest salts are stannous chloride, SnCl,
and stannic chloride, SnCly. Like antimony and bismuth, the
salts of tin are readily hydrolyzed, precipitating insoluble com-
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pounds. The chlorides for exami)le react in the following way:
Sntt + 2Cl1" + HOH = Sn(OH)Cl1 4+ H+ 4 ClI°
Snt+++ 4+ 4C1” 4+ 4HOH = Sn(OH), + 4H* 4 4Cl1~

It is te prevent hydrolysis that the test solutions used in the
laboratory are acidified with HCI.

In a solution of SnCly containing a large amount of concen-
trated HCI, the tin probably exists as the chlorostannite, SnClg™,
ion rather than as Sn*+; likewise, in a solution of SnCly containing
considerable HCI, there is probably present the chlorostannate
ion, SnClg=.

Stannous hydroxide, Sn(OH),, precipitates when NaOH or
NH,OH is added to a SnCl, solution. The hydroxide is soluble
in an excess of strong base forming the stannite ion:

Sn(OH), + 20H™ = Sn0y= + 2H,0

The stannate ion, SnO3~, forms in the same way, when a
stannic solution is treated with an excess of NaOH. It is also
formed when the. stannite ion is oxidiZzed, as in the test for
bismuth.

From solutions containing stannous tin, HyS will precipitate
brown stannous sulfide:

Sntt 4 S= = SnS

Stannic sulfide is yellow and is formed when a stannic solution
is treated with HoS:

SnHH++ 4 258= = SnS,

Both SnS and SnS, dissolve in ammonium polysulfide to form
the thiostannate ion. With SnS,; the reagent forms directly the
complex ion:

SnSp 4+ S = SnS3=

With SnS, however, the Sn is oxidized to the stannic state
with the formation of the thiostannate ion. The reaction is
similar to those taking place with As,S; and SbgS3; and may be
written thus:

SnS + 8 = SnSy~
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When a solution containing SnS;= is acidified with dilute HCI,
stannic sulfide is precipitated

SnSz= + 2H* = SnS, + I.Iz—S
A similar behavior is shown, it will be reealled, by the thioarsenate

and the thioantimonate ions.
Stannic sulfide is also soluble in concentrated HCI:

SnS; 4+ 4Ht 4 4C17 = Sn++++ 4 4C17 + 2H,S

Comparing the action of concentrated HCI here with its action on
SboSs it will be remembered that, in the latter, the dissolving of
the pentasulfide is accompanied by a reduction of the antimony to
Sb+++.  Further, As,S; is not attacked by concentrated HCL.
These differences are of importance in the scheme of separation.

The readiness with which the ions of tin arc oxidized and reduced
are important properties of this element.

Stannous solutions are strong reducing agents; in this connec-
tion the test for bismuth which uses a solution of sodium stannite
should be recalled; in this test Bittt is reduced to the metallic
form and the stannite ion becomes oxidized to the stannate form.

Metals which stand above tin in the electromotive series will
either displace tin from its solutions or clse reduce Sn++++ to Snt++,
Metallic zing, for example, if placed in a stannous chloride solution,
will reduce the ion to metallic tin. This redox reaction may be
written thus:

Sn++ + 2¢ = Sn°
n° = Zn'*‘+ + 2
Sn+t 4+ Zn” = Sn + Zn*++

This reaction is sometimes ecmployed as a test for tin,

Metallic iron, such as an iron nail, will reduce the stannic to
the stannous form; the equation is balanced by the half-cell re-
actions:

Fe® = Fett 4 2
Snt++ 4 2¢ = Sntt+

Sn++++ 4 Fe® = Sn++ 4 Fet+
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Mercuric chloride is reduced by SnCly, first to HgoClg, which is
then reduced to Hg. 'This constitutes one of the tests for tin; it
will be recalled that, conversely, this reaction is the test for mer-
cury. The reaction has already been discussed under ‘“ Mercury,”
page 123.

PRELIMINARY EXPERIMENTS

1. Precipitation and Properties of SnS and SnS;. Place 5 ml.
of SnCl; test solution in a beaker, dilute to 100 ml. and pass in
H,S. Note the color of the precipitate. Write the equation.
While the precipitate is being filtered, repeat the experiment with
5 ml. of SnCly test solution. Note the color of the precipitate,
write the cquation and filter off the SnS,.

Action of Ammonium Polysulfide on the Sulfides of Tin. Treat
the SnS and SnS, with (NH,)2S,. In what form is the tin in the
filtrate from the SnS?  Write the equation. Likewise, write the
equation for the action of (NH,)2S; on SnSs. :

Combine the two filtrates containing the thiostannate ions and
acidify with dilute HCl. What is the yellow precipitate which
forms? Give the cquation.

Action of Concentrated HCl on SnSs. TFilter off the precipitate
obtained in the above experiment, wash thoroughly and then treat
it with concentrated HCL.  Compare the action here with the cor-
responding experiments with AseS; and ShaSs.

2. Reduction of Tin Salts. T'o 2 ml. of SnC'l, solution, acidified
with HC], add an iron nail. To what is the ion reduced and the
iron oxidized? Show this by a redox cquation.

3. Mercuric Chloride Test for Tin. To the stannous chloride
solution obtained in experiment 2 add HgCl, reagent.  Note how
the color of the precipitate changes as the reagent is gradually
added. Give the equations.

4. Flame Coloration Test. Place about 1 ml. of stannous
chloride solution in a small dish; add a small quantity of dilute
HCI and a picce of zine. Place some cold water in a crucible and,
after action of the acid with the test solution has proceeded for
some time, pick up the crucible with a pair of tongs, immerse it in
the test solution and then hold it in the practically colorless flame
of a burner. Where the flame impinges upon the lower part of the
crucible, there will be observed an intense, blue-colored flame.
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REVIEW EXERCISES — SET 12

1. Give formulas for the several ions derived from (a) trivalent and penta-
valent arsenic; (b) trivalent and pentavalent antimony and (c¢) stannous and
stannic tin.

2. Assemble the equations for the reactions which take place during the
precipitation of the sulfides of arsenic, antimony and tin when test solutions
are treated with H,S.

3. Write the equations showing how AssS;, As2Ss, SbeS3, SboSs, SnS and
SnS. dissolve in (NHy)2Ss.

4. Show the result of acidifying solutions containing (NH,;)3AsSy,
(NH,4)3SbS4 and (NHj4)2SnS3 with dilute HCL, by writing the corresponding
equations.

6. Compare the behavior of AssS;, SboS; and SnSs toward concentrated
HCI by giving the proper equations for the reactions. Iow, then, would
you separate arsenic from antimony and tin?

6. What are three tests for arsenic? Give the equations for the reactions,
together with the color and nature of the products formed with the test
reagents.

7. What difference in property of the metal may serve to separate
antimony from tin? Explain the action involved.

8. Describe two tests for antimony and two for tin.

9. Under what conditions is arsenic best precipitated as a sulfide? Tin?
Cadmium?

10. Carefully review the preliminary experiments and assemble, in the
form of equations, the instances in which each element is either oxidized or
reduced.

OUTLINE OF METHOD OF ANALYSIS OF THIS SUBGROUP

Summarizing the properties of arsenic, antimony and tin as re-
vealed in the preliminary experiments and review exercises it ap-
pears that:

1. By due care in regulating the acidity, volume of solution and
temperature, the sulfides of arsenic, antimony and tin are precipi-
tated by H,S.

2. These sulfides dissolve in ammonium polysulfide to form the
complex thio-ions, namely AsS,=, SbS,= and SnS;~.

3. Acidification of the solutions containing these ions with dilute
HCI results in the reprecipitation of AssSs, SboSs and SnS,.

4. By the action of concentrated HCI, ShyS; and SnS, are dis-
solved but AssS; is not; this furnishes the means of separating
arsenic from antimony and tin.

5. AsS;may bedissolved in concentrated HNOz and the arsenate
ion thus formed may be identified by the use of either AgNO;,
magnesia mixture or ammonium molybdate.
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6. Antimony may be separated, if desired, from tin by a care-
ful control of the sulfide-ion concentration, under conditions in
which Sb2S3 may precipitate and the sulfides of tin may not.

7. Identifying tests for antimony and tin are described in the
preceding experiments.

PracTICE ANALYSIS OF A MIXTURE CONTAINING ARSENIC,
AntiMONY AND TIN IonNs

Theseparation and detection of arsenic, antimony and tin present
more cxperimental difficulties than the other cations. The condi-
tions of precipitation, subdivision and final identification must be
precisely regulated, and more than usual care and experience are
necessary for successful results. For these reasons, in the pro-
cedure for the analysis of a known mixture which follows, the condi-
tions encountered in the analysis of unknown samples are adhered
to as closely as possible.

Group Precipitation. Prepare a mixture containing arsenie,
antimonous and stannic ions by taking 5 ml. of cach of these test
solutions. Neutralize the solutian with dilute NH,OH, add ex-
actly 2.5 ml. of concentrated HCI, add NH,4I, transfer to a measur-
ing cylinder and dilute to 50 ml. Icat the solution almost to
boiling and pass in HeS for 5 minutes. Then cool and dilute to
100 ml. and again pass in H,S.

The purpose of the ammonium iodide is to reduce the arsenic
to the arsenious condition, in which condition the precipitation
with HoS is more rapid.

The precipitation reactions are:

2HA.802 + SHQS = ASst + 4H20
2Sb+++ 4 35~ = ShoS3
Snt+++ 4+ 285= = SnS,

Filter off the precipitate, washing twice with a few milliliters of
water. Discard the filtrate and washings. Transfer the precipi-
tate to a small beaker, add 10 ml. of ammonium polysulfide, warm
and stir. When the precipitate has dissolved, add 10 ml. of water
and filter off the residue of sulfur.

In order to reprecipitate the sulfides, so that their further separa-
tion can be effected, add enough dilute HCI to neutralize the solu-
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serve the intense bluish color of the flame along the margin of the
unglazed bottom of the crucible.

APPLICATION OF THEORY TO THE ANALYSIS OF THIS (FROUP

In this, more than in any other cation or anion group, there are
abundant examples of practically every fundamental principle and
phenomenon involved in qualitative analysis.  Outstanding among
these is the classic example of common-ion effeet, encountered in
the precipitation of sulfides. Phenomena of complex-ion forma-
tion, amphoterism, hydrolysis, oxidation and reduction are abun-
dantly illustrated. These are discussed in detail below.

Theory of the Sulfide Precipitation. If H,S is passed into neutral
solutions containing ions such as Hg++, Cutt, Mn*+, Fett, ZnH'",
the corresponding sulfides will be formed; some of the sulfides, it
is true, will precipitate more rapidly than others, but eventually
all will be precipitated. If, however, the solutions are first acidified
with HCI in the proportions of 2.5 ml. of concentrated HCI per
100 ml. of solution, and then HyS is passed in, only the sulfides
of Group IT will be precipitated. These facts form the basis for
the separation of Group IT from Group ITI.

To explain the action of HyS as a precipitating agent under these
conditions, the following three points must be considered:

1. The ionization of H,S.

2. The solubility product constants of the sulfides of these two
groups.

3. The effect of a common ion on the HyS equilibrium.

1. The Ionization of HoS. Hydrogen sulfide is a weakly ionized,
dibasic acid. It dissolves to some extent in water, forming at
room temperatures a solution which is about 0.1 M. It ionizes
in two stages, forming first H* ions and hydrosulfide, HS™, ions:

H,S = H+* + HS™ (primary ionization)
(dissolved)

The hydrosulfide ions further ionize to a slight extent into sulfide
ions and hydrogen ions, according to the reaction:

HS™ = H* 4+ S= (secondary ionization)

The primary and secondary ionization constants of H,S and the
concentrations of hydrogen ion, hydrosulfide ion and sulfide ion
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which can exist in equilibrium with dissolved non-ionized H,S
have been determined by experiment. It has been found that in
a liter of saturated solution of HyS dissolved in water at 25° C.
the concentrations are respectively 0.95 X 10™* gram-ion of hy-
drogen ion, 0.95 X 10™* gram-ion of hydrosulfide ion, 1.2 X 107%
gram-ion of sulfide ions and 0.1 gram-mole of HyS. If we combine
the equilibrium expressions for the primary and secondary ioniza-
tion of HoS, namely:

Cae X Chs: = K, (primary) and Cur X Cs-

Crm Cre- = K, (secondary)

we obtain the expression:

(Cy+)? X Cs-

G = K3 (ionization constant of H,S) = 1.1 X 10722
H.S

Since, however, we are mainly interested in the amount of sulfide
ion which is available for the precipitation of sulfides, and in the
amount of H* ion which can be regulated at will, it is more con-
venient to rewrite the above expression in the form of the product
of the ions by transposing the factor Cy,g, which is practically
constant (0.1 gram-mole).  The product of the square of the hy-
drogen-ion concentration and the sulfide-ion coneentration be-
comes:

(Cug)? X Cg- = 1.1 X 1072 X 0.1 = 1.1 X 1072

In a liter of saturated oS the value of Ht is, as already stated,
0.95 X 107*, and for S=itis 1.2 X 1075, Inasmuch as the above
product, represents an equilibrium condition, the value of 1.1 X
10722 will always be maintained, though the concentration of H+
or S~ may be varied at will. If the H* ion concentration is greatly
increased by the addition of a strong acid like HCI, the S= ions in
equilibrium must greatly decrease; or, if the H* ions are practically
removed by the addition of a bhase like NH4OII, the S~ ion con-
centration becomes enormous. ‘

2. Solubility Product Constants of Sulfides. In order for a precip-
itate of any sulfide to form, the product of the ion concentration
of the cation and that of the sulfide ion must exceed the value of
the K, ;. of the sulfide in question. The solubilities in grams and
in moles per liter and the solubility product constants for a number
of sulfides are given in Table XI.



170 THE REACTIONS OF THE CATIONS

TABLE Xl

. Solubility in Solubility in Solubility Product
Sulfide Grams per Liter Moles per Liter Constant (Kg.p.)
HgS 1.5 X 1072 6.4 X 10727 4.1 X 10753
CuS 8.8 X 1072 9.2 X 1072 8.5 X 10745
CdSs 8.6 X 10713 6.0 X 10715 3.6 X 10720
PbS 4.9 X 10712 2.0 X 10714 4.0 X 10728
ZnS 3.3 X 10710 3.4 X 10712 1.2 X 10723
FeS 3.4 X 1078 3.9 X 10710 1.5 X 1071
MnS 3.3 X 107¢ 3.8 X 1078 1.4 X 10718

These data have been collected from various sources.  Data for
the other insoluble sulfides of the metals either have not been deter-
mined or else are unreliable.  Data for CoS and NiS are frequently
given in solubility product tables, but the values are for allotropic
forms of these sulfides and are not comparable to the values for
other sulfides given in Table XI.

Reealling the fact that the constants represent solutions sat-
urated with respect to the metallie and sulfide ions and using such
concentrations of metallic ions as are employed in the test solutions,
a sufficient suifide-ion coneentration from the ionization of HoS
can be maintained to exeeed the value for the respeetive solubility
product constants.  The extremely small values for the constants
for HgS and Cu$, for instance, are quickly reached and exceeded;
whereas, by using test solutions of the same strength for, say, zine
and manganese, relatively much greater concentrations of sulfide
ion are required for saturation and subsequent precipitation of ZnS
and MnS. It is convenient for the analyst to make a separation of
the sulfides into two main groups (Group II and Group I1I). This
is done by regulating the amount of S= ion available for precipita-
tion, and is accomplished by the common-ion effect.

3. The Effect of the Common Hydrogen Ions on the H2S Equilib-
rium. The condition to be adjusted to bring about a division of
the sulfides into two groups is to limit the amount of S= ion which
can exist in equilibrium with non-ionized H,S, and this in turn is
brought about by increasing the H* ion concentration through the
addition of HCl. The order in which the sulfides are precipitated
by successively decreasing the amount of HCl added (decreasing
the amount of common ion) is: As,S;, HgS, CuS, ShsS3, BisS;,
SnS,, CdS, PbS, SnS, ZnS, CoS, NiS, FeS, MnS.



COMPLEX-ION FORMATION 171

For practical analytical purposes it is best to precipitate the
sulfides of arsenic, antimony and tin, mercuric mercury, copper,
bismuth, cadmium and lead and treat thesc as Group II. The
cations of zine, iron, nickel, cobalt, manganese, together with alu-
minum and chromium, are then left in solution to be later precip-
itated under conditions of high S= ion concentration and treated
as Group III. The proper condition of acidity (H* ion concen-
tration) to cffect the precipitation of Group II sulfides and at the
same time to prevent the precipitation of Group III sulfides, is
attained by adding 2.5 ml. of concentrated HCI to the solution,
which is finally diluted to 100 ml. This corresponds to about a
0.3 M solution. Neglecting the small concentration of H*t ion
already associated with H,S, thc new H* concentration is 0.3.
The new S= concentration can be calculated as follows:

(03)2 X Cg- = 1.1 X 1072
Therefore, Cs- = 1.2 X 10722

This extremely small concentration of ionic sulfur is still sufficient
to cause precipitation of the metallic ions included in Group II.

Summarizing, the thcory of the sulfide precipitation can be
stated thus: By the repression of the sulfide ions through the ad-
dition of common H* ions the solubility»product constants are ex-
cceded only in case of the eations of Group II.

Complex-Ion Formation. The formation of complex ions is also
of considerable importance in the procedure of analysis.  The be-
havior of arsenic, antimony and tin to form the complex metal-thio
ions, namely, AsS;=, SbS;= and SnS3=, through the action of
(NH4)2S2 on the sulfides of this subgroup is utilized to separate
this subgroup from Division A. These complex thio ions are rel-
atively unstable.

The method of separation of bismuth from copperand cadmium de-
pends upon the formation of the cupric ammonia and cadmium am-
monia complexions. Moreover, the deep blue color of Cu(NHgz),*+
is a strong indication of the presence of copper.  Finally, recourse
is had to the relatively greater stability of the cuprous cyanide com-
plexion as compared to the cadmium cyanide complexion in detect-
ing cadmium in the presence of copper.

As already noted in the preliminary experiments, certain salts
of mercury, bismuth, antimony and tin are subject to hydrolysis,
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with the formation of insoluble basic salts. In fact, the hydrolysis
»f BiCl; to yield BiOCl constitutes a test for bismuth, and the
presence of bismuth and antimony in the solution prepared for the
analysis of Group I is usually revealed by -the oxychlorides or
oxynitrates of these elements.

Mention may also be made of the amphoteric nature, particularly
of arsenic, antimony and tin as these elements undergo a series of
changes involving cation and anion forms during their precipitation
separation and identification.

Redox Reactions. These reactions are of very frequent occur-
rence. Thisis to be expected, inasmuch as all the elements of this
group with the exception of cadmium have more than one valence,
and all with the exception of cadmium and lead undergo oxidations
or reductions in the process of analysis. Theions of these elements,
therefore, in the oxidized state (higher valence) may act as oxidiz-
ing agents, and the lower-form ions may act as reducing agents.
Among the reagents employed may be mentioned the oxidizing
solvents, namely, nitric acid, aqua regia and ammonium poly-
sulfide; the precipitating reagent, H,S, which exerts a reducing
effect; concentrated HCIl, which acts as a reducing solvent on
SbeS5, and KCN, which, though used as a complex-ion forming
reagent, reduces the copper to the cuprous state. In addition to
these reagents, whose primary function is not oxidation or reduc-
tion, stannous chloride, sodium stannite and certain metals are
cmployed as reducing agents.

THE AMMONIUM SULFIDE GROUP—GROUP III

NICKEL, Nit++ ALUMINUM, Al+++
COBALT, Co** CHROMIUM, Cr+++
MANGANESE, Mn** ZINC, Znt+

IRON, Fe** and Fe*t++

The cations of this group are those that are precipitated by
H,S from an ammoniacal solution containing ammonium chloride.
The precipitating agent is ammonium sulfide, (NH,),S, formed by
neutralization of the HyS by the NH,OH. The precipitating ion
is the S=ion resulting from the ionization of (NH,)2S. The cations
included here are: Nit+, Cot+, Mn**, Fett and Fett+, Zntt,
Al***+ and Crt**. The group reagent will precipitate NiS, CoS,
MnS, FeS, Fe,S;, ZnS, together with AI(OH)3 and Cr(OH);. The
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sulfides of this group are formed only under conditions of rather
1igh sulfide-ion concentration, since their solubility product con-
stants are large compared with those of Group II. Hydrolysis
sakes place in the cases of aluminum and chromium, precipitating
the hydroxides instead of the sulfides of these two metals.

The first separation of the group precipitate is made by the
wction of 1:9 HCI, in which NiS and CoS are practically insoluble,
whereas the other sulfides and hydroxides dissolve readily. The
fltrate from this separation is treated with NaOH and NayO,,
which results in the precipitation of iron as Fe(OH )z and of man-
ganese as basic oxide MnO (OH),, leaving in the solution aluminum,
chromium and zine¢ in the form of aluminate, AlOs™, chromate,
CrO4=, and zincate, Zn0Oy~, ions, which are then further separated
and identified as detailed later.

NICKEL, Ni+*

Nickel forms two series of salts, the nickelous, in which the va-
lence of nickel is 42, and the nickelic in which the valence of the
element is +3. The divalent compounds are better known and
much more stable than the trivalent forms. Nickelous salts and
the Nit* ion are green. Nickelous hydroxide, Ni(OH)s, 1s light
green and is converted by strong oxidizing agents into black nick-
clic hydroxide, Ni(OH);. The hydroxides are formed when an
alkali hydroxide, either NaOH or KOH, is added to a solution con-
taining the nickelous or nickelic ion.

Ammonia solution when added in equivalent amount to a
Ni(NO3)s solution produces a greenish precipitate of the basic
salt:

Nitt + NO3~ + OH™ = Ni(OH)NO3

An excess of the reagent will dissolve the precipitate forming a
complex ion:

Ni(OH)NO; + 4NH;3; = Ni(NHj),** + OH™ + NO;~

The complex tetrammono-nickel ion will form directly if the
ammonia reagent contains a considerable quantity of ammonium
salt such as NH4,Cl. Here we have an example of common-ion
effect, the high concentration of NH4* so depressing the OH™ ion
concentration that no precipitate can form.
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Nickelous sulfide, NiS, is best preeipitated by H,S from solu-
tions of nickelous salts which are made alkaline with ammonia.
NiS is black; it has a tendency to form a brown, colloidal solution.
The most favorable condition for the precipitation of NiS is from
an ammoniacal solution containing NH,Cl, for which the reaction
can be written:

Ni(NHj)4t+ 4+ 5= = 111_% + 4NH;3

NiS is so slowly attacked by dilute HCI that it (as well as CoS)
is not dissolved to any appreciable extent by this solvent; this
fact furnishes the means of separating NiS (and CoS) from the
other members of this group. It is, however, soluble in boiling con-
centrated HNO;3; and in-aqua regia, with which it forms NO, and
free sulfur. The reaction is written as follows:

2(NO3~ + 2H+ + le = NOZ + I’IQO)
NiS = Nit+ + 8 + 2
NiS + 2NOy~ + 4H* = Nit+ + 2NO, + 2H,0 + §

The best test for nickel is the reaction with dimethylglyoxime,
which forms a floceulent red precipitate of nickel dimethylglyoxime.
The test 1s usually conducted with an aleoholie, 10 per cent solution
of the reagent, in a solution faintly alkaline with ammonia. The
reaction may be written in empirical form:

2[(CH3)2(CNOH),] 4+ Nit+ 4 20H™ = .
Ni[(CH)o (CNOID (CNO)]» 4+ .2H,0

The formation of the nickel compound can be best shown by the
written equation in graphic form.

CH,—C—=NOH CHy—C=N —C—CH,

\\‘ /
CH;—C=NOH 0 0

N/
+ Ni+* 4+ 20H- Ni + 2H.0

CHs—(I)=NOH OH \OH

l |
CH;—C=NOH CH;—C=N N—C—CH;,

See page 86 for a discussion of the structure of this chelate
compound.
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This delicate test for nickel is the basis for the best method for
the quantitative determination of nickel. Cobalt ions do not react
in this manner, therefore this reaction is used as a test for nickel
in the presence of cobalt.

A bead of fused borax, when touched to a bit of powdered nickel
salt and held in the oxidizing part of the flame of a Bunsen burner,
will be colored a reddish brown. Borax, when fused, undergoes
decomposition, probably according to the reaction:

Na2B4O7-1OH20 — Bgo;; + 2NR]302 + 10H20

forming a solid solution of boron trioxide in sodium metaborate.
The nickel salt, such as Ni(NOj),, likewise decomposes when
heated to form NiO, which then reacts with the B2Oj; to form
nickel metaborate:

NIO + Bg();; = Nl (BO2)2

PRELIMINARY EXPERIMENTS

1. Action of Group Reagent on Nickel Solution. To 5 ml. of
nickelous nitrate test solution, add drop by drop a dilute solution
of NH,OH. Note that a greenish precipitate first forms.  What
i« it?  Give the equation for the reaction by which it is formed.
Continue the slow addition of ammonia reagent until the precipi-
tate dissolves, forming a solution which now contains the nickel
in the form of tetrammono-nickel ions.  Wrile the reaction.

Effect of NH4,Cl. To 5 ml. of test solution, add a quantity of
NH,C], and then slowly add NH;OH. What happens?  Explain
the function of the NH4CI.

The effect of NH4Cl on the solubility of the basic nickel com-
pound should also be shown by precipitating a quantity of the basic
sait and observing that it dissolves when sufficient NH4Cl is present..

Precipitation of Nickelous Sulfide, NiS. Pass into the solution
containing the deep blue complex ions a stream of HaS.  The first
action of HsS is to necutralize an equivalent amount of NH,OH,
producing therchy a rather high sulfide-ion concentration. The
sulfide ion then reacts with the complex nickel ion, precipitating
NiS. Show these steps by suitable equations.

Filter off the NiS. The filtrate is sometimes brown, owing to
the presence of colloidal nickel sulfide; the presence of NH4CI
during the precipitation aids considerably in lessening the tendency
toward colloidal formation.
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2. Action of Acids on NiS. Treat some of the NiS with a few
milliliters of 1:9 HCI (made by adding 90 ml. of water to 10 ml.
of concentrated HCI; reserve the remainder of this reagent for cor-
responding experiments with other members of this group). Does
the precipitate appear to dissolve?

To the remainder of the NiS add aqua regia. Does the sulfide
readily dissolve? Write the equation for the reaction. "The sul-
fur which separates is usually of a gummy nature and may be dis-
colored by some undissolved nickel sulfide.

3. Test with Dimethylglyoxime. To a solution of Ni(NOj),,
made faintly ammoniacal with NH,OH, add a fewdropsof dimethyl-
glyoxime reagent. Describe the result. Ascertain the structure
of the precipitate which forms.

4. Borax Bead Test. Scal a picce of platinum wire in the end
of a glass tube (if this has not already been done). Make a small
loop in the end of the platinum wire. Heat the loop to redness,
touch it to a quantity of borax, and fuse it in the flame of a Bunsen
burner. The operation may have to be repeated until a bead
somewhat larger than a pinhead is obtained.

Allow the clear bead to cool, moisten it and dip it into a very
small quantity of powdered Ni(NO3)2. Then hold it in the oxidiz-
ing (outside) portion of the flame and observe the result.

COBALT, Cot**

Cobalt, like nickel, may be cither divalent or trivalent in its
compounds. The divalent, cobaltous salts are commoner and in
solution are pink. Cobaltous hydroxide, Co(OH )s, is pink, chang-
ing by oxidation to brown cobaltic hydroxide. Like the hydrox-
ides of nickel and iron, the hydroxides of cobalt are not ampho-
teric. Many complex salts of cobalt are known, of which the most
important types arc those formed with ammonia, cyanide and
nitrite. The cobaltous ion, in many of its reactions, resembles the
nickelous ion.

Ammonia solution, when added in equivalent amount to a co-
baltous salt solution, produces a greenish blue basic salt. Thus,
with Co(NOg); test solution the reaction is:

Co+ + NO3~ + OH™ = Co(OH)NO; ‘

An excess of the reagent will dissolve the precipitate, forming a
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brownish solution of the hexammono-cobaltous ion:
CO(OH)NO3 + 6NH3 = Co (NH3)6++ + OH"™ + NO3~

On heating and exposure, this complex ion passes over into the com-
plex, Co(NHj3)gt+t, with change in color to pinkish purple. If
NH,CIl is present when ammonia is added, the Co (NHj3)gtt forms
dircctly.

Cobaltous sulfide, CoS, is best precipitated by HsS from solu-
tions of cobaltous salts which are made alkaline with ammonia.
The sulfide is black. It does not form colloidal solutions like NiS.
CoS, like the corresponding NiS, is practically insoluble in dilute
HCl but is readily dissolved by concentrated HNO; or aqua
regia. For the equation, see the corresponding reaction under
“ Nickel.”

A dclicate test for cobalt is by use of the organie reagent,
a-nitroso-g-naphthol. This reagent first oxidizes the cobalt ion
to the trivalent, cobaltic state. Then the hyvdrogen atoms from
the hydroxyl groups from three molecules of the substance, as
shown in the structural formula of the reagent, are replaced by a
trivalent cobalt atom, forming cobaltic nitroso-g-naphthol:

NO
|
3(Z XY NY—OH) + Cot+*+ = Co[CHg(NO)O3 + 3H*

/

The precipitate has a reddish purple color. The reagent is a 50 per
cent acetic acid solution of the compound. Nickel ion does not,
yield a precipitate with this reagent, hence the test for cobalt can
be conducted in the presence of nickel.

Another test for cobalt is the reaction with KNQO,.  This re-
agent precipitates from acetic acid solutions a yellow compound,
potassium cobaltinitrite, K3Co(NOz)s. To carry out this test, the
solution should be concentrated to a small volume, acidified with
dilute acetic acid, saturated with KCl; then KNO, should be
added in excess. The acetic acid liberates HNO,, which decom-
poses with the formation of NO. The cobalt is oxidized to
Co(NO,)s, which reacts with KNO, to form K3Co(NOz)s. This
test for cobalt can be made in the presence of nickel.

A borax bead will be colored a rich, deep blue when cobalt is
present. The probable composition accounting for the color is
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Co(BO3)2. Sec analogous property under * Nickel.” This test
will distinguish cobalt in the presence of moderate amounts of
nickel.

PRELIMINARY EXPERIMENTS

1. Action of Group Reagent on Cobalt Solution. To 5 ml. of
cobaltous nitrate test solution add, very slowly, dilute NH,OH.
The precipitate which forms first is not Co(OH); but a basic salt
similar to that of nickel. Give the reaction. Record the color.

Continue to add ammonia until the precipitate dissolves. The
brownish solution contains complex ions whose composition is
probably Co(NHjz)gt+. Heat the solution containing the complex
salt. .The change in color is due to the formation of a hexammono-
cobaltic complex of the probable composition, Co(NH3)gtt+.

Effect of NH,Cl. To 5 ml. of test solution, add a quantity of
NH,4C1 and then slowly add NHyOH. Describe the result.

Precipitate some of the basic salt with NH4OH and then add
NH,Cl. Note whether or not it dissolves.

Precipitation of Cobaltous Sulfide, CoS. Into the solution con-
taining the brown complex pass HyS.  Write the equation.

This result is equivalent to adding (NHy)2S directly to a solu-
tion of cobalt containing an excess of NH4OH.

2. Action of Acids on Cobalt Sulfide. Transfer the CoS oh-
tained above to a small evaporating dish and add 1 ml. of 1:9 HCIL.
Does it dissolve? Decant the solution and add 1 ml. of aqua
regia.  Write the equation for the reaction with this solvent.

3. Test with a-Nitroso-p-Naphthol. Acidify a few milliliters of
cobalt test solution with dilute HCl, warm and then add a few drops
of nitroso-g-naphthol reagent. Note the color of the precipitate
and record its formula.

4. Borax Bead Test. FKuse some cobalt salt with borax held in
the loop of a platinum wire. A blue bead of cobalt metaborate of
the probable composition Co(BOg2)2 should result. This test will
distinguish cobalt in the presence of moderate amounts of nickel.

MANGANESE, Mnt+

The compounds of manganese of importance from an analytical
standpoint are the divalent manganous salts such as Mn(NOj),,
Mn (OH),, MnS, ete.; the tetravalent compounds of which MnO,
and MnO(OH), are typical; manganates such as Na,MnOy4 in



REACTIONS OF MANGANESE 179

which this element has an apparent valence of +6 and the per-
manganates, especially KMnOQOy, in which manganese has an ap-
parent valence of +7 in the MnO,~ anion.

Manganous hydroxide is formed when a solution of Mn*+ is
treated with NaOH or NH4OH. The product of the reaction,
Mn (OH),, white when first formed, rapidly changes through partial
oxidation to a brown basic oxide whose composition may be rep-
resented by the formula MnO (OH),:

Mn(OH); + O = 2Mn(0H),

This product may also be considered to be hydrated manganese
dioxide, MnOy-H50; or, when written HyMnOj, it is manganous
acid. As manganous acid it may react further with Mn (OH), to
produce MnyOj3:

Mn (OH)Z + HQMH();; = M11203 + 2H2()

This latter product is in fact manganous manganite, MnMnQj,
i.c., the manganese salt of manganous acid.

The hydroxide is insoluble in an excess of NH,OH or added
NH4CL. In this respect, manganese differs from nickel, cobalt and
%ine, since it does not form a complex ion with ammonia.

In an excess of NaOH, Mn (OH); is insoluble. This means that
it is not amphoteric in the sense that Al(OH)3, Cr(OH); and
Zn (OH), are. 'This difference in behavior serves to separate man-
ganese and iron from aluminum, chromium and zine and is the
method of separation used in the systematic procedure.

Manganese sulfide, MnS, is best precipitated from an alkaline
solution by HoS or (NH4).S.. It is pink in color when first formed
but changes gradually to the brownish hydrated form. The sul-
fide is soluble in dilute HCl.

Sodium peroxide readily oxidizes the manganous ion to the tetra-
valent state, forming MnO(OH),, in quite the same way as
atmospheric oxygen. The equation for the oxidation of Mn (OH),
by Nay0; may be formulated in the following way:

N&zOz + 2H20 + 2¢ = 2Nat 4 40H"™
Mn(OH); + 20H™ = MnO(OH); + H20 + 2¢

Mn (OH); + NayO; + H,O = MnO(OH), + 2Nat 4+ 20H"

Certain other oxidizing agents will accomplish the same result;
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for example bromine, in alkaline solution, is sometimes used in
analytical procedures for this purpose.

The oxidation of manganese to the hexavalent state is some-
times used as a test for this element. The oxidizing agent is
KClOj3, the reaction being carried out in a fused sodium carbonate
bead. Sodium manganate, Na,MnOy, green in color, is the oxida-
tion product; the reaction may be expressed by the equation:

3MnO(OH), + KClO3 4+ 3Na,('03 =
. 3NagMnO, + 3CO; + 3H20 4+ KCl.

The corresponding ion, MnQ,4=, is the manganate ion, in which the
manganecse has an apparent valence of 4-6.

The oxidation of manganese to the permanganate form, MnO, ",
is one of the most distinctive properties of this element as well as
a most useful analytical reaction. The formation of the pink or
purple ion is a very sensitive test for manganese and is, as well, the
hasis of several important quantitative methods of determination
of this element. Among the oxidizing agents used for this purpose
are sodium (meta) bismuthate, lead dioxide and ammonium per-
sulfate.

The oxidation of Mn*+ to MnO4~ by NaBiOj; is expressed by the
twe half-cell equations:

Mn*+ 4 4H,0 = 2MnO4 4 5Bit++ + 7H,0
and
BiO;™ + 6H* 4 2¢ = Bit++ 4 3H,0

giving as the balanced equation:
2Mn++ + 14H+ 4 5Bi03~ = MnO,~ + 5Bit++ + 7H,0

Likewise, for the oxidation of MnO(OH); by the same reagent we

have:
2MnO(OH),; + 10H* + 3BiO3~ = 2MnO, + 3Bit++ 4+ TH,0

PRELIMINARY EXPERIMENTS

1. Action of Group Reagent on Manganous Solution. To 5 ml.
of Mn(NOg); test solution add dilute NH4OH. Note how the
precipitate gradually changes color. Give the equations for the
formation and oxidation of the precipitate.

Determine whether excess NH,OH or added NH,Cl have any
effect on the solubility of the precipitate. Compare the action
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here with the effect of these reagents on nickel and cobalt test
solutions.

Precipitation of Manganous Sulfide, MnS. Pass a stream of
H,S into a test tube containing Mn (NOs), test solution, made am-
moniacal with NH,OH. Write the equation. Note whether a
change in color of the sulfide takes place and account for this change.

2. Action of Acids on MnS. Treat the precipitate obtained in
the preceding experiment with 1:9 HClL. Does it dissolve? Do
NiS and CoS readily dissolve in acid of this strength?

3. Action of NaOH and Na;0O, on Manganous Salts. To a few
milliliters of Mn(NO3), test solution, add slowly a solution of
NaOH. What is the substance formed? Try to dissolve it in
an excess of the strong base. Is Mn(OH), amphoteric?

Add a little sodium peroxide, dropping it from the tip of a
spatula into the test tube. To what is the brown color due?
Give the equation for this oxidation.

4. The Bead Test for Manganese. IFuse some Na,(COjz in the
loop of a platinum wire and dip it into the brown solid obtained
in experiment 3. Heat in a Bunsen flame until fusion takes place
and then touch the fused bead to some powdered KClO3 and heat
again. To what is the green color due?  Write the equation.

b. The Bismuthate Test. To 2 ml. of Mn(NOj3)s test solution
add about 1 ml. of dilute HNO3; and then drop into the tube a
little powdered sodium bismuthate. Allow the suspended matter
to settle and note the color of the solution. Write the equation
for the reaction.

IRON, Fet* and Fe***

Iron exists in its compounds either in the ferrous (divalent) or
the ferric (trivalent) condition. The ferrous compounds are easily
oxidized to the ferric condition. Solutions of ferrous salts are
pale green or almost colorless and contain the ferrous ion, Fet+;
ferric solutions are yellowish red, owing to the color of the Fet++
ion. Ferrous salts are good reducing agents and ferric salts arce
fairly good oxidizing agents.

When a solution of a ferrous salt is treated with either NaOH or
NH,OH, ferrous hydroxide, Fe(OH),, precipitates. This is in-
soluble in an excess of either reagent. Ferric hydroxide, Fe (OH);,
likewise precipitates when an alkaline reagent is added to a ferric
salt solution. Tt is insoluble in both reagents.
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With hydrogen sulfide, Fet+ precipitates black FeS. Ammonium
sulfide acts in a similar manner. In the case of the ferric ion, HyS
first reduces Fet+* to Fett, which then precipitates as FeS. Am-
monium sulfide in an alkaline solution forms FesS; with the ferric
ion. :

When Fe,S;3 is treated with an acid such as HCI it dissolves,
forming Fe++ and frec sulfur:

FC2S3 -+ 4H+ = 2Fet+ -+ § -+ 2st

Sodium peroxide readilf oxidizes ferrous compounds to the fer-
ric state. With Fe(OH), the following reaction takes place:

2Fe(OH); + NayOe + 2Ho0 = 2Fe(OH); + 2Nat + 20H™

It is insoluble in an excess of NaOH. Ferric hydroxide likewise
is insoluble in excess NaOH.

The reactions of ferrous and ferric ions with the complex iron
cyanides are important analytically though somewhat confusing to
the beginning student. \

With ferric-ion and potassium ferrocyanide the reaction product
is Prussian blue; the equation is:

4Fctt+ 4+ 3Fe(CN)g™ = Fe4[I*;C(CN)G]3

With ferric ions and potassium ferricyanide, KzyFe(CN)g, a brown
solution first forms, but this soon oxidizes in the air, becoming blue
because of the formation of Prussian blue.

Finally, ferrous ions with potassium ferricyanide yield also a
blue precipitate, Fes[Fe(CN )gle, which is ferrous ferricyanide,
better known as Turnbull’s blue:

2Fe (CN)g= + 3Fett = Feg[Fe(CN )glo

These results are here tabulated:

Ton Ferrocyanide Ferricyanide
[Fe(CN)s™") [Fe (CN)¢=]
Fet+ KoFe[Fe(CN)g) Fes[Fe(CN)gl2
white — blue Turnbull’s blue
Fet++ Fe4[Fe (CN)sls Fe[Fe(CN)]
Prussian blue brown

A very delicate test for ferric iron is the reaction with thio-
cyanate ions, CNS™, using NH4CNS as reagent. The solution
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becomes deep red in color owing to the presence of a complex ion
of the probable composition, Fe(CNS)e=. Nitric acid gives the
same color with this reagent, and certain substances like phosphates,
borates and alkali acetates interfere with the reaction in neutral
solutions.

Phosphates in ammoniacal, neutral, or slightly acid solutions
precipitate Fet++ ions as ferric phosphate, FePOy. If NaCoH30,
or NH4C,H30: is added the precipitation of the phosphate is com-
plete:

Fett+ 4+ HPO4s~ + CoH3z0,™ = FelPOy4 + HCzHgOz

If phosphates are present in mixtures being analyzed and are not
removed, a part of the Group 111 precipitate will consist of FePOy.
This is again referred to in Part 1V.

Acetates, when added in excess to an acetic acid solution of ferric
iron, turn the solution red owing to the formation of non-ionized
ferric acetate:

Fet++ 4 3C2H302— = Fe (02H302)3

This reaction is utilized in the phosphate removal discussed in
Part IV. Ferric acetate hydrolyzes in dilute solution upon boiling:

Fe(CoH30,)s + 2HOH = Fe(OH)y (CoH30,) + 21, H30,

forming insoluble basic ferric acetate.  This reaction is often used
in analytical chemistry.

PRELIMINARY EXPERIMENTS

1. Action of Group Reagent on Ferric Solution. To 5 ml. of
ferric nitrate, Fe (NOjy)s, test solution add dilute NH4OH. Observe
the nature of the precipitate formed. Write the equation.

Add an excess of the reagent. Is the behavior different from
that of nickel and cobalt? Add some NH4Cl to the Fe(OH)s,
shake and warm. Does the precipitate dissolve?

Precipitation of FeaSs. Pass HyS into the' test tube containing
the ferric hydroxide, excess of NH,OH and NH,Cl. Write the
equation for the reaction that takes place.

2. Action of Acids on Fe,S3. Treat the ferric sulfide obtained
in the preceding experiment with 1:9 HCl. Show by an equation
how the ferric ion is reduced during the dissolving process. To
what is the turbidity due?
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3. Action of NaOH and Na,0,. To a ferrous salt solution add
dilute NaOH until the solution is strongly alkaline. What is the
precipitate which forms? Is it soluble in excess of NaOH?

Add a little sodium peroxide to the test tube. What happens?
Write the equation. Determine whether the product which
forms is soluble in an excess of NaOH. Keep this in mind when
similar experiments are performed with AI(OH);, Cr(OH)3; and
Zn(OH),.

4. Prussian Blue Test for Ferric Iron. Filter off the ferric
hydroxide obtained above, dissolve it in dilute HCl and to a
part of the solution add a few drops of potassium ferrocyanide,
K4Fe(CN)g, reagent. Write the cquation.

Repeat  the experiment, wusing potassium ferricyanide,
IzI'e(CN)s, instead of the ferrocyanide. Note the result.

ALUMINUM, Al+++

The most characteristic property of aluminum is the ease with
which its salts hydrolyze to form insoluble aluminum hydroxide.
Al(OH)3; shows the property of amphoterism to a marked extent.
The common salts such as the chloride, nitrate and sulfate are
soluble in water. The Alt*+ ion is colorless. Aluminum in all its
compounds is always trivalent, hence aluminum salts are subject
to neither oxidation nor reduction.

Ammonium hydroxide when added to a solution containing the
Al jon precipitates white gelatinous AI(OH);. The precipi-
tate is practically insoluble in an excess of the reagent, resembling
in this respect Fe(OH);, Cr(OH)3 and Mn(OH), and differing
from the hydroxides of nickel, cobalt and zinc which form complex
ammonia ions. Boiling and the presence of NH,Cl aid in the more
complete precipitation of Al(OH)s.

Aluminum hydroxide rather than Al,S; forms when an ammoni-
acal solution of Al*++ is treated with HyS or (NH4)2S. The result
is due to hydrolysis, the reaction being cxpressed by the equation:

Al,S; + 6HOH = 2A1(OH); + 3H,S

Al(OH); is a typical amphoteric hydroxide which dissolves in
strong acids as well as alkalies. Thus, when an excess of NaOH
is added to Alt*+ solution, the AlI(OH); first formed reacts to
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form the meta-aluminate ion:
/OH
Al—OH + OH™ 4+ Nat — Nat + AlO;™ + 2H,0
\OH

If a solution of the aluminate ion is carefully neutralized with
dilute HC], the hydroxide repgecipitates:

AlO;” 4+ H* 4+ Ho0 = AlI(OH);

The dissolving of AI(OH)3 in acids such as HCI can be indicated
by the equation:

Al(OH)3 4+ 3H* = Al*+t 4+ 3H,0

A sensitive test for aluminum is the formation of an adsorption
complex or ‘“ lake 7’ with the dye “ Aluminon,” the trade name for
the ammonium .salt of aurin-tricarboxylic acid. This dyestuff is
strongly adsorbed by Al(OH)3; producing a bright red color. Ali-
zarin and alizarin-S are two other dyes which produce lakes similar
to Aluminon with aluminum hydroxide.

Another test for aluminum is known as * Thenard’s Blue ” test.
This consists of igniting a roll of filter paper impregnated with
("o (NO3)2 and Al(OH)3, whereby a blue-colored residue is pro-
duced. This product is probably a cobalt aluminate. Details for
carrying out the test are given later.

Phosphates will precipitate AIPO4, which is soluble in bases as
well as strong acids but insoluble in dilute acetic acid. Acetates
will form Al(C'3H305)3, easily hydrolyzed in dilute, boiling solu-
tion to the basic acctate, A1(OH),(C2H302). These properties
must be kept in mind in the analysis of Group 111 when phosphates
are present.

Tartrates, citrates, sugars and many other organic substances of
similar composition prevent the precipitation of A1(OH); by form-
ing complex aluminum-organic ions. Such interfering substances
must be removed in systematic analysis.

PRELIMINARY EXPERIMENTS

1. Action of Group Reagent on Aluminum Solution. Add dilute
NH4.OH to 5 ml. of the AI(NO3); test solution. What forms?
Add an excess of NH,OH. Is the precipitate noticeably soluble
in this reagent?
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Action of NH,Cl. To 5 ml. of test solution, add some NH,CI
and then dilute NH4OH slowly at first and then in excess. Does
the precipitate dissolve? What is the function of the NH,C1?

Action of HyS. Pass H,S into 5 ml. of the test solution made
ammontiacal with dilute NH4OH. The precipitate is AI(OH)3; and
not Al,S3 as might be expected. Explain why Al(OH)3; forms.
Write the equation.

2. Amphoteric Nature of AI(OH);. Add dilute NaOH drop-
wise to 2 ml. of test solution. Note that AI(OH); is at first pre-
cipitated. Then add more NaOH. What happens? Give the
equation.

Carefully neutralize the aluminate solution with dilute HCI.
What forms? Add more HCI and record what happens.

3. Thenard’s Blue Test for AI(OH);. Take a strip of rolled
filter paper, dip it in Co(NOj)2 solution, touch it to precipitated
Al(OH)3 and strongly heat it. Note the color of the ash.

4. ‘¢ Aluminon ” Test. Precipitate some AI(OH)3 by adding
NaOH to the test solution. Dissolve the precipitate in the least
possible amount of dilute HCl, add 2 ml. of ammonium acetate
solution and then 2 ml. of the ¢ Aluminon ”’ reagent. Mix thor-
oughly and then make ammoniacal with dilute NH;OH. Observe
the change in color.

CHROMIUM, Cr*t++

Chromium as cation forms the relatively unimportant chromous
salts, such as CrCl; in which the element is divalent, and the
chromic salts, for example, CrCl; and Cr(NOjz)z, which contain
trivalent chromium and in solution furnish the green chromie ion,
Crt++. The test solution used in the laboratory is chromic ni-
trate.

In the form of chromates and dichromates the element exists in
the hexavalent state as the anions CrO4~ and CroO7=. In acidified
solutions the chromate ion becomes the dichromate ion:

2CrO4~ + 2H+ = Cr07~ + H,0

In alkaline medium the reverse takes place, the dichromate chang-
ing to chromate:

Cr0,= + 20H™ = 2CrO4~ + H,0

Whether the chromate or the dichromate ion predominates de-
pends therefore upon the alkalinity or acidity of the solution.
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Chromate solutions are yellow and dichromate solutions are
reddish-orange in color.

Ammonium hydroxide will precipitate from a chromic solution
green, gelatinous chromic hydroxide, Cr(OH);. This hydroxide,
like Fe(OH)3 and Al (OH )3, is practically insoluble in an excess of
ammonia or in the presence of ammonium salts; it hence does not
form complex ammonia ions, as do nickel, cobalt and zine.

If HoS or (NH4).S is added to an ammoniacal solution of the
chromic ion, Cr(OH); instead of CryS; is formed, the result being
due to hydrolysis. This behavior is like that of aluminum. Hence
when a chromic solution is treated with NH4OH, NH4C1 and Hz;
the net result is the precipitation of Cr(OH)3.

Chromic hydroxide is readily soluble in dilute HCI:

Cr(OH)3 4 3H* = Crt++ 4 3H,0

Sodium hydroxide, like NH4OH, precipitates Cr(OH)3:
(rttt 4+30H™ = Cr(OH)3

An excess of the strong base, however, causes the precipitate to
dissolve, forming the metachromite ion:

Cr(()I’I)g + 30H™ = (‘fTOz_ + 2H2()

The fact that chromic hydroxide dissolves in strong bases as well
as in acids shows the amphoteric behavior of this substance.

Trivalent chromium, as, for example, the chromite ion and the
chromic ion, are oxidized to CrO4= by a number of oxidizing agents,
such as sodium peroxide. With NaoO, in an alkaline solution, the
oxidation can be shown by the equation:

2[CrOs + 40H" CrO4~ + 2H20 + 3¢]
3[Nas0s 4+ 2H,0) + 2¢ = 2Na* + 40H |
2CrOy + 3Nay0y + 2H,0 2CrOQ4~ 4+, 6Nat + 40H"

l

Il

C'onversely, chromates and dichromates are reduced to the chromic
ion by reducing agents. H,S is such a reagent and, consequently,
if chromates or dichromates are present in mixtures undergoing
analysis, they will be reduced in an acid medium according to the
reaction:

Cre07~ + 3HoS + 8H* = 2Cr*+* + 38 + 7H,0
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The CrO4= ion is precipitated by various cations forming com-
pounds such as AgeCrO4, PbCrO,; and BaCrO,. The precipita-
tion of the latter is the means employed in the scheme of this group
to separate chromium from zinec.

In addition to observations of the characteristic color changes
undergone by chromium during its separation from other members
of this group — observations which usually are sufficient to identify
this element — the hydrogen peroxide test, described as experi-
ment 5 under ““ Preliminary Experiments,” may be employed.

Phosphates precipitate chromium phosphate, CrPOy, from solu-
tions containing chromic salts; in this respect they are similar in
their behavior toward aluminum and ferric iron solutions. Ace-
tates will precipitate basic chromic acetate only in the presence
of large amounts of iron or aluminum. Tartrates and similar
organic materials will prevent the precipitation of Cr(OH)4 on ac-
count of the formation of complex ions. These properties are im-
portant in the systematic analysis of materials and are again re-
ferred to in Part TV, pages 309 to 311.

PRELIMINARY EXPERIMENTS

1. Action of Group Reagent on Chromic Solution. To 5 ml. of
chromic nitrate test solution add dilute NH,OH. What is the
pale green gelatinous precipitate? Write the reaction in ionic .
form. Try to dissolve the chromic hydroxide in an additional
amount of NH,OH.

Action of NH,Cl. 'To 5 ml. of test solution, add some NH,Cl
and then dilute NH,OH slowly at first and then in excess. Does
the precipitate appear to dissolve? In this respect it resembles
the hydroxides of aluminum, iron and manganese, and differs from
those of nickel, cobalt and zine.

Action of H2S. Pass H,S into a few milliliters of test solution,
made ammoniacal with ammonia. Explain what happens. Is the
precipitate CreS3? Add dilute HCl (1:9) to the test tube con-
taining precipitated Cr(OH);. Note result.

2. Amphoteric Nature of Cr(OH);. To 2 ml. of Cr(NOj3); solu-
tion add, slowly, a dilute solution of NaOH until a precipitate
forms. What is it?

Continue the addition of the NaOH until the precipitate redis-
solves. Write the equation. The dissolving of Cr(OH )3 in NaOH
to form the CrO,” ion follows the behavior of Al(OH); and
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Zn(OH)s; this property is used to separate these three elements
from iron and manganese.

Ozxidation of Chromite to Chromate. Add to the sodium chromite
solution a small quantity of NayO,. Note the change of color from
green to yellow. What has happened? Write the equation.

3. Precipitation of BaCrO4. Neutralize a portion of the chro
mate solution obtained in experiment 2 and then make it slightly
acid with HC;H30,. Add alittle NaCoHzO; and finally add BaCl,.
What forms? Supply the equation. This reaction cnables one
to separate chromium from zine.

4. The Hydrogen Peroxide Test for CrO4~. To 1 ml. of CrO4~
solution acidified with dilute HNO3 add 1 ml. of ether and then,
dropwise, some hydrogen peroxide. Note the intense blue color in
the cther layer; note also that it fades out quickly. The substance
formed is of indefinite composition, probably a complex of CrO,4
and H,0,, though sometimes referred to as a perchromic acid.

ZINC, Zn*t

The element zinc is always divalent in its compounds. The
zinc ion is colorless. The oxide, ZnO, and hydroxide, Zn(OH),,
and salts such as ZnCl;, Zn (N03)2, ZnS and Z nNH4PO4 are
among its important analytical compounds.

The hydroxide, Zn (OH )y, is formed when either NH4OH or NaOH
is added in equivalent amounts to a solution containing zinc ion.

In an excess of ammonia, Zn (OH), dissolves to form a complex
ion:

Zn(OH); + 4NH; = Zn(NHj)++ + 20H™

With an excess of NaOH or KOH, the hydroxide dissolves to
form the zincate ion:

Zn(OH), + 20H™ = ZnO,~ + 2H,0

Zinc hydroxide is likewise soluble in acids.. Like AI(OH); and
Cr(OH);, this hydroxide is typically amphoteric.
When H,S is passed into a solution of zinc ions, white ZnS is
precipitated: -
Zn+t + HeS = ZnS + 2H*

The sulfide, however, will not form if the acidity of the solution is
equal to or greater than that prevailing for the precipitation of
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the sulfides of Group 1I. It is best to buffer the solution with
NaCyHj30; in order to secure complete precipitation of the sulfide.

Ammonium sulfide will precipitate ZnS from neutral or alkaline
solutions. ;

Zinc sulfide is soluble in dilute HCI but does not dissolve in acetic
acid.

As’ tests for zinc the following properties may be employed.
When cobalt nitrate is impregnated on a filter paper along with a
zinc compound and the paper is ignited, it leaves a green mass,
known as Rinnman’s Green, probably a cobalt zincate or a double
oxide of CoO and ZnO. The details of carrying out this test arc
given in experiment 3. :

Potassium ferrocyanide precipitates ZnsKy[Fe (CN )gla and this”
is sometimes used as a confirmatoiy test for zinc.

The test with the dyestuff, Orange 1V, is particularly sensitive
if proper precautions are taken. The procedure is described
below.

PRELIMINARY EXPERIMENTS

1. Action of Group Reagent on Zinc Test Solution. Add dilute
NH4OH dropwise to a few milliliters of Zn(NOj3)s test solution
until a precipitate forms. Write the equation for the reaction.
Add an excess of NH4OH. What happens? Give the equation.

Action of NH4Cl. To 5 ml. of the test solution add NH,CI and
then NH4OH. Does Zn(OH), precipitate? Explain the result.

Precipitation of ZnS. Into this solution containing the complex
zinc-ammonia ions pass HoS.  What is the white precipitate?

2. Amphoteric Nature of Zn(OH),. Dissolve the ZnS obtained
in the above experiment in dilute HCI, boil and then add a few
drops of NaOH. Note the precipitation of Zn(OH)s. Continue
adding NaOH until the precipitate dissolves. Like AlI(OH); and
Cr(OH)s, zinc hydroxide is amphoteric and, with an excess of
strong base, forms zincate ions. Write the equation.

3. Rinnman’s Green Test. Cobalt nitrate when heated with
Zn0 forms a green-colored mass on the ignited filter paper. The
coloris due to a double oxide, ZnO-CoO, and is known as Rinnman’s
Green. This test can be most conveniently carried out by using
specially prepared cobalt cyanide test paper.

4. The Orange IV Test for Zinc. To a drop of the dyestuff,
known as Orange IV, add one drop of dilute (1:24) H,SO4 (both
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reagents dispensed by the instructor) on a spot plate or watch
glass or in a test tube, and then 3 to 5 drops of a 2 per cent solution
of potassium ferricyanide. The mixture now should have a red
color. Then add to this mixture a drop or two of the zinc test
solution. The color should change to greenish yellow in the pres-
ence of zinc.

REVIEW EXERCISES — SET 13

1. Make a table showing the valences of the clements of this group, to.
gether with names, formulas and colors of typical compounds.

2. Group together the reactions of the cations of this group with NH,OH;
with NH4OH in the presence of NH4Cl; with (NH4)2S. Show that the net
effect is a set of ionic reactions between these cations and S~ ion (or HOH
in two cases). .

3. What sulfides of this group remain practically insoluble in 1:9 HCI?
How does this suggest a method of subdivision?

4. Group together the reactions of the cations of this group with NaOII.
Do all the hydroxides dissolve in excess NaOH? Complete and balance the
following equations:

Mn(OH)2 + NaOH =
Fe(OH)2 4+ NaOH =
Al(OH)3 + NaOH =
Cr(OH); + NaOH =
Zn(OH)» + NaOH =

6. What products form when NaO2 is dissolved in water? Complete and
balance the following equations:

Mn(OH)2 4+ NagOqs + H0
Fe(OH)2 4+ Nax02 + HO =
NaCrOz 4+ NagOp + H0 =

I

Why would you not expect NaAlO: and NasZnO2 solutions to react with
Nas0Qs? How do the answers to questions 4 and 5 suggest a basis for further
subdivision of members of this group? Explain your answer.

6. If a certain solution contains Al**+ Zn** and CrO4~ ions what reagent
might be used to make a separation of aluminum from zinc¢ and chromium?
Show this by appropriate equations.

7. What hydroxides of this group show amphoteric behavior? Form
complex ammonia ions? Are readily oxidized or reduced? Show marked
hydrolysis of their salts?

8. Show by a set of ionization reactions why solutions of FeCl; show an
acid reaction; why solutions of NasCOj show an alkaline reaction.

9. Explain why NiS and CoS are practically insoluble in 1:9 HCI, yet
fail to be precipitated in Group IT where the acidity is much less.

10. What organic reagent will precipitate nickel in the presence of cobalt?
What reagents might be used to precipitate cobalt in the presence of nickel?
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OUTLINE OF METHOD OF ANALYSIS OF THIS GROUP

As a result of the study of the properties of the ions of this group,
the following facts have been revealed:

1. The net effect of adding NH4OH, NH,4Cl and H,S to solu-
tions containing these ions is to precipitate NiS, CoS, FeS or
Fe,S3, MnO(OH),, ZnS and A1(OH); and Cr(OH)3. The inter-
mediate formation of the complex ammonia ions of nickel, cobalt
and zinc is incidental. The formation of A1(OH)3 and Cr(OH);
rather than the sulfides of these two elements is due to hydrolysis.

2. Hydrochloric acid (1:9) was found to be an cffective solvent
for all the above precipitates except NiS and CoS. This reagent
is therefore employed to separate these two sulfides from the other
sulfides and hydroxides of this group.

3. The combined action of NaOH and NasOs was found to pre-
cipitate the iron as Fe(OH); and the manganese as MnO(OH).,
whereas, on account of strong amphoteric behavior, the aluminum,
chromium and zinc are transformed into the meta-aluminate ion,
AlO,7, the zincate ion, ZnOy=, and the chromatc ion, CrO4=. This
serves to separate the former two clements from the latter three.

4. If HNO;3 and then NH4OH are added to solutions containing,
respectively, AlOz ", CrO4~ ions, AI(OH )3 only will be precipitated.
In this we have a method of separating aluminum from chromium
and zinc.

5. The precipitation of BaCrO4 from a buffered acetic acid solu-
tion is utilized in the procedure of analysis as a means of separating
chromium from zine.

These indicated separations of the group precipitate, together
with the necessary subsequent treatment of the separated portions
for the purpose of individual cation identifications, are combined
and shown diagrammatically as a scheme of analysis on page 193.
The detailed procedure to be followed in the analysis of a mixture
of ions of this group follows.

PRACTICE ANALYSIS OF A MIXTURE OF CATIONS OF THIS GROUP

Prepare a mixture by taking 5 ml. of each of the test solutions
of Nit+, Co*t, Fettt, Mn*+, Al*++, Crt++and Zn++. Place the
sample in an Erlenmeyer flask equipped with a stopper with inlet
tube.
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Group Precipitation. Make the solution ammoniacal with dilute
NH,OH and then add an excess of 2 ml. of concentrated NH;OH.
This will result in the precipitation of the hydroxides of iron,
mangancse, aluminum and chromium and in the formation of
Ni (NH3)4++, Co (N}I3)6+++ and Zn (NH3)4++.

Heat the solution almost to boiling, stopper the flask and pass
in a rapid stream of HyS. The partial neutralization of the am-
monium hydroxide by the hydrogen sulfide produces (NHj).S and
furnishes a large concentration of sulfide ions. The final effect is
the precipitation of the sulfides of nickel, cobalt, iron, zinc and
mangancse (the latter oxidizes to the basie oxide, MnO(OH).) and
of AI(OH)3 and Cr(OH)3.

The net effect of the combined use of NH4OH and H,S is shown
by the equations:

Nit+ 4 8§ =

Z
75

1
oS
2Fettt 4+ 35= = Feo Sy

|

Cott + 8- =

Q

|

Mn*t 4+ 8= = MnS — MnO(OH).

Zn*tt + S~ = ZnS
A+t 4+ 30H™ = AlI(OH)3
Crttt 4+ 30H™ = Cr(OH)3

Filter a small portion of the solution and test the filtrate with
H,S for complete precipitation. If not complete, continue the use
of HoS a little while longer. When precipitation is complete,
filter through a fluted filter or with the aid of a filtration accclera-
tor. Wash the precipitatc with hot water containing a small
quantity of NH;Cl. The ammonium chloride is used here and in
the group precipitation to decrease the solubility of AI(OH); and
Cr(OH); and to lessen the tendency toward the formation of col-
loidal sulfide solutions. ‘

Separation of NiS and CoS. Transfer the washed group preeip-
itate to a beaker and treat it with 50 ml. of dilute (1:9) HCI, made
by adding 5 ml. of concentrated HCI to 45 ml. of water. Stir the
mixture and allow to settle. Do not heat. In HCI of this strength
NiS and CoS do not dissolve at an appreciable rate, whereas the
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other constituents dissolve at once. The effect of the solvent can
be shown by the equations:

NiS + H* — NiS (no reaction)
CoS + H* — CoS (no reaction)

MnO(OH), 4 4H* + 4C1” = Mn*+ + 3H;0 + Cl; + 2CI°
FeySy + 4H* = 2Fet+ + 2HsS + S

Al(OH); + 3H* = A+ + 3H,0

Cr(OH) + 3H* = Cr++ + 3H,0

ZnS + 2H* = Zntt 4+ H,oS

Filter off the residue, which consists of NiS and CoS. Place the
filtrate in a large evaporating dish and begin the evaporation of
the solution. While this is in progress remove the residuc of
nickel and cobalt sulfides to another evaporating dish, add a few
milliliters of aqua regia (enough to dissolve the residue) and evap-
orate to a small volume, being watchful not to carry the evaporation
to dryness.

Dilute with a few milliliters of dilute HCI and filter to remove
the small residue of black, gummy sulfur. Now add, drop by
drop, dilute NaOH until a permanent precipitate forms and then
dissolve this in dilute acetic acid, adding a slight excess.

Identification of Nickel. Take 2 ml. of this solution, make it
slightly ammoniacal with dilute NI, OH, testing with litmus paper,
and then add 1 ml. of dimethylglyoxime reagent.  The heavy, red
precipitate which forms is nickel dimethylglyoxime, Ni[(CHy),-
CNOHCNO]», and shows the presence of nickel.

Identification of Cobalt. To another 2 ml. portion of the solution
add a little dilute HC], warm.and then add 1 ml. of a-nitroso-
B-naphthol reagent. The reddish precipitate is cobaltic nitroso-
B-naphthol, Co(C10HgNOO)3, which identifies cobalt.

Confirm this by the cobaltinitrite test: To a portion of the solu-
tion, acid with acetic acid, add solid KCI until no more will dissclve
and then add an equal volume of 50 per cent KNO, solution. Set
the test aside and after an hour or so, examine it. The yellow
precipitate is potassium cobaltinitrite, K3Co(NOg)e.
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Separation of Manganese and Iron. The filtrate from the separa-
tion of NiS and CoS, undergoing evaporation ahd containing Mn++,
Fett, Al**+ Crt++ and Zn**, should be concentrated to a few
milliliters to remove excess HCl. When this is done, dilute to
about 100 ml. with water and make strongly alkaline with an excess
of NaOH solution. Without filtering add cautiously, by means
of a spatula, 2 grams of Nay0Os and boil the solution for a few
minutes with frequent stirring.

By this treatment, the manganese is oxidized and precipitated
as MnO (OH),, the iron likewise as Fe(OH);, and the remaining
three elements are transformed into the soluble anions, namely,
meta-aluminate, AlO; ™, chromate, CrO4=, and zincate, ZnO,=. The
effect of the use of NayOs is shown by the equations:

Mn**+ + Nay0; + H202 = MnO(OH), + 2Nat*
2Fett 4 Nay0y + 20H™ + 2H,0 = 2Fe(OH); + 2Nat

Al 4+ 40H™ = AlOy~ + 2H.0
2Crt++ 4+ 40H™ + 3Nay0; = 2CrO4~ + 2H,0 + 6Nat
Zn*t+ 4+ 40H™ = ZnOs~ + 2H0

Partly neutralize the solution with dilute HNOj, filter and wash
the precipitate. The filtrate is reserved for the identification of
Al, Cr and Zn.

Identification of Manganese. Remove a small part of the brown
precipitate to a test tube, dissolve it with 5 ml. of concentrated
HNOj; or, to hasten the dissolving, use in addition a few drops of
hydrogen peroxide. To the solution add g small quantity of
sodium bismuthate, NaBiOs, shake and allow the suspended matter
to settle. The pink or purple coloration in the supernatant liquid
is due to the presence of the permanganate ion, MnQ,4~, and iden-
tifies manganese. In place of NaBiOj, should this reagent not be
ayailable, lead peroxide, PbO, may be used, using 1 gram of this
reagent.

A further test for manganese might well be made at this point.
This is the bead test described on page 181. In the loop of a plat-
inum wire fuse some Na,COj, touch it to the brown precipitate of
MnO (OH),, heat and then dip it into powdered KClO3 and heat
in the Bunsen flame. The green or greenish blue bead which derives
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itd color from sodium manganate, Na,MnOy, is a further proof of
the presence of manganese.

Identification of Iron. Take another small portion of the precip-
itate, dissolve it in dilute HCI, cool and add a few drops of potas-
sium ferrocyanide, K4Fe(CN )g. The heavy, deep blue precipitate,
Prussian blue, Fey4[Fe(CN )gls, identifies iron. An excess of the
reagent is to be avoided because the product is soluble in an excess
of the reagent.

The extremely delicate reaction with KCNS might also be ap-
plied here. This is carried out, quite simply, by dissolving a very
tiny bit of the precipitate in dilute HCl and adding a drop of
KCNS reagent, resulting in an intensely red-colored solution. This
test should not be employed on samples of unknown composition
such as the “ student unknowns,” since traces of iron, frequently
present as impurities in reagents, will respond to this test.

Separation and Identification of Aluminum. The filtrate from
the removal of iron and manganese contains AlO, ", C'rO4~ and
ZnOq= ions together with excess NaOH.

Neutralize the alkali with dilute HNO3. The addition of HNOg
has the effect shown in the following equations:

AlOy™ + 4H* = Altt+ 4+ 2H,0
2CI‘O4” + 2Ht+ = CI'207=’ + H20
ZnOy,= + 4H*+ = Zn*tt 4+ 2H,0
Add a little NH,4Cl and then make the solution slightly ammoni-
acal with dilute NH4OH in order to precipitate AI(OH);. Avoid
adding an excess of ammonia because A1(OH )3 is somewhat soluble
in an excess of this reagent. The solution should have only a
slight odor of ammonia; if too much has been added, boil the

solution.
The reactions taking place are:

Al++ 4+ 30H™ = Al(OH)3
Cr.0,~= + 20H™ = 2CrO4~ + H,0
Zntt + 4NH3 = Zn (NH3)4++

Remove most of the gelatinous precipitate to a test tube, dis-
solve it with dilute HC1, add 3 ml. of ammonium acetate solution
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and 5 ml. of “ Aluminon "’ reagent. Mix thoroughly and then
make the solution alkaline with dilute NH;OH. The bright red
color of the precipitated AI(OH); identifies aluminum.

The formation of Thenard’s blue as a test for aluminum should
also be carried out. Proceed as follows: Tear off a portion of the
filter paper which is coated with the precipitate, hold it in the loop
of a platinum wire, moisten with a few drops of dilute Co(INOy),
and ignite. A blue color in the charred paper, due to a double
oxide, CoO-Al;,03, known as Thenard’s blue, shows the presence
of aluminum. If the Co(NOs)2 solution is too strong black cobalt
oxide may result.

Identification of Chromium. The filtrate after the separation
of AI(OH); contains CrO4~ and Zn(NHj3),++ ions. The yellow
color of this solution is a sure indication of the presence of the
chromate ion. To remove the chromate ion and further identify
it, acidify the solution with dilute HC;H30,, add 1 gram of
NaCpH30,, heat to boiling and, while hot, add slowly BaCl,
reagent.  Allow the yellow BaCrOy to settle and then filter through
two thicknesses of filter paper. Reserve the filtrate for the identi-
fication of zinc.

Dissolve the BaCrO4 on the filter paper in dilute HNOjz, using
warm acid if necessary. Add the filtrate to a test tube containing
1 ml. of ether and 1 ml. of 3 per cent HyO,. If chromium is present
the ether layer will be blue.

Identification of Zinc. Zinc in the form of ionized Zn (C,H30,),
remains in the filtrate after removal of the BaCrQO,. This solu-
tion contains HC;H30, and is buffered with NaCoH30,. Pass
H,S into this solution. ZnS should precipitate as a white, finely
divided precipitate. ’

If the precipitate has a dark color, showing that traces of FeS,
NiS or CoS have formed, add a little dilute HCI, filter and add a
little NazOq to the filtrate. Again filter and discard the precipi-
tate of F'e(OH);. Neutralize the filtrate with HNOg, add a little
HCH30, and NaC;H30, and reprecipitate the ZnS.

ZnS can be further identified by a test similar to that for alu-
minum. Coat a portion of the filter paper with the white precipi-
tate, moisten with Co(NO3)g, hold in a platinum wire and strongly
ignite. A green color on the charred paper, a mixture of CoO and
ZnO, proves the presence of zinc. Specially prepared test paper
may also be used here.
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Zinc can best be identified by means of the dye, Orange IV, as
mentioned on page 190. Proceed as follows: Dissolve a portion of
the ZnS precipitate in dilute HoSO4.  To a drop of KzFe(CN)g on
a watch glass or spot plate, add a drop of dilute 1:24 HySO,4 and
then 3 to 5 drops of freshly prepared KzFe(CN)g solution. This
will produce a red color. Then add a drop or two of the neutralized
zine solution; the green color shows the presence of zinc.

APPLICATION OF THEORY TO THE ANALYSIS OF THIS GROUP

This group furnishes a number of excellent examples illustrating
several important principles. Among the principles involved are
(1) the theory of sulfide precipitation, (2) hydrolysis, (3) common-
ion cffect, (4) complex-ion formation, (5) amphoterism and (6)
oxidation-reduction phenomena. These will be discussed in turn.

Sulfide Precipitation. Previous discussion of the theory (sce
page 168) involved in the precipitation of sulfides disclosed the fact
that the sulfides of this group are characterized by relatively large
solubility product constants and that in order effectively to pre-
cipitate them the sulfide-ion concentration should be as high as
possible. Such a concentration can be scecured by the use of
highly ionized sulfides such as (NH4)oS or NaoS. In the actual
procedure used here, the ammonium sulfide is formed an the solu-
tion by the neutralization of NH,OH by H.S; in some procedures
(NH4)2S is added directly as reagent. The K, values for the
sulfides of this group are quickly reached and exceeded under these
conditions, and precipitation is rapid and complete.

Hydrolysis. Thesulfidesof aluminum and chromium cannot exist
in aqueous solutions because hydrolysis takes place. Hydrolysis
results whenever the concentration of H+ ions or OH ™ ions or both
can be lowered. The hydrolytic reaction will run practically to
completion if both ions are removed. In the reaction:

AlyS3 + 6GHOH = 2A1(OH); + 3H,8

the hydroxyl ions are removed in the form of an insoluble precipi-
tate and the hydrogen ions by the evolution of a gas. Al,Ss, if
formed, would at once completely hydrolyze. The addition of
H,S to basic solutions containing precipitated Al (OH )3 is therefore
without effect. The case of chromium is similar.
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Common-Ion Effect. The solubility product constant of
Mg(OH); is 3.5 X 107!, a value which can easily be reached by
such concentrations of Mg*+ ions and OH™ ions in ammoniacal
solutions as are used in analytical work. The precipitation of
Mg(OH),; with the inclusion of magnesium as a member of this
group is undesirable; thcrefore, it must be kept in solution during
the group precipitation. By adding NH4Cl to the NH,OH of the
group reagent, the NH,* ions, through the common-ion effect,
lower the OH™ ion concentration to such a value that the produect,
Crgr+ X (Com-)* = 3.5 X 107! is not reached. The required
basic condition for the group precipitation is thus maintained, yet
magnesium hydroxide is prevented from precipitating.

Common-ion effect is also employed in the separation of BaCrO,
and in the reprecipitation of ZnS. In these cases the acidity of
dilute acetic acid solutions is decreased through the addition of
NaC,yH 305 (the common acetate ions lower the Ht ion in the acetic
acid equilibrium).

Amphoterism. The amphoteric nature of Zn(OH),, Cr(OH);
and Al(OH)j is utilized to separate these three elements from iron
and manganese. This behavior can be illustrated by zine hydrox-
ide. This compound exhibits a stronger basic character than acid
character and its ionization can be considered as taking place
chiefly in a basic direction thus:

OH
/
Zn —Zntt 4+ 20H"
NoH
The addition of an acid will neutralize the hydroxyl ions and cause
the Zn(OH). to dissolve, forming Zn*+ ions in solution. If, how-

ever, a strong base, NaOH for example, is added, the hydrogen
ions and not the hydroxyls are displaced:

/OH
Zn + 20H™ = ZnO,~ 4 2H,0
\OH

The zinc existing in solution is in the form of zincate, ZnO,~, ions.
In analogous ways, aluminate and chromite ions are formed.
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THE AMMONIUM CARBONATE GROUP-—GROUP IV

BARIUM, Ba*+
STRONTIUM, Sr*+
CALCIUM, Cat**

The alkaline earth elements, barium, strontium and calcium, are
very much alike in their general propertics and behavior. Their
chlorides, sulfides and hydroxides are sufficiently soluble to pre-
vent their precipitation in preceding groups. The salts of these
elements which constitute the basis of the analysis of this group are
the carbonates, chromates, sulfates and oxalates. The group as a
wholeis precipitated as BaCQOg, SrCO3 and CaCO; with (NH,)2COj3,
in an ammoniacal solution containing NH,4Cl. The elements of
this group are free from hydrolysis, amphoterism, complex-ion
formation and oxidation and reduction effeets; hence the separa-
tions from one another depend solely upon precipitation phenom-
ena. Flame tests are rclied upon for final identification.

Magnesium, a closely related element, whose carbonate and hy-
droxide are rather insoluble, is prevented from precipitating here,
by buffering the group reagent with NH4Cl. Certain schemes
of analysis include magnesium in this group, but the procedure
preferred here purposely keeps this ion from precipitating until
Group V is reached.

BARIUM, Bat*t

This element is always divalent. 'The salts are colorless unless
the anion is colored. The hydroxide is too soluble to be precipi-
tated by NH4OH or NaOH. Ammonium carbonate precipitates
white BaCOj:

Batt 4 CO3~ = BaCO3

BaCOj is soluble in strong acids as well as weak acids, such as
HC,H305 and HeCO;3.  In the case of acetic acid, the bicarbonate
ion, HCOj3™, first forms:

BaCO3 + H* = Ba** 4+ HCO3~

which then reacts to form unstable HyCOj:
HCOg- + H+ = HzCOs - HQO -+ COz
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Barium chromate is precipitated when CrO4= ions are added to
a barium salt solution: '

Batt 4+ CrO4~ = BaCrOy4

BaCrQy is soluble in strong acids but insoluble in acetic acid. It
is best precipitated from a solution buffered with NaC;H30,, where-
by the H* ion concentration is diminished.

Barium sulfate is readily precipitated by dilute HoSO4 or a
soluble sulfate such as (NI4)SO0y.

Batt + SO4s~ = BaSO,

The precipitate is very insoluble in water and in dilute acids. It
is best precipitated from hot solutions. Barium is determined
quantitatively in this way. BaSO4 can be transformed into BaCOj3
by boiling with Nay,COj3 or, better still, by a fusion with solid
Nao,CO3. This is a general method of getting insoluble residues
into solution and will be employed later in the analysis of the anions
(Part III) and in the discussion of systematic analysis (Part IV).

The oxalate, BaCy0y4, is more soluble in water than the corre-
sponding caleium and strontium oxalates. It is soluble in hot acetic
acid, differing in this respeet from (faCy0y.

PRELIMINARY EXPERIMENTS

1. Precipitation of Barium Carbonate. Add dilute NH4OH to
2 ml. of the Ba(NOj3), test solution until the odor is distinetly am-
moniacal. The slight turbidity is not Ba(OH); but is due to small
amounts of BaCOj; precipitated by (NH4)2COjs; this precipitation
invariably contaminates the reagent. Heat the solution to boiling
and then add ammonium carbonate, (NH,)2COs, in excess.  Write
the reaction. Filter off the BaCO3; and dissolve it in hot, dilute
acetic acid.

2. Reaction with K,CrO,. To the hot acetate solution add a
few drops of KyCrQy4 reagent. What forms? Give the equation.
This reaction serves to make a fairly good separation of barium
from strontium and calcium.

3. Reaction toward the Sulfate Ion. To 2 ml. of Ba(INOj3), test
solution add (NH,)2SO4 reagent. Describe the result. BaSOQj is
practically insoluble in all acids and is formed even in very dilute
solutions of barium salts by any soluble sulfate or dilute H,SOj.
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4. Behavior toward the Oxalate Ion. To a small amount of
barium test solution add some ammonium oxalate reagent. Does
a precipitate form?

6. Flame Coloration. Dip a clean platinum wire into a test
tube contalhing some barium test solution, or gather up some pre-
cipitated BaCrQ, or BaCOj in a loop in the wire and hold it in
the outer portion of a Meker or Bunsen burner flame. The flame
should show flashes of green. If a non-volatile coating of oxide
forms, dip the wire once into dilute HCI and again touch it to the
flame.

STRONTIUM, Srt+

Strontium, like barium and calcium, is a divalent element. The
reactions of the strontium arc much like those of the other two
alkalinc elements. The carbonate, Sr(*Oy, is readily precipitated by
thegroup reagent, (NH,4)2('0,.  Thechromateis much more soluble
than BaCrO4. Strontium sulfate, though more soluble than ba-
rium sulfate, is precipitated by dilute 1,80, and soluble sulfates;
strontium is separated from calcium by virtue of the smaller solu-
bility of SrS04. The solubility of the chromate as well as that of
the oxalate is intermediate between the corresponding salts of
barium and calcium.

PRELIMINARY EXPERIMENTS

1. Precipitation of Strontium Carbonate. Add dilute NH,OH
to 2 ml. of the Sr(NOj3), test solution, heat to boiling and then add
(NH,)2COj; reagent. Write the reaction.  SrC'Oy is about as in-
soluble in water and ammonium salts as BaCOs.

2. Behavior toward K,CrO,. Filter off and dissolve the SrCO3
in hot, dilute acetic acid. Add a few drops of K('rO4 reagent to
the filtrate. Note the result. Only when the amount of stron-
tium ion is considerable will a precipitate of SrCrO4 form.

3. Behavior toward Sulfate Ion. To 2 inl. of Sr(NQOjz)z add
some (NH,;)2804 reagent and warm. SrS04 will be precipitated
after standing a few minutes. It is more soluble in water than
BaSO;. Repeat the experiment, using a saturated solution of
CaSO, as precipitating agent. Does SrSOy precipitate? Com-
pare these results with those under caleium below.

4. Behavior toward the Oxalate Ion. Add some (NH,)2C204
reagent to some strontium test solution. Note the result. Stron-
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tlum oxalate, though less soluble than the barium salt, will probably
not precipitate.
5. Flame Coloration. Strontium salts when volatilized in a hot
me color the flame red. Try the flame test, using prempltated
brCO3 held in the loop of a platinum wire.

CALCIUM, Cat+

This alkaline earth element is very abundant and of considerable
technical importance. It occurs widely as limestone and marble
in the form of CaCO3; and finds many uses as the oxide and in
other forms.

A glance at the solubility tables (pages 206 and 332) will reveal
the relative solubility of the carbonate, chromate, sulfate and
oxalate. Calcium is precipitated along with barium and stron-
tium as CaCOjz. It is isolated from the group filtrate in the form
of the oxalate, Ca(',(),.

PRELIMINARY EXPERIMENTS

1. Precipitation of Calcium Carbonate. Render 2 ml. of
Ca(NOj3)2 test solution ammoniacal with dilute NH,OH and then
add (NH,4),COs3 reagent. Write the ionic equation for the reaction.

2. Behavior toward K;CrOy4. Filter off the precipitated CaCO,
and dissolve it with hot, dilute HC,H30,. Add some K,CrOy to
the acetate solution and verify the fact that CaCrQOy is too soluble
to be formed.

3. Behavior toward Sulfate Ion. Add dilute (NH,),SO4 to a
few milliliters of test solution. Does CaSOy readily precipitate?

Add a few milliliters of saturated solution of CaSOy4 to another
portion of the test solution. In which case does more precipitate
form?

To a mixture of Ca(NOj3)2 and Sr(NO;)e add saturated CaSOQ,
solution. Show by flame tests that the precipitate formed is SrSO,.

4. Behavior toward the Oxalate Ion. Treat 2 ml. of calcium
test solution with (NHy),CoO4 reagent. Write the reaction. This
is the most characteristic reaction of calcium ion and is the test
for calcium. Calcium is determined quantitatively as well by
precipitation as CaCy0;,.

Try the solubility of CaCy04 in HC;H30,. Does it dissolve?
Will dilute HCI dissolve it? Explain the results.
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6. Flame Coloration. Study the flame color of calcium by vola-
tilizing salts of calcium in a hot Bunsen or Meker flame. The
color is a yellowish red.

REVIEW EXERCISES — SET 14

1. Why are the members of this group precipitated as carbonates rather
than as sulfates, chromates or oxalates? Group together the reactions
occurring during the group precipitation.

2. How do Bat*, Sr*+ and Ca** ions behave toward KoCrO4? Explain
how a separation might here be made.

8. Explain the color change when a solution of K2CrOj is acidified or
when a dichromate solution is made alkaline.

4. Will (NH,4)2S04 precipitate CaSO4 equally as well as it will precipi-
tate SrS04? Will a saturated CaSOy4 solution forn a precipitate of SrSQy4 as
readily as it will form a precipitate of CaSO4?

6. Given a solution which contains equal amounts of Sr** and Ca** ions,
which reagent would you add, (NHj4)2804 or saturated CaSOy, in order to
precipitate SrSOy in preference to CaSO4? Ixplain what is meant by frac-
tional precipitation.

6. Calculate the ratio of Ca** ions to Ba** ions in a mixed solution at
the time when both CaSO4 and BaSO4 are being precipitated.

7. Explain why HCI will dissolve CaC204, and HC2H 30 will not dissolve
it.

8. Using equilibrium relationships, show how Mg** ion is retained in
solution during the precipitation of this group.

9. How does the acidification of the KoCrQy4 reagent increase the solu-
bility of SrCrQO4?

10. The Ca*t test reagent contains 10 milligrams of this ion per milliliter.
From the data in Table XI1I calculate the CO3~ concentration required just to
saturate such a solution with respect to Ca** and CO3™ ions.

OQUTLINE OF THE METHOD OF ANALYSIS OoF THIsS GrouP

From an inspection of Table XII, which gives the solubility of
the carbonates, chromates, sulfates and oxalates of the members
of this group, it can be seen that the carbonates are uniformly the
least soluble, and consequently these cations are first precipitated
as carbonates.

In the group precipitation, NH4Cl is added to the solution along
with the ammoniacal (NH4)2COj3 in order to prevent the precipi-
tation of magnesium both as Mg(OH); and as MgCO3;. Mg(OH),
cannot precipitate because, by common-ion effect, the high con-
centration of NH4* reduces the OH™ ion concentration to such an
extent that the K, , of Mg(OH); is not exceeded. MgCO3 cannot
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precipitate because the excess of NH4* ion lowers the concentra-
tion of the CO3™ ion, by virtue of the formation of HCO;3;™ ions,
to such an extent that the relatively large value of the K, of
MgCOgzisnot reached. The presence of NH4OH in the ammonium
carbonate reagent, on the other hand, prevents the hydrolysis of
(NH,4)2CO3 from going too far to completion, and thus not lower-
ing the CO3~ ion concentration to such an amount that the three
alkaline earth carbonates of this group cannot fail to be precipi-
tated.

BaCOj3, SrCO3 and CaCOQj3 are soluble in acids as weak as acetic
acid.

TABLE XII

SoLuBiLITIES OF ALKALINE EARTH SALTS
Milligrams per 100 ml. of Water

Carbonate Chromate Sulfate Oxalate
Barium 2.3 0.38 0.23 8.6
Strontium 1.1 120.0 11.0 4.6
Calcium 1.3 400.0 200.0 0.56

Table XII further suggests that the relatively small solubility
of BaCrOy offers the means of separating-barium from strontium
and calcium. The experiments have shown that BaCrOy is pre-
cipitated from an acetic acid solution whereas SrCrQy is not. The
function of the acetic acid is to convert a certain portion of the
CrO4= into Cr07=, thus lowering the chromate-ion concentration
so that SrCrOy4 is not precipitated. (See under ‘‘ Chromium,”
page 193.) . :

A special case of fractional precipitation is encountered in this
group in the partial separation of strontium from calcium by means
of (NH4)2SO4. The solubility product constant of SrSQ; is 3.6 X
1077 and that of CaSO, 2.2 X 10™* mole per liter. SrSO, therefore
will precipitate before CaSO4 when SO4~ ions are added to asolution
containing both Sr** and Ca**ions. CaSO, will begin to precip-
itate along with SrSO4 when the concentrations of Sr++ and Cat+
remaining in solution bear a ratio to each other proportional to
the ratio of their respective solubility product constants. The
ratio is 1:610. This means that a precipitate of pure strontium
sulfate will form until for every strontium ion remaining there will
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be 610 calcium ions. After that both SrSO, and CaSOg will pre-
cipitate together. The solution can then be regarded as consisting
of a saturated solution of both SrSQ0; and CaSO;.

DIAGRAMMATIC SCHEME — GROUP IV

Solution: Precipitate: Precipitate:
Batt BaCOs
Dissolved in HCI, boiled;
BaCrOq flame test— green
flame proves Ba.
Dissolved
in warm Precipi-
dilute Precipitate: tate:
Concen- acetic Filtrate: Flame
Sr++ trated  SrCOs | acid; Sr++ SrCOs Sr8O0s | test —
to 25 ml. NaCzHi0); Dissolved deepred
NH.CI, and in acetic proves
NHOH KaCrOq acid; Sr.
and added. NaOH, small por-
(NHy)z Filtered. Na:(COs tion tested
COs + added. with CaSQOq
U added. solution.
Filtered. If
SrSO4 Filtrate:
formed Added
(NH)2504 (NHy)s-
Cat++ CaCOs Cat+ CaCO; | added Cat*t | Ci04
1 tore- ——white
maining precipi-
portion. tate,;
. flame
test
_— yel-
lowish
red
proves
Ca.

-

PracTICE ANALYSIS OF A MIXTURE ('ONTAINING BARIUM,
StrONTIUM AND CaLcium lons

Group Precipitation. To a mixture containing 5 ml. each of
Bat+, Srt+and Cat test solution add 10 ml. of water, make slightly
ammoniacal with dilute NH4OH and heat almost to boiling. Then
add, slowly with stirring, the group precipitating reagent, ammo-
nium carbonate, (NH,),CO;3 until the precipitation appears com-
plete. The precipitate consists of BaCOg, SrCO; and CaCOs.

After the carbonates have scttled, filter them off, washing the
residue with hot water. Pour several 3-ml. portions of hot, dilute
acetic acid over the precipitate on the filter paper, thus dissolving
the carbonates.
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Separation and Identification of Barium. Dilute the filtrate con-
taining the acetic acid solution of the dissolved carbonates to 50
ml., heat to boiling, add 10 ml. of NaCysH302 reagent and then
K,CrO4 reagent until the solution turns yellow. This shows
that an excess of the precipitating reagent has been added. The
yellow precipitate is BaCrO4. Allow this to settle and decant
off the solution, paSSing it through a filter. This solution con-
tains the Srt*+ and Ca*t ions. Finally transfer the BaCrO4 to
the filter and wash with hot water until the filtrate no longer runs
through yellow. Under the conditions of the separation, the pre-
cipitate should consist solely of BaCrO4 and no SrCrO4 should
have formed.

The identity of the barium chromate should be confirmed by the
flame test.  Dissolve the precipitate on the filter with HCl and
boil the resulting filtrate until the chromate ion is reduced to the
green chromice ion.  Test for barium by dipping a platinum wire
into the solution and then holding it in the outer top edge of a hot
Meker or similar burner flame. If a green-colored flame is not pro-
duced after several trials, dip the wire into the solution, then into
a little concentrated HCI and finally hold in the hottest part of
the flame.

Reprecipitation of Strontium and Calcium. In order to get rid
of the excess of chromate ions, take the filtrate from the BaCrO,
separation, make it alkaline with NaOH, heat and add Na,COj;
reagent until precipitation of SrCO3 and CaCOj3 is complete.

Filter off the SrCO3 and CaCO3; and wash with warm water until
the filtrate no longer comes through yellow. Discard this filtrate,
then dissolve the residue in hot, dilute acetic acid and dilute the
filtrate to 50 ml. with water.

Separation and Identification of Strontium. In the analysis of
an unknown sample, a preliminary test for strontium is made at
this point by adding saturated CaSO4 to a small portion of the
solution. This preliminary test may be omitted in the present
procedure and the separation of strontium made directly.

To the acetic acid solution obtained in the reprecipitation of the
carbonates, add 5 ml. of (NH,4)2SO4 reagent, warm and allow to
stand for several minutes. Filter off the precipitate.

The precipitate may not be pure SrSO4. Any barium which
failed to precipitate as BaCrO; may now have precipitated
as BaSO;. Furthermore, some CaSO4 may have precipitated.
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4

This separation of strontium is therefore not sharp. The pre-
cipitate should be identified as consisting mainly of SrSO4 by a
‘flame test.

Make a flame test for strontium by moistening the residue with
a few drops of HCl and then taking up some of the solid in the loop
of a platinum wire and holding it in a hot flame. The deep red
color shows the presence of strontium.

Identification of Calcium. The filtrate from the SrSO4 removal
contains the calcium. To precipitate this, add ammonium oxalate,
(NH,4)2C204 until CaCs04 no longer precipitates. Filter off the
precipitate and wash with dilute acetic acid. Confirm the presence
of caleium by the flame test. The flame will have a yellowish red
color in the presence of calcium.

THE SOLUBLE CATION GROUP — GROUP V

MAGNESIUM, Mg+ SODIUM, Na*
POTASSIUM, Kt AMMONIUM, NH,*

In a systematic separation of the cations into groups by the use
of HCI, H,S, (NH4)2S and (NHy4)CO3 the ions of this group fail
to precipitate as chlorides, sulfides, hydroxides or carbonates.
They therefore remain in solution as ions and must be detected by
scparate, individual tests. Though the carbonate and hydroxide
of magnesium are relatively insoluble, the use of NH4Cl, supplied
in the precipitation of Groups III and 1V, prevents the formation
and removal of Mg(OH); and MgCO3; hence Mg+t ion will re-
main in solution and is here included as a member of this group.
The alkali elements, potassium and sodium, properly belong to this
group; in more elaborate schemes of analysis the other three alkali
metals, lithium, rubidium and cesium are also detected here; for
this reason this group is sometimes referred to as the “ alkali metal
group.” The ammonium ion is included here for discussion, study
and experimentation, because it resembles potassium in its tend-
ency to form certain characteristic insoluble salts similar to those
of potassium.

The ions of this group are identified by separate, specific tests.
Since ammonium compounds have been added during the systematic
separation of preceding groups, the test for this radical is always
made on a separate portion of the original sample.
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MAGNESIUM, Mg*+

Most of the salts of magnesium are soluble in water. The hy-
droxide, carbonate, phosphate and ammonium phosphate, however,
are not. Mg(OH); and MgCO3; cannot form in the presence of an
excess of NH4Cl, hence magnesium is prevented from precipitating
in the preceding groups. The sulfide is too readily hydrolyzed to
be precipitated.

From an analytical standpoint the most important salt of mag-
nesium is magnesium ammonium phosphate, MgNH POy, a white
finely crystalline precipitate, which forms:

Mg+t + NH4+ + PO~ = MgNH,PO,

in an ammoniacal solution in the presence of an ammonium salt
such as NH4Cl. The reaction is used as the basis for the detection
as well as the quantitative determination of magnesium. Con-
versely, the same rcaction may be utilized in the detection and
determination of phosphates, and an analogous reaction with the
AsO4= ion serves as a method for the detection of arsenie.

A sensitive test for magnesium is the formation of a “lake”’
or adsorption complex with the dye, para-nitrobenzene-azo-
resorcinol. The organic compound has the structural form shown

by the formula:
OH
—N=N
HO— —NO.

In an alkaline solution, the Mg*+ forms Mg(OH ), which then ad-
sorbs the dyestuff, producing a deep blue color.

PRELIMINARY EXPERIMENTS

1. Non-Precipitation of Mg(OH), and MgCO; in Ammonium
Chloride Solutions. To about 2 ml. of Mg(NO3)s test solution
add a few milliliters of NH4Cl solution and then add NH,OH.
Repeat the experiment, omitting the NH4;Cl. In which solution
does precipitation occur? Explain the action of NH4Cl on the
basis of ionic equilibrium and solubility product relationships.

Repeat the experiment, using (NH,)2CO3 as the precipitating
agent; add NH,Cl in one case and omit it in the other. The
white precipitate in the one case is a basic carbonate of magnesium.
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2. Precipitation of Magnesium Ammonium Phosphate. To a
few milliliters of Mg(NOj3)2 test solution add a few crystals of
NH,CIl and then NH,OH until the solution is ammoniacal. Then
add Na,HPO,4 reagent. Write the reaction. Why was NH,CI
added first? If precipitation does not take place at once, allow
the test to stand for some minutes or rub the inside of the test
tube with a stirring rod to start precipitation.

3. Para-Nitrobenzene-Azo-Resorcinol Test. To 1 ml. of neu-
tral or slightly acid test solution add an equal volume of the reagent.
What color change takes place? What type of product is formed?
In case a yellow color results, repeat the experiment with a less
acid test solution.

AMMONIUM, NH,*

The ammonium ion resembles potassium in many of its reactions.
Its insoluble salts, such as the acid tartrate, chloroplatinate and
cobaltinitrite, have about the same solubility as the corresponding
salts of potassium. For this reason ammonium salts must be re-
moved from solutions which are being used for potassium. For
the reason that ammonium salts have been introduced as group
reagents in preceding groups, the test for NHy+ must always be
made on a portion of the original sample.

The test most commonly used to detect the presence of ammo-
nium salts is the action of NaOH. This strongly ionized base will
liberate NH3 from solutions containing the NH * ion, and the
presence of NHj3 can be shown by its ability to turn moist litmus
paper blue.

The liberation of NHj3 from solutions of ammonium compounds
by NaOH is explained as follows: The action of the strong base
on the ammonium salt present is first to form NH4OH, because
this compound is a weakly ionized substance:

NH,* 4+ OH™ = NH,0H
Ammonium hydroxide is‘in equilibrium with NH; and H,0, since
it is produced by the reaction of ammonia with water:

NH,OH = NH; + H,0

Addition of a large excess of OH™ ions from the strong base will
repress the ionization of NH;OH. But the concentration of non-
ionized NH4OH is limited by its equilibrium with NH3, and to
maintain the above constant, NHj3, as gas, is evolved from the
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equilibrium mixture. The ammonia reacts with the water on the
moist litmus paper, forming the base which gives the blue color.

Sodium cobaltinitrite, NazCo(NO,)s, gives with ammonium
salts a yellow precipitate of (NH,)3Co(NO,)g, similar in appear-
ance to that formed by potassium salts.

Chloroplatinic acid, HoPtClg, yields a yellow precipitate of am-
monium chloroplatinate, (NH4),PtClg, with solutions containing
NH,*. In the absence of potassium, which yields a similar pre-
cipitate, this reaction is a good test for ammonium salts and con-
stitutes a quantitative method of analysis as well.  'When ignited,
(NH4)2PtClg leaves a residue of spongy platinum:

(NH;);PtCls = 2NH, + 2HCI + 2Cl, + Py

Tartaric acid, HoC4H4Og, precipitates from concentrated solu-
tions of ammonium salts white erystalline ammonium acid tar-
trate, NHsHC4H,Og, similar in appearance to that produced by
potassium.

When ammonium nitrate is strongly heated, it is decomposed
into nitrous oxide and water, and thereby completely volatilized:

NH4N03 — N20 + 2H20

This is the method by which ammonium salts are removed from
mixtures which are to be examined for potassium.

PRELIMINARY EXPERIMENTS

1. Test for Ammonium Ion. To a few milliliters of NH4NO;
test solution in a small beaker, add 1 ml. of NaOH solution. Stir
the mixture. Hold over the solution a piece of moistened red or
neutral litmus paper. If no color change occurs or if the odor of
NH; is not evident, cautiously warm the mixture, again testing
the vapors with litmus paper. Explain the action of NaOH, in
terms of ionic equilibria and common-ion effect. Write reactions
to show why NHj is evolved.

2. Decomposition of Ammonium Compounds. Add concen-
trated HNO; to a few milliliters of NH4Cl or NH,NO, solution,
evaporate carefully to dryness in a small evaporating dish and
then heat the dish to a dull red heat. Does a residue still remain ?
Do sodium and potassium salts show the same behavior?

POTASSIUM, K+

The potassium ion is always monovalent. The oxide, K,0, is
relatively unimportant but the hydroxide, KOH, is an important
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reagent. It is formed when the metal reacts with water:
2K + 2H;0 = 2K+ + 20H™ 4 H.

A solution of KOH is highly ionized and hence strongly alkaline.
The commoner salts of potassium are rather soluble in water. The
insoluble salts are the cobaltinitrite, the chloroplatinate, the acid-
tartrate and the perchlorate. The precipitation of these salts may
be used as tests for potassium, provided the ammonium ionisabsent.

When sodium cobaltinitrite is added to a dilute solution contain-
ing potassium ion, there is formed a ycllow precipitate of potassium-
sodium cobaltinitrite, according to the equation:

2K+ + Na* + Co(NOy)e= = KzNaCo(NO,)s

If much potassium is present, the compound will have the composi-
tion represented by the formula K3Co(INO2)g. As already noted,
ammonium ion precipitates (NH4)2NaCo(NO2)g; hence, in using
this reaction as a test for potassium, ammonium salts must be
absent.

Potassium chloroplatinate, K;PtClg, a yellow precipitate, is
formed when chloroplatinic acid (a solution of platinum in aqua
regia) is added to a strong solution of a potassium salt such as the
nitrite. The reaction is:

2K+ + PtClg~ = K;PtClg

This is another good test for potassium and is one of the methods
used for the quantitative determination of potassium. Since the
NH,* ion produces (NH,)oPtClg, similar in color, this test can
only be used in the absence of ammonium salts.

A solution of tartaric acid, or of sodium acid tartrate, will precip-
itate potassium acid tartrate, KHC H4Og, from a neutral solution
of a potassium salt.

K+ 4+ HC,H,0s~ = KHC/H,Og¢

As with the two other reactions already cited, the presence of
NH,t interferes.

Perchloric acid, HClIOy, precipitates KClO4 from alcoholic solu-
tions containing K+ ion. The reaction is used quantitatively for
the determination of potassium.

PRELIMINARY EXPERIMENTS

The instructor will specify which of the following reactions
should be studied.
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1. Reaction with Sodium Cobaltinitrite. To about 1 ml. of the
test solution add an equal volume of sodium cobaltinitrite and allow
the test to stand for several minutes. Write the equation for the
reaction. It should be remembered that the corresponding am-
monium salt is also insoluble.

2. Chloroplatinate Test. The reaction with this reagent con-
stitutes a sensitive test for potassium and is one of the methods by
which potassium is determined quantitatively. The reagent is ex-
pensive; the instructor will specify whether this reaction is to be
carried out and will personally dispense the reagent.

Place a few drops of test solution on a watch glass or in a test
tube and ask the laboratory instructor to add a drop of the chloro-
platinic acid. What forms? Give the equation.

The ammonium ion forms (NHy);PtClg, similar in appearance
to the potassium salt.

3. Reaction with Perchloric Acid. Add to 2 ml. of the test solu-
tion of KNOjz an equal volume of cthyl alcohol, CoaH50H, and then
add, dropwise, a dilute solution of perchloric acid, HCIO4. This
reaction will distinguish potassium from sodium. The quantitative
determination of potassium can be carried out by this reaction.

4. Precipitation of Potassium Acid Tartrate. Add a few milli-
liters of tartaric acid solution, HoC4H,4Og, or sodium acid tartrate,
NaHC4H40g, to 2 ml. of the KNOj test solution and shake vig-
orously. What is the composition of the precipitate formed? See
expgriment 5 for ammonium.

6. Flame Coloration. Dip a clean platinum wire into KNOQjy
test solution contained in a watch glass and hold the wire in the
outer part of a Bunsen flame. Note the color of the flame.

Add some NaNOj to the KNO; in the watch glass and repeat
the experiment, observing the flame test first without and then with
a thick cobalt glass plate. The blue glass absorbs the yellow rays
owing to the presence of sodium and transmits only the color of
the potassium flame.

SODIUM, Na‘

All of the common salts of sodium are soluble in water. The
triple salt which forms with zinc uranyl acetate is the best precipi-
tation test for sodium. The fluosilicate, Na,SiFg, and the pyroan-
timonate, NasHoSb,05, are slightly soluble in water and sometimes
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employed as tests for this element. The color of the sodium flame
is an intense yellow.

Zinc uranyl acctate forms a pale yellow precipitate with Nat.
The precipitate is sodium zine uranyl acetate, and has the composi-
tion:

NaCyH304:Zn (C2H302)2:3U05 (C2H304)2:6H,0

High concentrations of potassium will produce a similar triple
salt. The reagent is a mixture of zine acetate and uranyl acetate
in dilute acetic acid solution.

Fluosilic acid, HySiFg, will precipitate from solutions of sodium
salts, in the presence of alcohol, a white gelatinous precipitate of
NaoSiFg. Potassium must be absent because the similar salt,
K,SiFg, would be precipitated and NH;+ must be absent because
in the presence of ammonium salts the reagent decomposes into
orthosilic acid, HySiO4, which resembles NaySiFg in appearance.

Potassium pyroantimonate, KoH2Sb>0-, reacts with sodium salts
to precipitate sodium pyroantimonate, NasHoSboO7, in neutral or
weakly basic solutions.

PRELIMINARY EXPERIMENTS

1. Zinc Uranyl Acetate Test. To 2 drops of Na* test solution
in a test tube add a large excess (about 10 drops) of the acetate
reagent. Shake the tube and after several minutes note the
presence of a precipitate. Give its formula.

2. Flame Test. Thoroughly clean a platinum wire by alternately
dipping it in concentrated HCl and then touching it to the flame of
a Bunsen burner. Study the color of the flame produced when
sodium salts are volatilized. Try several different salts of sodium.
Compare the color with that produced by ammonium compounds.
Note that appreciable amounts of sodium give an intense, persis-
tent dandelion-ycllow flame whereas the traces of sodium present
in ammonium salts and most other reagents give only a feeble, dull
yellow flame of short duration.

REVIEW EXERCISES — SET 16

1. Mg(OH); is quite insoluble. It forms when Mg ions react with bases
such as NH;OH. Explain, on the basis of the solubility product principle,
why Mg(OH), is not precipitated in Group I1I, where NH,OH in the presence
of NH4CI is used.
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2. MgCOj3; can be precipitated by (NH4)2CO3. Explain why it is not
precipitated in Group IV along with BaCOj3, CaCO3 and SrCO3.

8. Give the reaction which represents a test for magnesium.

4. Name and give formulas of four insoluble salts of potassium and two
of sodium.

6. Can sodium be separated from potassium with chloroplatinic acid?

6. What is a good precipitation test for potassium? Write the reaction.
Will this test work if NH4* ions are also present?

7. Are potassium salts more volatile in the flame than sodium salts?
Why use a blue (cobalt) glass?

8. How do ammonium salts behave with HsPtCls, Na3Co(NOz)g and
H,C4H404? Can any of these veagents be used for tests if potassium ion is
present?

9. Explain, on the basis of the Law of Chemical Equilibrium, how a strong
base will displace a weaker base from its salts.

10 Calculate the approximate OH™ concentration for a molar solution of
NH4OH to which a gram-mole of N14Cl has been added. (NH4Cl is ionized
84 per cent.)

PracTiCcE ANALYSIS OF A MIXTURE CONTAINING MAGNESIUM,
AmmoNIuM, Porassium anNp Sopium Ions

Make up a mixture of these ions by mixing 5 ml. of each of the
test solutions of these four eations. Use separate portions for the
individual tests as outlined in the accompanying procedures.

Identification of Magnesium. To about 5 ml. of the test mixture
add a few crystals of NH4Cl, made ammoniacal with NH,OH, and
then add 2 ml. of disodium hydrogen phosphate, NaogHPO4. The
reaction:

Mg+t 4+ NH,* + PO, = MgNH,PO,

forms the white crystalline salt of magnesium ammonium phosphate,
usually after standing for some time.

To confirm this apply the test with para-nitrobenzene-azo-
resorcinol: To 1 ml. of the test mixture, which should be neutral,
add 1 ml. of the alkaline organic test reagent. The deep blue pre-
cipitate (a lake) is due to the adsorption of the dye on the precip-
itated hydroxide.

Identification of the Ammonium Ion. To another portion of the
test mixture, in a small beaker, add a solution of NaOH. Moisten
a strip of red or neutral litmus paper to the bottom of a watch glass
and place this over the beaker. Then warm the mixture, being
careful that no drops of the solution come into contact with the
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test paper. Ammonia, NHj;, will be displaced from the solution
through the action of the strong base and, on reacting with the
moisture on the test paper, will render it blue.

" Identification of Potassium. In order to apply the precipita-
tion tests for potassium the ammonium ion must be removed.
Proceed as follows: Place about 5 ml. of the solution in a large
evaporating dish or casserole, add an equal volume of concentrated
HNOj and begin the evaporation of the solution. (While this is
in progress, the identification of sodium and ammonium can be
carried out.) When the solution is reduced to a small volume
transfer it to a smaller evaporating dish and carefully apply the
heat to avoid spattering as the mixture becomes dry. Then ignite
below a dull, red heat until fumes are no longer given off. This
treatment volatilizes the ammonium salts:

NH4NO3z = 2H;0 + N0

Allow the residue to cool.

Remove some of the residue to a test tube, dissolve in a few mil-
liliters of water, adding a drop or two of acetic acid. TFilter if
necessary. To a portion of this filtrate add about 1 ml. of sodium
cobaltinitrite, NazCo (NQO;)g, warm and allow to stand for several
minutes. The yellow precipitate is potassmm cobaltinitrite,
I{QNELCO (N02 )6

If chloroplatinic acid is available, the test with this reagent is
carried out as follows: Remove to a watch glass a drop or two of
the solution from which ammonium salts have been removed and
ask the instructor to add a drop of HyPtClg. The yellow precip-
itate is potassium chloroplatinate, K,PtClg.

;Pg_@pnghe flame test, a bit of the ignited residue may be taken
up in the loop of a platinum wire, held in the outer part of a Bungen
flame; the flame must be viewed through a thick blue (cohalt)
glass The_violet. colar. _transmitted through the. glass, which
screensnuhth&yellow of the sodium, is characteristic of potassium.

Identification of Sodium. 7To a drop or two of the test mixture,
add 8 to 12 drops of zinc uranyl acetate reagent. In the course
of five minutes or so, the triple salt, NaC;H305-Zn (CoH30,),-
3(UO;3) (C2H304)2:6H 0, sodium zinc uranyl acetate will form as a
pale yellow precipitate.

The flame test for sodium as conducted here will give a brignr,

intense yellaw.cglor which Tasts Tor some tlme.
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PART III
THE REACTIONS OF THE ANIONS

The anions or acid radicals studied in this course are derived
primarily from relatively few elements. The acid-forming ele-

ments which give rise to the most important and commoner acids
are the following:

FLUORINE CARBON
CHLORINE BORON
BROMINE PHOSPHORUS
IODINE ARSENIC
SULFUR CHROMIUM
NITROGEN SILICON

From the acids or salts of these elements, by ionization, are pro-
duced the anions, whose study is undertaken here. They are:

FLUORIDE, F

CHLORIDE, Cl, and CHLORATE, CIO;"

BROMIDE, Br™

IODIDE, I

SULFIDE, S7, SULFITE, SO;~, SULFATE, SO,~, THIOSULFATE, S;0;",
and THIOCYANATE, CNS™

NITRITE, NO; , and NITRATE, NO;~

CARBONATE, CO3™, OXALATE,C:04~, TARTRATE, C4H,04~, ACETATE,
C:H4 0., CYANIDE, CN™, FERROCYANIDE, Fe(CN)¢™~, and FERRICY-
ANIDE, Fe(CN)¢™

BORATE, BO; , BO;~, B4O;~

PHOSPHATE, PO

ARSENATE, AsO4=, and ARSENITE, AsO;™ (AsO3™)
CHROMATE, CrO4~ or Cr20;7~
SILICATE, SiO3™

THE ANALYTICAL GROUPING OF THE ANIONS

The method by which the anions are placed into several groups,
subsequently subdivided and finally detected individually follows
the general principle of that of the cation scheme. The anion

220
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scheme used here is that originally proposed by Dobbins and
Ljung of the University of North Carolina and with certain alter-
ations has been found to give good results when used by students.
In this procedure the solution of the ions is kept rather strongly
alkaline with NaOH in order to minimize the destructive effects
of oxidation-reduction reactions. The group reagents are
Ca(NO3),, Ba(NO3)s, Zn(NO;3)e and AgNO;, thus dividing the
anions into four precipitated groups and a soluble group. The
group precipitations are here outlined.

1. If Ca(NO3),; reagent is added to a mixture of all anions
there will be precipitated calcium carbonate, CaCQ;3, calcium
oxalate, CaCy0y, calcium fluoride, CaFs, calcium metaborate,
Ca(BOz)s, calcium_sulfite, CaSQs, calcium arsenite, Ca(AsOs)s,
calcium arsenate, Caz(AsOy)qe, calcium phosphate, Cagz(PQg)s,
calcium tartrate, CaC4H4Oq, and calcium silicate, CaSiO3. It
may happen, also, that some Ca(OH),; precipitates. This
group of calcium salts is Group I. The supernatant liquid
or filtrate will contain all other anions of which the mixture is
composed.

2. If to the filtrate is next added Ba(NOj), reagent, insoluble
barium sulfate, BaSOy4, and barium chromate, BaCrQy, will form.
This then is GiSup 1T,

3. Zn(NOg3); is the reagent for Groap IIT and will precipitate
zinc sulfide, ZnS, zinc cyanide, Zn(CN),, zinc ferrocyanide,
me, and zinc ferricyanide, Znz[Fe (CN )gl.

4. Having removed, successively, the insoluble calcium, barium
and zince salts, if now AgNO; reagent is added, there will be pre-
cipitated silver thiosulfate, AgsS,0s, silver thiocyanate, AgCNS,
silver iodide, Agl, silver bromide, AgBr, and silver chloride, AgCl.
This is Group IV. <

5. There remain, unprecipitated by the group reagents, the
chlorate, ClO3", the acetate, CoH30,™, the nitrite, NO,™, and the
nitrate, NO;~. These may be considered Group V.

This grouping of the anions is shown diagrammatically on the
following page.

The properties, reactions and tests for the anions are described
in the following sections. In the systematic analysis of mixtures
the test for nitrates must be made on a separate portion of the
original mixture, because the nitrate ion is introduced through the
addition of the group reagents.
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THE CALCIUM NITRATE GROUP — GROUP 1

CARBONATE, CO3™ ARSENITE, AsO;™
OXALATE, C:04~ ARSENATE, AsO&
FLUORIDE, F~ PHOSPHATE, PO~
METABORATE, BO; TARTRATE, C4H,O¢™
SULFITE, SO;™ (SILICATE, SiO37)

The anions of this group are precipitated by Ca(NOjz)z; the
calcium salts of all other ions are sufficiently soluble to prevent
their precipitation here. In a systematic analysis of a solution
for the detection of anions, the addition of the group reagent,
1 M Ca(INOj3)s to the solution, which has been made strongly
alkaline with 4 A NaOH, will result in the precipitation of CaCOsg,
(‘z&CgO‘;, Céng, Ca(BO‘q)z, Ca(AS()z)z, CJJ(AS();)Z, Ca,3(PO4)2,
JaC4H406 and CaSiOy, as well as possibly some Ca(OH)e. The
group precipitate, after filtering and thorough washing, is then
treated with dilute HCyH3;0,, which dissolves all except the
CaCy04 and CaF,. Further details of scparation and the dis-
tinctive reactions which constitute the identification tests are
revealed in the following preliminary experiments and practice
analysis.

The inclusion of silicates in mixtures of anions for student
analysis greatly complicates the schemg of analysis and they arc
therefore cxcluded from the systematic scheme. Speeial pro-
vision is, however, made for the detection of this ion in silicate
materials. For details see page 319.

CARBONATE, CO;™

When carbon dioxide dissolves in water, carbonic acid is formed,
in accordance with the equation:

COz + HQ() g Hch;;

The amount of HoCO3 formed is very small, and the resulting
solution very dilute with respect to the acid. Carbonic acid is a
weakly ionized acid, dissociating in two stages, viz:

H,CO; = H* 4+ HCO3".
and HCO3™ = H+ + CO3~.

vielding the bicarbonate and the carbonate ion, respectively.
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Alkali carbonates, such as Nay,COjz, hydrolyze to give an alka-
line reaction:
CO3z~ 4+ H,0 = HCO3~ 4+ OH™

Bicarbona’/ces also undergo slight hydrolysis with the formation of
H2003I
HCO;™ + H,0 = HyCO3; + OH"

All the metallic carbonates are insoluble in water, with the
exception of ammonium carbonate and the carbonates of the
alkali metals. Therefore, when a sample containing soluble or
insoluble salts is boiled with Na,CO3 (or a solid mixture is fused
with NayCOj3) transposition will take place, precipitating the
metallic ions as insoluble carbonates or, in a few instances, as
basic carbonates or hydroxides. If, for example, BaSOj, is boiled
or fused with Na,COj3, metathesis takes place:

BaSO; + Na,CO3; = BaCO3 + 2Nat 4+ SO4~

transforming the barium sulfate into barium carbonate, leaving in
solution SO4~ and Na* ions. This is the basis of the procedure
used in systematic anion analysis for freeing the sample of the
presence of objectional cations and, at the same time, for getting
the sample into solution. The solution thus produced is referred
to as the “ prepared solution.”

The carbonate ion is precipitated, as stated above, by prac-
tically all cations. It is important to note that this is especially
true of the cations of the group reagents, namely, Catt, Batt
Zntt and Ag*, which form the corresponding insoluble carbonates.
The reagent of this group, Ca(NO3),, precipitates white CaCOjz:

CO3= + Catt = CaCOgj

The usual test for carbonates depends upon the liberation of
CO; by the action of an acid and the subsequent reaction of the
CO, with Ba(OH); or Ca(OH);. When a soluble or insoluble
carbonate, such as CaCQOj, is treated with an acid, even one as
weakly ionized as HC,H;30;, carbonic acid is formed:

CaCO;; + 2H+ = HzCOa + Catt

The unstable H,CO3; decomposes into carbon dioxide and water:
HgCOa - COz + Hgo
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Then, if the gas is exposed to or led into a solution of Ba(OH ).,
insoluble BaCO3 forms:

CO, + H,0 + Ba(OH); = BaCO; + 2H,0

PRELIMINARY EXPERIMENTS

1. Action of Group Reagent. Treat 2 ml. of NayCOj test solu-
tion with the Ca(NOj)s reagent. What forms? Record the
reaction.

2. Test for Carbonate. Decant the supernatant liquid. Hold
a drop of Ba(OH), in a loop of a platinum wirc and place it over
the mouth of the test tube containing the CaCOj3 precipitated in
experiment 1. Then add a few drops of dilute (12.5 per cent)
acetic acid. What happens to the CaCO3; and to the drop of
Ba(OH),? Give the equations.

OXALATE, C.04

Oxalates are the salts of oxalic acid.  This organic acid is a white
solid, crystallizing with two molccules of water, HaCo04-2H0.
It ionizes in two stages, viz:

H,C,04 = H+ + HC.0,"
and HCzO4 T=Ht+ '(:204=

It yields acid oxalates and normal oxalates upon reaction with
bases. Most of the oxalates are relatively insoluble in water.
The relative solubility of caleium, strontium and barium oxalate
has already been considered in connection with the separation of
caleium in Group IV of the cations.

Calcium oxalate is soluble in strong acids but insoluble in dilute
HC.H30,. In this respect it differs, along with CaF,, from the
calcium salts of the other members of this group; this property is
used to separate calcium oxalate and calcmm fluoride from the
other calcium salts of this group.

Oxalic acid and acidified solutions of oxalates are excellent
reductants. The reduction of KMnOQj is used as a characteristic
test. If KMnO, is added to an acidified solution of an oxalate,
the mixture will be decolorized, owing to the reduction of the pink
MnO, " ion to colorless Mn*+, The reaction in ionic form is:

2Mn04- + 16H+ + 5C204_ = 2Mnt+t+ + 8H20 + 10002
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or, in molecular form:

R 2KMn04 + 3H2SO4 + 5H20204 =
2MHSO4 + 8H20 + 10002 + K2804

It must be remembered that many other reducing agents reduce
KMnO, with resultant decolorization of the solution. Particu-
larly will sulfites and arsenites, both members of this group,
decolorize KMnO, and hence in systematic analysis special care
must be exercised in the complete removal of these interfering
reducing ions.

Since the oxalates of the alkaline earth group (Group IV of the
cations), namely CaC304, SrCy04 and BaCy0y4, are insoluble in
a neutral or alkaline solution, it is important in the systematic
detection of the cations that the presence or absence of oxalates
be known before heginning the precipitation of Group III of the
cations and, if present, they must be removed. The method of
removal ,consists in destroying the oxalate, along with tartrates
and similar organi¢c matter, by fuming down with concentrated
HoS80,4 and HNO3. When oxalic acid is heated with concentrated
sulfuric acid it decomposes, yielding CO, CO2 and other products.
For the manipulative details of this step in the removal of inter-
fering oxalates sec the procedure on page 308.

PRELIMINARY EXPERIMENTS

1. Action of Group Reagent. To 5 ml. of sodium oxalate test
solution add a few drops of dilute NaOH and then Ca(NOs)..
What forms? Write the equation.

Filter off the precipitate, transfer it to a test tube and add 1 or
2 ml. of dilute HCoH30,. Docs the solid appear to dissolve?

2. Decolorizing Test with KMnO,. Treat the precipitated
CaCq04 obtained in experiment 1 with dilute HaSO4, and then
add a drop or two of dilute KMnQy. Observe the result. Write
the equation showing the reduction of the MnQO4~ ion.

FLUORIDE, F~

Most of the fluorides are insoluble in water, the notable excep-
tions being those of silver, mercury (ic), tin (ic), aluminum, so-
dium, potassium and ammonium. )

Calcium fluoride is an important salt. It is formed when Cat+
is added to a soluble fluoride. CaF,, like CaC50y, is insoluble in
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dilute acids, such as HCyH30,. The insolubility of CaFy in
acetic acid serves to separate T~ oas well as (2004~ from the other
members of this group.

Fluorides are derived from the acid, hydrofluoric acid, which is
a liquid boiling at 19.4° C. The commercial acid, dispensed in
non-glass containers, is an aqueous solution containing about 50
per cent HF. It is a weakly ionized monobasic acid.

Hydrofluoric acid is formed when a fluoride, such as CaF,, is
treated with HySO4; the equation is:

CaFs + HoS804 = 2HF + CaSO04

The most useful property of this acid is its ability to react
with silica and silicates. Upon this property rests the test for
fluorides, the ectching test. With SiOg the acid forms silicon
tetrafluoride:

4HF + SiOp = SilYy + 2H-0

In the case of glass, which is a silicate, the action of the acid leaves
the surface etched.

PRELIMINARY EXPERIMENTS

1. Action of Group Reagent. To 5 ml. of fluoride test solution,
add some Ca(NOjz)s reagent. Record the equation for the
reaction.

Without attempting to filter, add dilute acetic acid to the pre-
cipitated CaF,. Does the precipitate dissolve? What other
calecium salt of this group shows a similar behavior?

2. Etching Test. Precipitate CaFq from 5 ml. of fluoride test
solution, filter_ and transfer the precipitate to a glass slide or plate
of glass. Make a depression in the center of the mass.  Coat the
underside of a watch glass with paraffin wax and scratch some
characters, such as your initials, through the waxed surface.
Then add 2 or 3 drops of concentrated HySO4 to the CaFsy, cover
this with the watch glass and allow to stand for half an hour.
Remove the wax from the watch glass and note what happened.
Write the equations.

BORATE, BO;, B4O;", BO;

The element boron forms three acids, namely orthoboric acid,
H;BO;, metaboric acid, HBO,, and tetraboric or pyroboric acid,
H.B,0;. Orthoboric acid, sometimes also called boracic acid, is
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a white solid. Although it contains three replaceable hydrogens
and therefore is tribasie, its primary ionization is rather feeble,
taking place in accordance with the equation:

H3BO; = H* + HyBO;™

Borice acid behaves thus as a weak monobasic acid.

The commonest salt of boron is borax, or sodium tetraborate,
Na,B407, derived from tetraboric acid. Borax hydrolyzes first
into free boric acid and the metaborate ion, which in turn hydro-
lyzes still further as shown in the equations:

B4()7= + 3HOH = 2H3B03 + 2B02_
BO;™ 4+ 2HOH = H3BO3; + OH"

A solution of borax therefore contains, in addition to B4O7;= ions,
free boric acid, metaborate ion and hydroxyl ions, and shows an
alkaline reaction.
Calcium nitrate when added to a borax solution will precipitate
the metaborate:
Catt 4- 2BO;” = Ca(BOg),

Barium nitrate produces a similar effect. Silver nitrate pre-
cipitates AgBO, from rather concentrated borax solutions; from
dilute solutions containing a greater proportion of OH™, Ag,0 is
precipitated.

Some of the compounds of boron are volatile and burn with a
green flame. Methyl borate, (CHj3)3BO3, and ethyl borate,
(CoHj5)3BO3, are two such compounds. These compounds are
readily produced by the action of the corresponding alcohols on a
solution of boric acid. In the case of methyl alcohol, the equation
is:

H3BO; + 3CH30H = (CH3)3;BO3 + 3H,0

Borax, it will be recalled, is used in fused form as a bead test
for cobalt and nickel. Refer to these bead tests under cobalt and
nickel.

PRELIMINARY EXPERIMENTS

1. Action of Group Reagent. To 5 ml. of borax test solution
add Ca(NOjz), reagent. What forms? Write the equation.

Add a little dilute acetic acid to the precipitate. Does it
dissolve?
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2. Turmeric Paper Test. Dip a strip of turmeric paper into a
strong solution of borax, slightly acidified with HCl After
drying, the paper will turn reddish brown. The drying is best
accomplished by placing the test paper on a watch glass and
placing this in turn over a beaker of boiling water. The color will
turn greenish black if the paper is afterwards moistened with a
drop of NaOH.

3. Flame Test." Add a few milliliters of concentrated H,SO, to
2 ml. of the borax test solution in a small evaporating dish and then
add a little methyl alcohol. Stir the mixture and light the vapor.
Obscrve the color of the flame. To what is the color due? The
concentrated HySO,4 serves to remove the water formed in the
reaction.

SULFITE, SO;~

The element sulfur forms a large number of acids. The more
common ones for which detection is here provided are hydro-
sulfuric (hydrogen sulfide), HsS, sulfurous, HySOj, sulfurie,
H,S0y, and thiosulfuric, HoS503. The anion of sulfurous acid,
the sulfite ion, is tested for in this group; sulfates are tested for
in Group II, sulfides in Group IIT and thiosulfates in Group IV.

The free acid, sulfurous acid, HoSOj3, is unstable and exists only
in solution. It is formed by dissolving the anhydride, SO, a gas,
in water:

SO, + H,O = H,S04

In such an aqueous solution, most of the SO, remains as dis-
solved -gas and very little is combined as HySO,.
The acid ionizes, like all dibasic acids, in two stages:

H,SO3 = H* 4+ HSOy3-
and HSO3;™ = H* 4 SOz~

giving rise to the bisulfite ion and the sulfite ion. The ionization
constant for the primary stage is 1.7 X 107%; for the secondary
stage the constant is 5 X 107% Partial and complete neutrali-
zation of sulfurous acid by bases produces bisulfites and sulfites,
respectively.

All sulfites, except those of the alkali metals, are practically
insoluble in water. Most of the bisulfites, on the other hand, are
soluble in water.



230 THE REACTIONS OF THE ANIONS

The most interesting and analytically useful property of sul-
fites, when acidifted, and of sulfurous acid itself is a strong reducing
action. Oxidizing agents such as KyCroO7, KMnO4 and I, arc
reduced, the SO3= being oxidized to SO4=. The sulfite ion will
likewise reduce HgCly to HgoCly to form a distinctive white pre-
cipitate. The rcaction is used as a test for SO3=, the reaction
being:

SOz~ + 2HgCly + Ho0 = Hg,Cly + SO,~ + 2H+ + 2C1°

But under certain conditions this anion may also act as an oxidiz-
ing agent. For example, toward H,S it acts as an oxidant, in an
acid solution:

HoS0O5 4 2H,S = 3S + 3H,0

Calcium nitrate readily precipitates white CaSO4.  The pre-
cipitate is casily soluble in acids, even dilute HCoH30s.  Acids
stronger than acetic decompose sulfites with evolution of SOq:

CaS0y + 2H+ = H,S0, + Catt
‘ H,80; — SO, + H,0

PRELIMINARY EXPERIMENTS

1. Action of Group Reagent. To 2 ml. of the sodium sulfite
test solution add some Ca(NO3)s reagent. Note the formation
of a precipitate.  What is it?  Write the equation.

Barium nitrate and zine nitrate produce similar precipitates.
With AgNO;, white AgeSO; is produced; this decomposes on
boiling.

Treat the CaSOj3 obtained above with dilute HC;H30,. Note
what takes place and write the equations.

2. Nitroprusside Test for Sulfites. To 1 ml. of saturated ZnSOQ,
solution in a test tube add several drops of sodium nitroprusside
solution. To this add 1 ml. of sulfite test solution. A dark
red solution should result. Add several drops of potassium ferro-
cyanide solution and note that a white precipitate forms upon
which the red color is adsorbed.

3. Reducing Action of the Sulfite Ion. To 8 or 10 ml. of hot,
saturated mercuric chloride solution add a few milliliters of NasSO5
test solution. What is the white precipitate? Record the reaction
in your notebook.
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ARSENITE, AsO:"

Arsenites, in their relation o the detection of arsenic among
the cations, have already been partly discussed in division B of
Group II of the cations, to which the student should now refer
(see page 151). The most important of the trivalent forms of
arsenic are meta-arsenious acid, HAsOg, and the sulfide, As,Sj.
The acid is derived from As;03, which when dissolved in water
first forms the ortho-acid, which then passes over into the meta
form:

ASQOg + 3H20 = I’IgAS();;
H3ASO3 = IIA.SO-_),"‘{“ IIzO

The oxide is soluble in acids and in bases; this shows it to be
amphoteric. The acid exists only in solution. The test sohution,
NaAsQs, is derived from the meta acid.

Many arsenites are insoluble in water. Thus, calcium meta-
arsenite is readily precipitated by calcium ion as Ca(AsOy),:

Catt + 2450, = Ca(AsOy),

This precipitate dissolves in acetie acid as well as stronger acids.,

The arsenite ion is a strong reducing agent and is casily oxidized
by oxidizing agents, especially in acid soJution.  Thus if & mixture
of arsenite and chromate, such as one might have in an ““ un-
known,” is acidified, rapid reduction of the dichromate to chromic
ion takes place.

Cra07= + 2H* + 3As0,” = 2Crt+ + H,0 + 3As04=

This reduction takes place to a slight extent even in an alkaline
solution, but not sufficiently to make the detection of arsenite
impossible.

Potassium permanganate is rcduced and decolorized by the
arsenite ion in an acid solution and for this reason, when KMnQ,
is used as the test reagent for oxalates, arsenites as well as sulfites
must be thoroughly washed out of the CaCy0y4 residue.

The oxidizing agent used to detect arsenites is iodine; the
reaction is:

ASOz_ + Iz + 2H20 = A.SO4‘T' + 21" + 4H+

Special attention is called to this reversible reaction since the
test for arsenates, as described later, consists of reducing the arsen-
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ate with the iodide ion. The reaction is the reverse of the above
reaction.

PRELIMINARY EXPERIMENTS

1. Action of Group Reagent. To 5 ml. of NaAsO, test solution
add a little Ca(NO3)s reagent. Write the equation.

Treat the precipitate with dilute HC3H30; and note what
happens.

2. Test for Arsenite. I'o several milliliters of arsenite test solu-
tion add a few drops of starch solution, as indicator, and then a few
drops of dilute (0.01 N) iodine solution. Is the starch-iodine com-
plex decolorized? Write the equation showing the reduction of
the iodine.

ARSENATE, AsO&~

Arsenates are derived from arsenic acid; this, in turn, may be
formed in aqueous solution by dissolving the anhydride, As,Os,
in water:

A8205 + 3H20 = 2H3ASO4

Arsenic acid as a tribasic acid undergoes ionjzation in three stages,
producing the primary, secondary and tertiary arsenate ions,
HyAs047, HAsO4 = and AsO47, respectively.  Arsenates are anal-
ogous to the corresponding orthophesphates. The anion test
solution is made from disodium arsenate, NasHAsOy.

Calcium nitrate precipitates the normal or tertiary arsenate:

3Ca*tt + 2As0,= = Caz(AsOy)2

readily soluble in dilute HC;H30s.

The tests for arsenie, as deseribed on page 166 and carried out
in the scheme for the detection of cations, consist in the pre-
cipitation of (1) ammonium arsenomolybdate, (NHj)3As0,-
12MoQO3; (2) magnesium ammonium arsenate, MgNNH4AsOy, and
(3) Ag3zAsQOs. In the presence of phosphates these tests for
AsO4= cannot be performed, since the PO,= ion produces similar
results with the reagents employed. ‘

The test recommended here consists of the reduction of the
arsenate ion with potassium iodide in a strongly acid solution:

“&SO‘;,E + 21 + 4H+ = ASOg- -+ 12 + 2H20

This is the reverse of the test for the arsenite ion in which the latter
is oxidized by iodine.
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PRELIMINARY EXPERIMENTS

1. Action of Group Reagent. Add to 2 ml. of arsenate test
solution a few drops of dilute NaOH and then Ca(NOj), reagent
until precipitation is complete. Write the equation.

Treat the precipitate with acetic acid. Does it dissolve?

2. Test for Arsenate. Add 1 ml. of concentrated HCI to 2 ml.
of arsenate test solution and then add potassium iodide. To what
is the brown color due? Write the equation. Compare this test
with the test for arsenites.

PHOSPHATE, PO~

The element phosphorus forms three well-known phosphoric
acids, namely orthophosphoric acid, H3PO4, metaphosphoric acid,
HPOj3, and pyrophosphoric acid, H4P;0;. It also forms phos-
phorous acid, H3POs;. Only the orthophosphoric acid will be
considered here.

Orthophosphoric acid, in the pure state, is a white solid. Ordi-
narily, it is a thick syrupy solution containing about 85 per cent
of H3PO4. It ionizes in three stages:

H;PO, = H* + H,PO,~
H.PO, = H* 4+ HPO4~
HPO,~ = H* 4 PO~

the extent of the ionization of a 0.1 A solution being, respectively,
27, 0.1 and 0.0001 per cent.

Orthophosphoric acid forms three series of salts, derived by the
successive neutralization of the three replacecable hydrogens and
known as primary, secondary and tertiary orthophosphates.

Phosphates when in solution undergo partial hydrolysis accord-
ing to the equations: '

PO,= + H,O0 = HPO4~ + OH™
HPO4~ + H,0 = H,PO,” + OH"
H,PO,” 4+ H,O = H3PO, + OH"

The test solution used in the laboratory is prepared from the
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disodium salt, Na,HPO4. Most of the phosphates are insoluble
in water; practically all are soluble in acids. From a practically
neutral solution of NasHPQO,, calcium nitrate will precipitate
CaHPOy,:

Catt + HPO4= = C&HPO4

In a strongly alkaline solution, such as exists during the group
precipitation, the addition of Ca(NOj)s produces mainly the
normal phosphate, Caz(POy);. This compound is soluble in
dilute acetic acid. Barium, zinc and silver ions form similar
insoluble phosphates.

Like the arsenate ion, PO4= will react with ammonium molyb-
date in a nitric acid solution to form a finely crystalline yellow
precipitate of ammonium phosphomolybdate. The ionic equation
is:

POs= + 12MoO,~ + 24H+ + 3NH+ =
(NH4)3PO4-12M003 -+ 12H2O

In molecular form this equation becomes:
H3;PO,; + 12(NH,4)2MoO, 4+ 21HNO3 =
(NH4 )31)04'121\’1003 + 12H,0 -+ 21NI’I4NO‘;

In the systematic detection of phosphates in samples which
also contain arsenates, this reaction can only be utilized as a test
for phosphates, after the removal of the arsenic. In the scheme
outlined later, arsenates, as well as arsenites, are precipitated and
removed by treatment with HoS.

With magnesia mixture, the PO4= ion, like the AsQ4= ion, forms
a white crystalline precipitate of magnesium ammonium phosphate:

h‘lgliﬂ*‘ -+ NH4+ -+ PO4E = I\/IgNH‘jPO.;

This reaction, it will be rcealled (sce Magnesium, page 211), is
an important one for the separation, detection and determination
of magnesium.

PRELIMINARY EXPERIMENTS

1. Action of Greup Reagent. Place 2 ml. of NaHPOQ, test solu-
tion in a test tube, make alkaline with NaOH and then add
Ca(NOg3), reagent. Write the equation.



REACTIONS OF THE TARTRATE 10N 235

Treat the precipitate with dilute HC;H302. Does it dissolve?

2. Test for Phosphates. To 5 ml. of test solution, add 5 ml.
of concentrated HNOj3, 5 ml. of NH4NOj reagent and then 10 ml.
of ammonium molybdate reagent. Warm the solution. Allow
to stand for some time in case preeipitation does not take place
at once. Write the equation for the reaction.

TARTRATE, C4H 04~

Tartaric acid and alkali tartrates are important analytical
reagents. Among the better known salts are ‘‘ Rochelle salt,”
NaKC4H 04, cream of tartar, KHC4H4Oq, and tartar emetic,
(SbO)KC4H4Og. Tartaric acid is a white ecrystalline solid,
soluble in water. As a weak dibasic acid it lonizes in two stages:

H,C4H,0 = H* 4+ HC,H,O4~
and HC4H405_ = H* 4+ C,H,O¢™

yielding the acid tartrate ion and the normal tartrate ion, respec-
tively.

The most important property of the alkali tartrates is the
readiness with which they form soluble complex ions with many
metallic ions, such as Al*++, Crt+t, Fet+t, Cott, Nitt, Cutt,
Sbt++, Snt+++ ete. For this reason, in the presence of a tartrate,
many of the metallic ions fail to precipitate as hydroxides when
treated with alkalies. It is important therefore to test for tartrates
and effect their removal in the systematic procedures for cation
detection. Citrates, malates, sugars, starches and many other
forms of organic materials behave similarly.

Tartaric acid has the structural formula shown below and when
ionized yields the tartrate ion, which may have either of the two
formulas:

OCOH 0CO~ OCOH
I | o
HCOH = 2H+* + HCOH or HCO~

l l l
HCOH HCOH HCO"

I | l
OCOH 0CO~ OCOH

(tartaric acid)

In the cases of cobalt and aluminum, the structures of the com-
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plexes are probably:
0—CO~ 0—CO~
| |
HCO
\Co and | >AIOH
HC()/ HCO
|
OCO" 0CO~

PRELIMINARY EXPERIMENTS

1. Action of Group Reagent. To 5 ml. of test solution (50 milli-
grams) add a few drops of dilute NaOH and then Ca(NO;),
slowly until an excess has been added. This results in the inter-
mediate formation of a complex calcium tartrate ion, and the
excess precipitates the calcium tartrate.

Add sufficient dilute acetic acid to the precipitate to dissolve it.
Note particularly that, in this respect, tartrates differ from oxalates
and fluorides.

The following experiments will reveal some of the distinctive
properties of tartrates.

2. Charring Test for Tartrates. Heat a small amount of solid
tartaric acid or sodium tartratc in a small evaporating dish.
Notice how the mass darkens and chars and gives off an odor like
that of burnt sugar. The heating decomposes the tartaric acid,
with the formation of CO, CO2, H20 and carbon and other prod-
ucts having odors. Repeat the experiment but add a few drops of
concentrated HoSO4 before heating. A similar effect takes place
accompanied by the further oxidation of the carbon.

Tartrates, which interferc with the precipitation of cations, are
tested for and removed by this means, during the systematic
detection of the cations of Group III.

3. Silver Mirror Test. In a clean test tube, place 2 or 3 ml. of
AgNOj solution and add, dropwise, dilute NH4,OH until a precipi-
tate of AgoOappearsand againdissolves. Then add 1 ml. of tartrate
test solution and heat slowly. The tartrate reduces the Ags0 to
metallic silver which deposits on the walls as a bright mirror.

4. Resorcinol Test for Tartrate. To 3 ml. of concentrated sul-
furic acid add carefully 2 drops of an aqueous, 2 per cent resorcinol
solution. 'The solution will turn a light amber color. Then add
several drops of the tartrate test solution and heat gradually. A
dark red-violet solution should result.
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REVIEW EXERCISES — SET 16

1. Write ionic equations showing the formation of the calcium salts of this
group. What ions of this group are reducing in their nature? Name the
oxidizing ion of this group. What means is taken to prevent the interaction
of oxidizing and reducing ions in this systematic scheme?

2. Why is COg; liberated when CaCOj is treated with dilute HC;H302?
Give the equilibria involved. Why does HC3H 304 fail to dissolve CaCo04?

8. Complete and balance, using half-cell reactions, the equations represent-
ing the action of:

(a) KMnO4 on H2C204 in H2SOy4 solution —
(b) HgClz on H2803 -

(C) 12 on ASOg_ -

(d) I on AsO& —

4. Write the equation for the phosphate test, using ammonium molybdate
in a nitric acid solution. Show, by writing the corresponding equation for
H3As04, why arsenates must be removed before the molybdate test is decisive
for phosphates.

6. What relation do the tests for arsenite and arsenate have with respect
to the presence of arsenic in a sample of material as referred to a cation analysis?

6. In a systematic analysis of a sample of material a white precipitate was
found to form when Ca(NO3)2 was added to a basic solution of the anions.
No anion of Group I could be detected. Account for this result.

7. Combine the equation for the arsenite test with that for the arsenate
test into a reversible reaction. Iixplain how it is possible to use this reversible
reaction as tests for both anions.

8. Calculate the gram-ion quantity of Cai+ ion required to start the pre-
cipitation of CaCy04 in 5 ml. of test solution containing 50 milligrams of
Ca047 ion. Ks,p_ of CaCo04is 2.6 X 107°.

9. What volume of 1 M Ca(NO3)2 must be used to precipitate completely
the CO3™ contained to 5 ml. of test solution (1 ml. = 10 milligrams)?

10. Complete and balance the equations for the oxidation of :
(a) SO3~ by MnO4 ™ in an acid solution;

(b) SO3™ by Cr07~ in an acid solution;

(c) AsO2~ by MnOy4 ™ in an acid solution;

(d) AsO2™ by Cr207™ in an acid solution.

OUTLINE OF METHOD OF ANALYSIS OF THis GroUP

The group is precipitated as a whole by Ca(NOj),. The calcium
salts are all white, hence no distinguishing color can be used to
indicate the presence of any one anion. Moreover, in the strongly
basic solution, some calcium hydroxide may precipitate; this
renders the group reagent useless as a preliminary test for the
presence of members of this group.

The solution is kept alkaline with NaOH in order to lessen, as
far as possible, the interaction of oxidizing and reducing ions.
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By the use of dilute acetic acid, (a) the calcium carbonate is
decomposed with liberation of CO,, (b) CaCy04 and CaFs remain
insoluble and (c¢) all other calcium salts are dissolved.

In the solution resulting from the action of acetic acid, tests
can be made directly for borate, sulfite, arsenite and arsenate, by
methods already described under preliminary experiments.

In order to identify the phosphate ion, the arsenate ion must be
removed. This is accomplished by first reducing the latter to the
arsenite form and then precipitating and scparating it as As,Ss.

Mention should be made of the possible presence of silicates.
If silicate is present in soluble form, a part of it at least will be
precipitated as calcium silicate and remain in the residue insoluble
in acetie acid. A special method is deseribed on page 319 for the
detection of silicates.

PRACTICE ANALYSIS OF A MIXTURE CONSISTING OF CARBONATE,
OXALATE, FLUORIDE, METABORATE, SULFITE, ARSENITE, ARSEN-
ATE, PHOSPHATE AND TARTRATE IoONS

Place in a beaker 5 ml. of each of the test solutions of the anions
of this group. Add 2 ml. of 4 M NaOH and then, with constant
stirring, add 10 ml. of 1 M Ca(NOj), reagent. Heat the solution
to boiling, allow to settle and filter off the precipitate, washing it
twice with 10-ml. portions of water. There will be precipitated
the calcium salts of these ions along with some calcium hydroxide.
The reactions are represented by the following equations:

CO3= 4+ Catt = CaCO4
204~ + Cat* = CaC30,
2F~ 4+ Catt = CaF,
2B0O;” + Catt = Ca(BO,),
SO3= 4+ Ca*t = CaSO;
2A50;” + Ca't = Ca(AsO;)
2A50,= + 3Ca+* = Cag(AsO,)y
2P04= + 3Catt = Caz(POy).
C4H 04~ + Cat+ = CaCsH4O4
20H™ + Catt = Ca(OH),
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Separation of Carbonate, Oxalate and Fluoride. If these cal-
cium salts are treated with dilute acetic acid, the calcium carbonate
will be decomposed with evolution of COg; the CaCz04 and CaF,
remain undissolved while the other calcium salts dissolve. The
effect of the acid is shown below:

CaCO3 + 2H* — HyCO3 + Catt
H,CO3 — CO; + H,0
CaC,04 + 2H* — no action

CaF, + 2HC;H305 — no action
Ca(BO?_)_2v+ 2H+t — 2HBO, + Catt
CaS0; + 2HY — H,S03 4+ Catt

Ca(AsOs)s + HY — HASO, + Catt
Cag(AsQy)2 + 3HT — H3As04 + Catt
Cay(PO4)2 + 3H+ — H3PO, + Catt
CaC4I1,0 + 2H* — HCyl140f 4 Catt
Ca(OH)y + 2H+ — 2H,0 4 Catt

Identification of Carbonate. Ilave at hand a platinum wire, in
the loop o which is held a drop of Ba(OH); reagent. Treat the
group precipitate with 25 ml. of dilute (12.5 per cent) acetic acid,
at the same time holding the drop of barium hydroxide in the
cscaping gas. It will be observed that vigorous effervescence
takes place during the evolution of COg and the drop of alkaline
reagent turns turbid. These observations constitute the test for
carbonates.

Dilute the acetic acid solution with 25 ml. of water, filter off the
precipitate and wash it repcatedly with small portions of water,
until separate portions of the washing no longer show a reducing
action. This complete washing is necessary to remove the last
traces of sulfite or arsenite which may remain in the precipitate.
The reducing test is carried out by adding a drop of very dilute
iodine solution containing starch as an indicator, to a small volume
of the washings; the blue color of the starch will no longer be dis-
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charged after sulfide or arsenite have been thoroughly extracted
from the residue. ’

Identification of Oxalate. Treat the residue of CaCy04 and
CaFq on the filter paper with 20 ml. of hot, dilute H,SO4 and
wash once with 10 ml. of water. The filtrate from this contains
the oxalate ion. Take 5 ml. of this solution, heat it to boiling and
add a few drops of 0.002 M KMnO, solution. The decolorizing
of the permanganate solution, owing to reduction to Mnt+, shows
the presence of the oxalate ion.

Identification of Fluoride. The residue remaining after the re-
moval of CaC;04 is CaFs. The etching test for fluorides is con-
ducted as follows: Coat a small watch glass with paraffin and
make a scratch or some characters through the paraffin coating,
in the central portion of the watch glass. Transfer the CaF, to a
glass plate or slide, heap it up into a little cone and make a deep
depression in the center. Place a few drops of concentrated
H,S0y4 in the crater, cover with the watch glass and set aside. At
the end of about a half-hour, examine the watch glass and note
that the glass where the surface was exposed by the secratch is
etched by the hydrofluoric acid evolved from the calcium fluoride.

Identification of Borate. Take 2 ml. of the filtrate from the
acetic acid treatment of the group precipitate and evaporate
almost to dryness. Add a drop of concentrated HCl. Moisten
a piece of turmeric paper with this solution, placc on a watch glass
over a beaker of boiling water and allow the paper to dry. A
pink coloration imparted to the paper shows the presence of borate.
If no coloration results on the first drying, the test paper should
be treated again as before. To make doubly sure, treat the spot
with a drop of NaOH; the color should change to a dull green.

Identification of Sulfite. On a watch glass place a few drops of
saturated ZnSOy solution, a drop or two of K Fe(CN)g solution,
together with several drops of sodium nitroprusside reagent.
Then add a drop of the filtrate from the acetic acid treatment.
The red color produced identifies the sulfite ion in the test mixture.

To confirm this, take a small portion of the acetic acid filtrate
and to it add 10 ml. of a hot, saturated solution of HgCl,. The
white crystalline precipitate which should form is HgyCl,.

Identification of Arsenite. To 5 ml. of the boiled filtrate, from
which sulfite has been completely removed, add 5 ml. of water in
order to reduce the acidity. Then add a few drops of starch solu-
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tion and a few drops of dilute 0.005 M iodine solution. The
iodine will be reduced by the arsenite, with the disappearance of
the blue color.

Identification of Arsenate. To another 5-ml. portion of the
boiled solution add 5 ml. of concentrated HCI and a small quantity
of potassium iodide. The iodide ion becomes oxidized by the
arsenate ion to free iodine which gives a brown coloration to the
solution.

Identification of Phosphate. Take 20 ml. of the boiled solution,
add about 1 gram of sodium sulfite in order to reduce the arsenate
to arsenite, make strongly acid by adding 2.5 ml. of concentrated
HCI, heat to boiling and pass in hydrogen bu]ﬁde until precipi-
tation of AsyS3 is complete.

Filter off and discard the arsenious sulfide. Boil the filtrate to
expel the excess of H>S. The complete removal of HsS should be
tested for by holding over the boiling solution a strip of lead
acetate paper, which will become black in the presence of H,S.
Hydrogen sulfide must be fully eliminated because if present, even
in traces, it will reduce the ammonium molybdate reagent used
in the phosphate test.

The filtrate, now free from arsenic and hydrogen sulfide, can be
tested for phosphates. Add to 5 ml. 6f this an equal volume of
water, 5 ml. of concentrated HNO3, 1 gram of NH4NO; and
finally 10 ml. of ammonium molybdate solution. Heat this mix-
ture nearly to boiling. The yellow precipitate which forms is
ammonium phosphomolybdate, (NH,)3P0412Mo00O3. It may
require several minutes of standing before the precipitate forms.

Identification of Tartrate. Transfer the remainder of the solu-
tion to a small evaporating dish, evaporate nearly to dryness and
then add a few drops of concentrated HsSO4. Charring, accompa-
nied by the odor of burnt sugar, shows the presence of tartrates.

THE BARIUM NITRATE GROUP — GROUP II

SULFATE, SO4
CHROMATE, CrO4~

This group consists of the sulfate ion and the chromate ion.
The precipitating agent is a 0.25 M solution of Ba(NO3); and
this, when added to a mixture of anions from which the insoluble
calcium salts have already been removed, will result in the pre-
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cipitation of barium sulfate, BaSO4;, and barium chromate,
BaCrOy.

SULFATE, SO4

Sulfates and bisulfates are derived from sulfuric acid. This
acid is formed by the reaction of its anhydride, SO3, with water:

SO3 + HzO = H2804

Concentrated sulfuric acid, as ordinarily dispensed in the labora-
tory, contains about 95 per cent HySO4 in water and has a specific
gravity of about 1.84. It ionizes almost completely, forming the
bisulfate ion in the primary stage: '

H.SO; = H+ + HSO, "
The bisulfate (or acid sulfate) ion is weakly ionized:
HSO,” = H* + SO4~

Most of the sulfates of the metals are soluble in water, the
exceptions being BaSOy, SrSO4 and PbSO4. CaSOy4, AgeSO4 and
Hg,SO4 are somewhat insoluble. The table on page 206 gives the
solubilities of BaSOy4, SrSO4 and CaSO4 in water.

The most important compound is BaSOy4. It is precipitated as
a white, finely crystalline solid, very insoluble in water, the solu-
bility: being 0.0023 gram per liter. It is practically insoluble in
dilute acids.

The formation of BaSO4 and its insolubility in dilute acids is
the most characteristic property of the sulfate ion and constitutes
its most important analytical reaction. The barium salts of all
other anions, particularly BaCrQOy, are soluble in HCIl and other
strong acids.

If BaSO; is boiled with NasCO;3 a considerable part of the pre-
cipitate undergoes a metathetical reaction in which the constituent
ions exchange partners. That is, BaSO4 is transformed into
BaCO; while the SO4~ and Nat ions are in solution as ionized
Nag 804. The reaction may be shown by the cquation:

BaS04 + Nay,CO3 = BaCO3; + 2Nat + SO~

Fusion with solid Nay;COj is a more effective method of accom-
plishing the same effect. This is a general method of putting or
rendering soluble many relatively insoluble substances and is
applied specifically to the preparation of anion solutions for sys-
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tematic analysis for the purpose of removing interfering cations.
Attention has already been directed to this property in the dis-
cussion of carbonates and will again be referred to under the
procedure for making the prepared anion solution, page 281.

PRELIMINARY EXPERIMENTS

1. Precipitation of BaSO,. To 5 ml. of Nao,SO, test solution
add dropwise the group reagent, Ba(NO3)s. Note the nature of
the precipitate. Record the ionic equation for its formation.

2. Test for Sulfate. Add some dilute HCI to the test tube con-
taining the precipitated BaSO;. Does the precipitate dissolve?
Why does this observation constitute a test for the sulfate ion?

CHROMATE, CrO4~ (or Cr:077)

The existence of chromium in anion forms has already been
pointed out under the study of chromium (page 186). Thus the
amphoteric hydroxide, Cr(OH)3, when treated with NaOH gives
rise to the orthochromite, CrOs=, and the metachromite, CrOy~
ion. Chromic acid, HoCrOy, does not exist free in an aqueous solu-
tion, but on ionizing yields the HCrO,~ and the CrO4~ ion.
‘Chromates such as KoCrOy4 are derived from chromic acid. Di-
chromates are salts of dichromic acid, HoCrs0;. If a solution of
a chromate, such as the KoCrOy test solution, is acidified the color
changes from yellow to reddish orange, showing the formation
of the dichromate, CryO;~ ion, the reaction being:

2CrO4~ + 2H*+ = 2HCrO4~ = Cr:0;= + H,0

Conversely, if a dichromate solution is made alkaline the chromate
ion is produced and predominates in the solution:

Cr,07= + 20H™ = 2CrO4~ + H,0

In both the chromate and the dichromate ion, the valence of the
chromium is +6, and the predominance of one or the other forms
depends solely on the hydrogen- and hydroxyl-ion concentrations.

The precipitation of BaCrQOy, even if doubt remains concerning
the presence of chromate as judged by the yellow color of this ion,
in itself constitutes a decisive test for chromates.

A further test is that with hydrogen peroxide; a blue color,
sometimes transient, develops in an ether layer. This test has
already been discussed under chromium, page 189.



244 THE REACTIONS OF THE ANIONS

It should be recalled that the formation of yellow PbCrO4
constituted a good test for lead (see “ Lead,” page 125). Further,
the precipitation of BaCrO,4 has been utilized not only in the sepa-
ration of chromium but also in the separation of barium. BaCrO,
unlike BaSOQy is soluble in strong acids such as HCl and HNO;.

The most favorable conditions under which BaCrOy is formed
have already been referred to, first under chromium (see page 193)
and the separation of this element as BaCrO4 from zine and,
secondly, under barium (see page 207) and the separation of barium
as BaCrO4 from-strontium and calcium. In the anion scheme,
these conditions are adhered to and the solution being kept faintly
acid in a buffered HC,H30, solution.

The chromate ion is a strong oxidizing agent, especially when
in acid medium where it i1s present as CreO;= and reacts ener-
getically with a considcrable number of reducing ions. This
property must be carefully taken into account in the analysis of
samples containing chromates or dichromates, not only in the
anion scheme but also in the detection of cations.

Oxidizing action, in general, increases with increasing acidity
and is minimized in alkaline solution, hence, in order to lessen the
reaction with the consequent destruction of reducing ions, solu-
tions for analysis containing chromates together with reducing ions
are kept strongly basic with NaOH in the procedure of analysis.

PRELIMINARY EXPERIMENT

Precipitation of BaCrO,. To 5 ml. of KoCrOy test solution, add
a few drops of dilute HC3;H30,, about £ ml. of NaCyH30,, and then
add Ba(NOj3)y reagent. Write the ionic equation showing the
result.

REVIEW EXERCISES — SET 17

1. Show by chemical equations how HsCrO4 and H2CrsO7 ionize. Also
show the relation between CrO4~ and Cr207~ by suitable equations involving
H+and OH™.

2. The dichromate ion, in an acid medium, is a fairly strong oxidizing agent.
To show this effect, complete and balance the following equations:

(a) Cr:07™ + Ht + 805~ —

(b) Crz07~ + HY + AsO2™ —

(¢) Cr:07~ + H+ + BT —

@d) Cr07” + Ht 4+ 1" —

8. Barium chromate is best precipitated in a faintly acid solution. If
enough HC;H3;02 and NH4OH are added to make the resulting solution 0.1 M
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with respect to HC2H302 and 0.05 M with respect to NH4C2H 309, what is the
H+ ion concentration? K (jon) of HC2H302 = 1.8 X 1075,

4. If a sample of material contains a chromate or dichromate and is sub-
jected to the cation procedure, show by equations the chemical changes that
are undergone. If a cation analysis of a sample shows the presence of chro-
mium, what further information will an anion analysis yield regarding the
form in which chromium may have been present?

5. Suppose that in a certain solution the concentration of SO4~ and CrO4~
-are both 0.01, and Bat+ is gradually added. What is the ratio of SO4~ to
CrO4~ when both BaSO4 and BaCrOy4 are precipitating? See Table VI for
K, p. values.

OUTLINE OF METHOD OF ANALYSIS OF THis Group

The methods for the identification of the sulfate and chromate
ions are so simple and are so fully deseribed in the procedure which
follows, that they need no mention here. It should, however, be
remarked that the chromate ion, cspecially in an acid solution, is
a very strong oxidizing ion and even under the conditions of this
scheme partially oxidizes certain reducing ions. Experience with
the scheme has shown that positive tests can nevertheless be ob-
tained for reducing ions in the presence of the chromate or di-
chromate. It should be remembered that the chromate ion, during
a cation analysis, is reduced and chromium is regularly detected in
Group III of the cations.

PracTICE ANALYSIS OF A MIXTURE CONTAINING
SULFATE AND CHROMATE IONS

Mix 5 ml. of Nao,SO, test solution with 5 ml. of KoCrQOy4 test
solution. Transfer about half of the mixture to another test tube
for the separate test for sulfate.

Identification of Sulfates. To this portion of the mixture, add
dilute HCI until the solution is acid, then add the Ba(NOj3); group
reagent. In this acidified solution BaCrO, cannot form and the
white precipitate which forms is BaSOj,.

Identification of Chromates. To the other half of the mixture
add Ba(NOs), until precipitation is complete. The precipitate
consists of BaCrO, and BaSO,. Filter off the precipitate, discard-
ing the filtrate. Treat the residue with dilute HCl, which will
dissolve only the barium chromate. Catch the filtrate, now con-
taining the Cr,O;~ ion, in a test tube. Make this filtrate alkaline
with dilute NH,;OH and then add enough dilute HC,H30,; to
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render it just acid. This will result in the reprecipitation of yellow
BaCrO, and constitutes a test for the chromate ion in the original
mixture.

The oxidation test with hydrogen peroxide with the resultant
blue color developed in an ether layer, as described under chro-
mium in the cation tests, may, of course, be employed here as a con-
firmatory test.

THE ZINC NITRATE GROUP — GROUP III

- SULFIDE, S~
CYANIDE, CN™
FERROCYANIDE, Fe(CN)g
FERRICYANIDE, Fe(CN)¢=

In a systematic analysis, these four anions, whose calcium and
barium salts in general are soluble, are precipitated with zinc nitrate
in the form of ZnS, Zn (CN),, ZnzKo[Fe(CN)glz and ZnyFe(CN ).
The first three anions are reducing agents; the last is an oxidizing
substance.

SULFIDE, S~

Sulfides and bisulfides are the salts of hydrosulfuric acid, H,S,
better known as hydrogen sulfide. This gas, with which the stu-
dent is already familiar, is slightly soluble in water, forming, at
room temperatures a 0.1 M solution of the dibasic, weakly ionized
acid. The ionization in water takes place according to the equa-
tions:

Ho,S = H+ 4+ HS™

HS™ =H* 4 8=

for which equilibria the ionization constants are, Ky = 9 X 107°
and K, = 1.2 X 10715,

The sulfides and bisulfides of the alkali metals and alkaline earths
undergo hydrolysis while being formed by the neutralization of a
weak acid by strong bases. For example, the test solution, Na,S,
reacts with water to form the bisulfide ion:

S= + HOH = HS™ + OH"™
rendering the solution strongly alkaline. The HS™ ion undergoes
further hydrolysis yielding H,S:

HS™ + HOH = H,S + OH"~
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Attention has been called to the nonformation of sulfides of
aluminum and chromium (see pages 186 and 188) because the
insoluble hydroxides, A1(OH); and Cr(OH);, form during the
hydrolysis of the corresponding sulfides.

Regarding the precipitation of metal sulfides and their solubility
relationships in various solvents, the group reactions of cation
Groups IT and III and the theory of sulfide precipitation should be
reviewed at this time.

Hydrogen sulfide and acidified solutions of soluble sulfides are
strong reducing agents, which are readily oxidized by oxidants,
generally to free sulfur. Thus, KyCr,07 is reduced to chromic salt,
the ionic equation for the reaction being:

Cro07= + 8H* + 3H2S = 2Crt+* 4+ TH0 + 35

KMnO, is reduced to manganous ion. Nitric acid is reduced to
NO, with either the formation of sulfur or complete oxidation of
the sulfide ion to SO4~. In the first case we have, as half-cell re-
actions:

N03— + 4H+ + 3e = NO + 2H20
S= = 8° 4 2
or expressed in molecular form:
2HNO; + 3HoS = 2NO +‘ 4H,0 + 35

The oxidation of the sulfide ion to the sulfate ion may be shown
in ionic form by the equation: :

S= 4+ 4H,0 = SO4~ + 8H* + 8¢
which, when combined with the equation for the reduction of the
NO;3;~ ion, gives:
8NO;~ + 8H* + 38~ = 8NO + 4H,0 + 3504~
or, expressed in molecular form: ' -

S8HNO; + 3HsS = 8NO + 4H,0 + 3H3S0,

Toward sulfurous acid or acidified solutions of sulfites, HyS acts
as a reducing agent. The main product of the reaction is free
sulfur; the sulfite ion is reduced to S and the sulfide ion is oxidized
to S. ’
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The reduction of iodine by H,S is an important analytical re-
action; it is used in the quantitative determination of sulfides and
of HzSZ

I +S==2"+8S

Two tests for sulfides are recommended in the systematic pro-
cedure. One is based on the fact that a strip of moistened lead
acetate paper becomes dark brown or black when exposed to H,S:

HoS + Pb(C2H30;)2 = PbS + 2HC,H30,

The other is a violet-red color produced by sodium nitroprusside,
NagFe (CN)sNO, reagent when treated with an alkaline solution
of a sulfide. This is a very sensitive test for the sulfide ion, but
it is not given by gaseous H,S.

PRELIMINARY EXPERIMENTS

1. Action of Group Reagent. To 5 ml. of NayS test solution,
add Zn(NOs), until precipitation is complete. Record the equa-
tion.

2. Lead Acetate Test. Saturate a strip of filter paper with lead
acetate solution, or moisten a strip of lead acetate test paper. Add
a few drops of dilute HCI to the precipitated ZnS obtained in ex-
periment 1, meanwhile holding the test paper in the escaping gas.
What happens? Write the reaction.

3. Sodium Nitroprusside Test. This reagent, Na,Fe(CN)zNO,
reacts with alkaline sulfide solutions to give a violet-red color.
Conduct the test as follows: To a few drops of the sulfide solution,
rendered alkaline with NaOH, add a dx op or two of a 1 per cent solu-
tion of the reagent.

CYANIDE, CN™

Cyanides and the free acid, gaseous HCN, are violent poisons.
It is recommended that cyanides be omitted from elementary
courses. If, however, they are to be included they should be tested
for at the beginning of the anion analysis of unknowns and due
precautions taken against their dangerous character. All experi-
ments which involve the liberation of gases with materials suspected
of containing cyanides should be carried out under the hood.

The cyanide ion readily forms a number of complex ions as, for
example, the complex silver, copper and cadmium ions previously
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referred to in the discussion of the properties of these metals and
the ferrocyanide and ferricyanide ions included in this group. The
ease with which these complexes are formed often serves as a test
for cyanides.

Acidification of a cyanide solution results in the liberation of
gaseous HCN which has a characteristic odor of bitter almonds.
The acid is a liquid at room temperature. Its aqueous solution is
very weakly ionized; in fact it is weaker than carbonic acid. This
accounts for the fact that solid soluble cyanides give off the odor
of HCN. Soluble cyanides are extensively hydrolyzed:

CN™ + HOH = HCN + OH"

rendering the solution strongly alkaline.

The cyanide ion can be converted to the ferrocyanide ion, by
treatment, in an alkaline medium, with FeSO, solution. The fer-
rous hydroxide formed by the action of OH™ on Fe**, further reacts
to give ferrous cyanide, Fe(CN),. This dissolves in an excess of
the cyanide solution to form the ferrocyanide ion:-

Fe(CN),; + 4CN™ = Fe(CN)g™

This property is used as a test for cyanides, by further adding a
solution of FeCls, which produces a heavy blue precipitate of ferric
ferrocyanide (Prussian blue):

3Fe (CN)G""— + 4Fettt = Fe4[Fe (CN)(;](;

The cyanide ion is oxidized to the thiocyanate ion by action of
ammonium polysulfide:

CN™ + 8= = CNS~

This property may be employed as a test for cyanides. As de-
scribed below, after acidification, a drop or two of FeClj will produce
the deep red color of the ferric thiocyanate complex:

Fe+++ + 6CNS™ = Fe(CNS )™

PRELIMINARY EXPERIMENTS

1. Action of Group Reagent. To 2 ml. of KCN test solution
add some Zn(NOjz); reagent. Describe the result and give the
equation.
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+

2. Prussian Blue Test for Cyanides. To 5 ml. of cyanide test
solution, made alkaline with NaOH, add a few milliliters of a
freshly prepared solution of FeSO4 and heat to boiling. Now
acidify with dilute HCI and add a drop or two of FeClz reagent.
What forms? Give a set of equations showing the successive re-
actions involved.

3. Thiocyanate Test for Cyanides. Treat 2 ml. of cyanide test
solution with ammonium polysulfide and evaporate the solution
todryness. Then add a few drops of dilute HCI to the residue until
acid and finally add a drop of FeCl; solution. Note the result.
Write equations for the two reactions involved.

FERROCYANIDE, Fe(CN)g —

Ferrocyanic acid, HyFe (CN)g, is a white solid, soluble in water,
unstable and ecasily oxidized in the air. The potassium salt,
K Fe(CN)g, is an important analytical reagent. With the excep-
tion of the alkali and alkaline carth salts, all ferrocyanides are in-
soluble in water; however double salts of the alkali and alkaline
carth clements, such as CalI'e(CN)g, are insoluble in water.
Soluble ferrocyanides are yellow in color; a number of the in-
soluble ones are white, but most of them are colored.

Ferrocyanides are mild reducing agents and are oxidized to fer-
ricyanides by oxidizing agents such as KoCra07, KMnOy, Brg and
H,0,. On heating or on treatment with concentrated HoSOy, they
are decomposed into a variety of products such as CO, CO,, HCN
and NHg. .

The ferroeyanide ion reacts with many different cations to form
insoluble products. With the Zn** ion and K Fe(CN)g there is
formed the salt, zine potassium ferrocyanide, according to the
equation:

3Zntt + 2K+ 4 2Fe(CN)g™ = ZnzK,[Fe(CN)glo

Ferrous salt solutions, such as FeSQy, react to give at first a
light-colored precipitate of IoFe[Fe(CN)g] which quickly oxidizes
in the air to Prussian blue, Fey{Fe(CN)gla.

On the other hand, ferric salt solutions react directly to form
Prussian blue:

4Fettt 4+ 3Fe(CN)g= = Fey[Fe (CN)gls

This reaction, it will be recalled, is used as a test for ferric iron.
See, in this connection, the reactions of iron on page 182.
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PRELIMINARY EXPERIMENTS

1. Action of Group Reagent. To 2 ml. of freshly prepared po-
tassium ferrocyanide, K ;Fe(CN)g, test solution, add some
Zn (NOj); reagent. Observe the result. Write the equation.

2. Reactions with Iron Solutions. To 2 ml. of K4;Fe(CN)g add
a few drops of freshly prepared FeSO, solution. Observe any
change that takes place in the color of the precipitate. Account
for this.

To 2 ml. of ferrocyanide test solution add a few drops of FeCl,.
What forms? Write the cquation.

FERRICYANIDE, Fe(CN)¢*

Ferricyanic acid, H3Fe (CN)g, is a brown solid, soluble in water.
With bases it yields stable-salts known as ferricyanides. With the
exception of the alkali metal and alkaline earth salts, these salts are
insoluble in water.

The ferricyanide ion is an oxidizing agent and is redueed to
ferrocyanide by a number of reductants, even in alkaline solution.
Thus the sulfide, arsenite, sulfite, iodide, cte., are apt to be destroyed
m mixtures containing the ferrocyanide ion.

Y With Zn (NOjy)s, the ferricyanide ion forms zinc ferricyanide:

3Zn** 4 2Fe¢ (CN )™ = Zny[Fe (CN)gla

Ferrous ions produce Turnbull’s blue (ferrous ferricyanide),
Feg[Fe (CN)gla:
3FcH + 2Fe(CN)g- = Fey[Fe (CN gl

Ferrie ions yield a brown soluble product, Fe[Fe(CN)gl. For
more detail concerning the reactions of iron with ferrocyanides
and ferricyanides, sce page 182.

PRELIMINARY EXPERIMENTS

1. Action of Group Reagent. To 2 ml. of K;Fe(CN )g test solu-
tion add Zn(NOj), reagent. What is formed? Write the equation.

2. Reactions with Iron Solutions. To 2 ml. of potassium ferri-
cyanide test solution add a few drops of freshly prepared FeSO4
solution. What is the common name for the precipitate which
forms? Give the equation.

To 2 ml. of K3zFe(CN)g test solution add a few drops of FeCls
solution. Note that the solution turns brown but no preclpltate
forms. What product is formed?
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REVIEW EXERCISES — SET 18

1. What reagents, other than a lead salt solution, might one use to produce
a black stain as a test for a sulfide? What would produce a yellow stain?
" An orange stain?

2. What volume of H»S gas measured under standard conditionsof tempera-
ture and pressure is evolved when the ZnS produced from 50 milligrams of
Zn++ ion is treated with HCI.

3. Review the theory of sulfide precipitation as discussed previously under

‘the cations and give the ionization reactions and equilibrium constants for HaS.

4. Write the necessary equations showing the Prussian blue test for the
cyanide ion.

6. Give formulas showing the composition of the complex ions which the
CN7 ion forms with Ag+, Cut+, Cd++, Fet+and Fet++. Look up the insta-
bility constants for several of these complex ions.

6. What happens when the ferrocyanide ion is treated with Fet+? With
Fet+++? When the ferricyanide ion is treated with Fet+? With Fet+++?

OuTLINE OoF METHOD OF ANALYSIS oF THis Group

If all four of these anions are present in the same mixture con-
siderable difficulty is experienced with their detection. The pres-
ence of the ferricyanide ion causes difficulty, not only in this group
but in the detection of certain ions of other groups, on account of
its strong oxidizing tendency and property to form colloidal solu-
tions. It seems best, therefore, to exclude the ferricyanide from
the practice mixture and, at the discretion of the instructor, to
omit it from ‘‘gencral unknowns’ as well. The identification of
sulfide, cyanide and ferrocyanide can readily be made according to
the procedure which follows. The tests are based on the experi-
ments already studied.

PracTICE ANALYSIS OF A MIXTURE CONTAINING
SULFIDE, CYANIDE AND FERROCYANIDE IONs

Prepare a mixture consisting of 5 ml. of Na,S, 5 ml. of NaCN
and 5 ml. of K Fe(CN )¢ test solution. Add a few drops of dilute
NaOH to make surc that the solution is sufficiently alkaline.
Then add Zn (NOj3 ), reagent' until precipitation is complete. The
precipitate will consist of ZnS, Zn(CN); and KyZn; [Fe (CN )gls.
Decant the supernatant liquid. Add a little water to the residue;
shake to form a suspension.

Identification of Sulfide. Transfer a small amount of the sus-
pended residue to a test tube, add dilute HCI and hold over the
mouth of the tube a strip of moistened lead acetate test paper.
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The evolved HoS will form PbS on the paper, giving a dark- or
black-colored spot.

Identification of Cyanide. Place another portion of the suspen-
sion in a small Erlenmeyer flask, add 5 ml. of water and then
acidify with dilute HCL. Place over the mouth of the flask a picce
of filter paper moistened with dilute NaOH. Heat the contents
of the flask and boil for about a minute. Then treat the filter paper
with 2 drops of freshly prepared FeSOy solution, acidify with one
drop of concentrated HCI and finally one drop of FeCl3 solution.
The blue color which forms is Prussian blue, Fey4[Fe(CN )gls,
precipitated by the ferroeyanide formed from the cyanide.

Identification of Ferrocyanide. To a third portion of the residue,
made slightly acid with dilute HCl, add a few drops of FeCly
reagent. A blue precipitate will form. This is Prussian blue.

THE SILVER NITRATE GROUP — GROUP 1V

THIOSULFATE, S:0;3™
THIOCYANATE, CNS™
IODIDE, I
BROMIDE, Br~
CHLORIDE, CI™

In the systematic scheme here employed for the separation of
anions into groups, the anions of Groups I, IT and III are removed
successively by means of calcium, barium and zinc nitrate. Since
most silver salts are relatively insoluble it is important that the
ions of these preceding groups are completely precipitated and
removed. Advantage is then taken of a solution of AgNOj to~
precipitate the ions of this group in the form of Ag,S,0;, AgCNS,
Agl, AgBr and AgCl. The AgNOj is a 5 per cent solution.

THIOSULFATE, S;0;™

Thiosulfates are derived from the hypothetical acid, thiosulfuric
acid, HyS,03. This acid cannot be isolated because, when a
thiosulfate is treated with an acid, decomposition takes place;
the final reaction products are sulfur, sulfur dioxide and water.
The reactions during decomposition may be shown by the equa-

tions:
8203" + 2H+ = HzSan

H2S,03 — HS03 + 8
HgSO3 - go—z + H2O
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The best-known salt is sodium thiosulfate, NagS203, from
which the test solution is prepared. The thiosulfate ion is a
strong reducing agent; one of the most important analytical
reactions is the reduction of iodine with Na,S,03:

28203= + I, = S406= + 217

Certain other oxidizing agents, in acidified solutions, react
toward the thiosulfate ion in exactly the same way as toward
sulfites, since in both cases the sulfurous acid, produced upon
acidification, acts as the reducing agent. NayS;0; is the “ hypo ”’
of the photographer; it is used to dissolve the unreduced portions
of the silver halide in the photographic film. With silver chloride,
for example, it forms a complex ion:

2AgCl + 38205~ = Aga(S203)37= + 2C1°

Many thiosulfates are insoluble in water; in concentrated solu-
tions, calcium and barium thiosulfates are formed. Accordingly
there is some possibility of precipitating the thiosulfate ion in
Groups I and II.

PRELIMINARY EXPERIMENT

1. Action of Group Reagent. To 5 ml. of NayS,03 slowly add
AgNOj3 reagent. The precipitate obtained at first is AgeS,0;.
This soon undergoes decomposition, as evidenced by the gradual
change of color to ycllow, orange, brown and black, owing to the
formation of AgsS.

The presence of a thiosulfate in a sample of material, when the
systematic scheme deseribed in this book is followed, is recognized
by the blackening of the group precipitate. In fact, this is the
only test possible, owing to the decomposition of the silver thio-
sulfate into silver sulfide, which prohibits any other test with the
group precipitate.

THIOCYANATE, CNS™

Thiocyanates are salts of thiocyanic acid, HCNS, which is an
unstable gas at ordinary temperatures. In aqueous solution
HCNS is a strong acid. The salts are colorless excepting, of
course, those containing a colored cation.

Thiocyanates resemble the halides in solubility, AgCNS,
Pb(CNS), and Cuz(CNS); being relatively insoluble and
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Hg(CNS), being only slightly soluble. These insoluble salts,
however, readily dissolve in an excess of alkali thiocyanate to form
complex ions of the type Ag(CNS)s=, Hg(CNS),, etc.

Silver nitrate precipitates curdy, white, silver thiocyanate,
AgCNS, even in a solution strongly acid with dilute HNO3;. The
precipitate is soluble in dilute ammonia.

A very sensitive reaction of the CNS™ ion is the formation of
the blood-red complex ion with ferric ion:

Fett+ 4 6CNS™ = Fe(CNS)g~

This reaction, it will be recalled, is likewise an extremely delicate
test for iron. See, in this connection, page 183.

PRELIMINARY EXPERIMENTS

1. Action of Group Reagent. Add AgNOj; reagent to 5 ml. of
KCNS test solution until precipitation is complete. Write the
cquation.

The precipitate is insoluble in dilute HNOj; but soluble in
NH,OH. Decant the supernatant liquid, reserving the curdy,
white precipitate for the test for this anion.

2. Test for Thiocyanate. Toafew drops of KCNS test solution,
add several drops of FeCl; reagent. Ixplain the color produced.
Give the equation. ‘

Take the AgCNS precipitate obtained in experiment 1; add a
little water and then a few drops of FeClz. Note that the test is
given, even in the saturated solution of AgCNS. This test can
be made more cffective by first boiling the precipitate with a
strong solution of NaCl. The AgCNS is thus transposed into
AgCl, leaving the CNS™ ion in solution.

IODIDE, I

The element, iodine, a dark crystalline solid and the heaviest
member of the halogen family, forms a series of acids, of which
hydriodic acid, or hydrogen iodide, HI, and iodic acid, HIOs, are
the most important. JIodides and iodates arc derived from these
two acids.

The iodide ion, I7, is a strong reducing agent easily oxidized to
free iodine, I, by a number of oxidizing agents. Free iodine and
the iodate ion are good oxidizing agents.
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Silver iodide is readily formed by the reaction:
Agt 4+ 1" = Agl

It is extremely insoluble in water and acid solvents. Ammonium
hydroxide will not dissolve it. In this respect Agl differs from
AgCl — a fact utilized in the separation of iodide from chloride.
Ammonium polysulfide, however, transposes it into Ag,S, the
iodide ion being liberated; this property is employed in the sys-
tematic scheme of separation. The reaction probably takes place
in accordance with the equation:

2Ag] + 8= = 21" + Ag,S

The vigorous reducing action of the iodide ion enables it to be
readily oxidized by a large number of oxidants. To show the
analogy with bromides and chlorides, the effects of the following
oxidizing agents have been listed (see comparative effects on
bromide and chloride).

1. Chlorine Water. A saturated solution of chlorine in water
rapidly oxidizes iodides to free iodine:

Clz + 21“ = Ig + 201_

The iodine thus liberated can be dissolved in an organic solvent
such as chloroform or carbon tetrachloride, where it appears as a
.purple layer. This reaction is sometimes employed as a test for
iodides. ‘

If an excess of chlorine water is used the iodine is further oxidized
to the iodate form:

5Cl; + I, + 6H.0 = 2103~ 4 10Cl™ + 12H*

2. Sodium Hypochlorite. This oxidant reacts like chlorine
water:

OCl™ + 2" + 2H* = I, + Hy,O0 4 CI”

liberating iodine. This is the reagent employed for the detection
of iodides in the scheme of analysis. The procedure for conducting
the test is given below. This reagent will oxidize iodine to iodate
in accordance with the equation:

I, + 50C1" 4+ 20H™ = 2103~ + 5C1” + H,0

3. Sulfuric Acid. Concentrated H,SO, oxidizes solid iodides
with the formation of I, HoS and S. The first effect is the liber-
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ation of HI which then reacts with the HySO, according to the
equation:

HzSO4 + SHI = HzS + 412 + 4H20

The iodine reacts further with HyS to give free S.
4. Concentrated H,SO, and MnO,. The action of this mixture
on iodides is like that on bromides and chlorides, liberating iodine:

2Nal + MnO; + 3HsS04 = I + MnSO4 + 2NaHSO4 + 2H,0

6. Potassium Permanganate. In a dilute sulfuric acid solution,
iodides reduce IXMnOy:

2MnO4~ + 101" 4 16Ht = 2Mn** + 51, + 8H,0

6. Concentrated H,SO,4 and K,Cr,0;. If a mixture of a solid
iodide and solid K;CryO; is heated with concentrated HySOy,
iodine is formed. The reaction is expressed by the equation:

K2CI’207 + 7H2804 + 6Nal =
312 -+ (“‘I'z(S()‘;)g + 7H2() + I(zS()4 + 3N{L2S( )4

Compare this with the corresponding reaction for bromides and
chlorides. The same result is obtained when a dilute solution of
the test substance is treated with dilute HoSO4 and KyCryOy;
the reaction is best expressed in ionic form:

Cre07= + 14H* 4 61" = 2Cr+++ + 7TH,0 + 31,

PRELIMINARY EXPERIMENTS

1. Action of Group Reagent. To 5 ml. of KI test solution add
the silver nitrate group reagent. Note the color of the precipitate.
Divide the precipitate into several parts. Try the action of HNO,
on one part. Treat another portion with dilute NH,OH. To
the third portion add ammonium polysulfide. Record your
observations in each case.

2. Test for Iodides. Place 2 ml. of test solution in a test tube,
add several milliliters of carbon tetrachloride and then add drop-
wise some sodium hypochlorite reagent; shake the test tube after
the addition of each drop. Note what happens.

Continue addition of reagent until the color in the CCl, layer
disappears. Explain what happens. Write the equations.
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BROMIDE, Br~

Bromine is a heavy, brown liquid. The important acids are
hydrobromic acid (an aqueous solution of hydrogen bromide, HBr)
and bromic acid, HBrOs. The corresponding anions are the
bromide, Br™, and bromate, BrOz".

Most of the bromides are water soluble, the exceptlon being,
like the iodides and chlorides, AgBr, PbBrs, HgsBrs and CusBrs,.

The group reagent, Ag‘NO;;, precipitates pale yellow AgBr:

Br + Ag* = AgBr
Silver bromide is insoluble in acid solvents. It will dissolve in
ammonium polysulfide:
2AgBr 4+ 5= = 2Br” + Ag,S

[t is only partly soluble in NH,OH.

The bromide ion is a fairly strong reducing agent, less energetic
than iodides but more so than chlorides. Reactions showing the
behavior of a number of oxidizing agents toward the bromide ion
are here discussed. These properties should be compared with
those of 1odides and chlorides.

1. Chlorine Water. This reacts toward the bromide ion in the
same manner as iodides, liberating bromine:

Cly; + 2Br™ = Brp + 2C1°

The liberated bromine can be extracted with chloroform or earbon
tetrachloride, and gives to the organic solvent layer a reddish
vellow color. This is a good test for bromides.
2. Sodium Hypochlorite. Bromides are oxidized to bromine by
NaOCl
OCl™ + 2Br™ + 2H* = Bry + H,0 + CI”

in a solution made acid with dilute HySO4. This method for the
identification of bromides is utilized in the scheme of analysis and
is outlined as a preliminary experiment.

3. Sulfuric Acid. Concentrated HzSO4 reacts with bromides,
first to liberate HBr, which is at once oxidized to bromine:

HzSO,; + 2HBr = SOz + BI‘2 + 2H20

4. Concentrated H,SO, and MnOj,;. A mixture of solid bro-
mide, MnO, and concentrated H,SO,4, when heated, evolves free
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bromine. The reaction is analogous to that taking place with
chlorides:

2NaBr + M1102 + 3H2SO4 =
BI’2 + MnSO4 + 2N&HSO4 + 2H20

6. Potassium Permanganate. Bromides will reduce an acidi-
fied solution of KMnQOy4 with liberation of Brs:

2MnO4~ + 10Br™ 4 16H* = 2Mn*+ + 5Br,; 4+ 8H,0

6. Concentrated H,SO,4 and K,Cr,0;. A mixture of NaBr and
solid K,Crs0O7, when treated and warmed with concentrated HoSOy,
reacts to form bromine, according to the equation:

KoCry07 + 7HoS04 + 6NaBr =
3Brz + Crz(SO4)3 + 7H20 + K280, + 3NauS0,4

This reaction is similar to that of iodides but differs from that of
chlorides.

In a dilute solution of K,Cry0O7 acidifiecd with dilute sulfurie
acid, no reaction takes place; in this sense the behavior differs
from that of iodides.

PRELIMINARY EXPERIMENTS

1. Action of Group Reagent. To 5 ml. of NaBr test solution,
add AgNOj; until precipitation is complete. Record the equation
and color of the precipitate. Treat some of the AgBr with
(NH4)2Se. What change takes place?

2. Testfor Bromides. In atest tube place 2 ml. of carbon tetra-
chloride and 2 ml. of NaBr test solution, made slightly acid with
dilute HySO4. Add sodium hypochlorite NaOCI solution, drop
by drop. Observe the color developed in the organic liquid layer.
Write the reaction.

CHLORIDE, CI™

Chlorine is the most widely distributed and abundant member
of the halogen family. It is a gaseous element and forms a series
of acids. Hydrochloric acid is the aqueous solution of hydrogen
chloride and yields the chloride ion upon neutralization or dissoci-
ation. Other acids are hypochlorous, chlorous, chloric and
perchloric, from which are derived hypochlorites, Cl1O~, chlorites,
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ClO;", chlorates, ClO3~ and perchlorates, ClO, . Provision is
made in this book for the detection of chlorides and chlorates.
Some knowledge of the properties of sodium hypochlorite is also
involved.

All chlorides are soluble in water with the exception of those of
Group I of the cations, along with CusCly and TiCl.  Silver chlo-
ride is a curdy, white precipitate formed by the simple reaction:

Agt + CI” = AgCl

Silver chloride is insoluble in acids but dissolves in ammonia
solution, forming with the latter reagent the diammono-silver ion.
Silver bromide partially dissolves in ordinary ammonia solutions
but silver iodide does not. AgCl is transposed by (NHj)2S,.

The test for the chloride ion consists in acidifying, with dilute
HNOg3, the ammonia complex obtained by dissolving AgCl in
ammonia solution:

AgCl + 2NH;3; = Ag(NHj3),t 4+ ClI™

Upon acidification with HNOg, silver chloride is precipitated:
Ag(NH;3).* + CI” + 2H* = AgCl + 2NH,*

This, it will be recalled, is the test for silver as well.

Since, however, silver bromide is partly soluble in ammonia
and upon acidification would yicld AgBr, hardly distinguishable
from AgCl, this simple mode of procedure must be modified when
analyzing mixtures which are shown or known to contain bromides.
A specially prepared ammonia solution, known as ammoniacal
silver nitrate or Miller’s reagent, is used, in which the concen-
trations of NH; and AgNO3; are so adjusted as to prevent the dis-
solving of the AgBr in the ammoniacal -solvent. The reagent
supplied is 0.25 M with respect to NH,OH, 0.01 M with respect
to AgNOj3 and contains in addition 0.25 of a gram-mole of KNOj
per liter; the last ingredient aids in the coagulation of the AgCl.
With the use of this reagent, it is found that enough AgCl dis-
solves to give the chloride test, but inappreciable quantities of
AgBr or Agl dissolve to give misleading conclusions.

The effect of oxidizing agents on the chloride ion is here com-
pared with that for bromides and iodides.
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1. Chlorine Water. Obviously this reagent will have no effect
on chlorides.

2. Sodium Hypochlorite. This reagent has no effect on the
chloride ion.

3. Sulfuric Acid. Concentrated HoSO4 does not oxidize chloride
but liberates free HCl when added to a solid chloride.

4. Concentrated H,SO4, and MnO,;. When a mixture of MnO,
~and a solid chloride is treated with concentrated H,SO, and
heated, chlorine is liberated. The equation for the reaction is:

MnO; + 2NaCl + 3H,S04 = Cl; + MnSO4 + 2NaHSO, 4 2H,0

6. Potassium Permanganate. Chlorides are oxidized by
KMnO;, in an acidified solution according to the equation:

2MnO," + 10Cl" + 16H* = 2Mn*+ + 5Cl, + 8H,0

when the chloride-ion concentration is high and the solution is hot,

6. Concentrated H,SO, and K,Cr,0;. Solid K;Cr,07 and con-
centrated HySO4 react with a solid chloride, such as NaCl, to
form chromyl chloride, CrO.Cl,, a vapor which can be distilled
and condensed. The reaction proceeds according to the equation:

KzCI‘207 + 6H2804 + 4NaCl =
2CrO.Cly + 3H,O + 4NaHSO, 4+ 2KHSO,

This is the chromyl chloride test, sometimes employed for the
detection of chlorides. The vapors are distilled into NaOH solu-
tior, in which the yellow color of the chromate ion which forms
can be recognized. This latter reaction can be shown by the
equation:

CI'OzClz + 40H™ = 2Cl1" + CrO4 + 2H20

PRELIMINARY EXPERIMENT

1. Action of Group Reagent. Add some ‘AgNOj; reagent to
5 ml. of NaCl test solution. Filter off the precipitate and treat it
with dilute ammonia solution. What happens? Acidify the
resulting solution with dilute HNO;. What is the precipitate
which forms? Write the equations for the reactions which take
place.

Repeat the experiment, using Miller’s reagent instead of ordinary
ammonia reagent. Record the result.
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REVIEW EXERCISES — SET 19

1. Assemble the equations for the reactions taking place when the anions
of this group are precipitated with AgNO3. Write equations for the transpos-
ing of Agl, AgBr and AgCl by (NHjy)2Ss.

2. How do AgCl, AgBr and Agl behave, respectively, toward NH4OH?
Explain the function of Miller's reagent in the separation of chlorides from
bromides. .

3. Calculate the volume of a 5 per cent solution of AgNOj3 required to
precipitate 50 milligrams of Cl™ as AgCl. Do the same for the iodide.

4, Calculate the Cag+ required to start the precipitation of AgClin 5 ml. of
test solution containing 10 milligrams of C1™ per milliliter. (Ks.p. of AgCl =
1.1 X 10710,)

6. Show the method of balancing the following equations:

(a) For iodides: Property (2), (5), (6).
(b) For bromides: Property (2), (4), (5).
(¢) For chlorides: Property (4), (6).

6. Calculate the Cag+in a solution which is 0.1 M with respect to the com-
plex salt Ag(NHj)2Cl, assuming complete ionization of the salt. The in-
stability constant of Ag(NHj3)o+ is 7 X 1078

7. Write and balance (by half-cell reactions) the reactions taking place
when KI acts as a reducing agent, in HsSO4 solution, toward (¢) KMnOy;
b) I(2CI‘207; (C) Na3AsOg.

8. Give a diagrammatic scheme for the detection of }', C17, Br™ and I
in an “ unknown ”’ solution.

9. Write out a scheme which will provide for the separation and detection
of the following anions of sulfur: SO;= SO4~, ST, S2037, CNS.™

10. Give a procedure of analysis by which PO4=, Cl7, I, AsOs= and AsO,~
can be detected in a sample of material.

OUTLINE OF METHOD OF ANALYSIS OF THIS GROUP

Silver nitrate, as the group precipitant, will cause the formation
of AgsS203, AgCNS, Agl, AgBr and AgCl. Owing to its unstable
nature the silver thiosulfate rapidly undergoes decomposition,
resulting finally in the formation of black silver sulfide, which in
itself constitutes the test for the thiosulfate ion. Through the use
of a ferric salt solution, the thiocyanate ion can readily be identified.

The silver salts of the group precipitate are then dissolved by
ammonium polysulfide, in order to return the iodide, bromide and
chloride to the ionic form. The identification of the iodide ion and
the bromide ion is carried out by oxidizing these ions by means of
NaOCl], the distinguishing colors appearing in a carbon tetrachloride
layer.

_ To detect chloride in the presence of bromide and iodide, the ions
are again reprecipitated as silver salts and then a specially pre-
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pared ammonia solution, containing also AgNOz and KNO;,
known as Miller’s rcagent, is used to dissolve only the AgCl
as ammono-silver complex. From this Ag(NHj).* complex, silver
chloride can then be reprecipitated.

PracTicE ANALYsis OF A MIXTURE CONTAINING THIOSULFATE,
TH10CYANATE, lopIDE, BrROMIDE AND CHLORIDE IONS

Make up a mixture consisting of 5 ml. of each of the five anions
of this group. Render the solution just ammoniacal with dilute
NH,OH, testing carefully with litmus paper; add 1 ml. of NH,OH
in excess. Then add the group reagent, a 5 per cent solution of
AgNOgs, until precipitation is complete. Heat the solution to hoil-
ing and then make it faintly acid with dilute HN Oy, adding the acid
dropwise with constant stirring.  After the precipitate has settled,
filter and wash to remove the last traces of AgNOj3 remaining in
the precipitate.

It will be observed that the precipitate rather quickly turns dark,
owing to the decomposition of the AgoS203 into black Age,S. The
following equations show the formation of the group precipitate:

S203™ + 2Ag* = AgsSy04 — Ag.S
CNS™ 4+ Agt — AgCNS

I' + Agt = Agl
Br 4+ Ag' = AgBr
Clm 4+ Agt = AgCl

Identification of Thiosulfate. The darkening of the group pre-
cipitate during the addition of the AgNOj constitutes the test for
thiosulfate.

Identification of Thiocyanate. Remove a small part of the
group precipitate to a test tube, add 5 ml. of water and an equal
volume of FeCljz solution. Shake the mixture and allow to settle.
The solution will be colored deep red, owing to the formation of the
ferric thiocyanate complex, Fe (CNS)g=.

Identification of Iodide. The halide ions now remain to be iden-
tified. In order to test for these, the silver salts must be put back
into solution. This is accomplished as follows. Transfer the re-
mainder of the group precipitate to a beaker, add 15 ml. of am-
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monium polysulfide and heat to boiling. This will dissolve the
silver salts of these ions.

Acidify the solution with dilute HsSO4 in order to destroy the
excess of polysulfide solvent. Heat to boiling to expel the hydrogen
sulfide, filter off, wash twice and discard the residue, retaining the
filtrate which now contains the halide ions.

To 5 ml. of this filtrate in a test tube add NH,OH until, as shown
by litmus, the solution is faintly alkaline. Now add 2 ml. of carbon
tetrachloride and then drop by drop a solution of sodium hypo-
chlorite. . Shake the tube and note the violet color of the carbon
tetrachloride layer. This is due to iodine liberated by the oxida-
tion of the iodide ion by hypochlorite.

Identification of Bromide. To the same tube in which the iodide
test was made, add more NaOCI until the violet color is discharged
and all the iodine has been oxidized to the colorless iodate form.
Then acidify with dilute HoSO4 and continue treatment with NaOCl,
in order to oxidize the Br™ to Bro. The brown color now formed
in the CCly layer shows the presence of bromine.

Identification of Chloride. To another 5 ml. portion of the solu-
tion containing the dissolved halides, add the AgNO; reagent until
the precipitation of the silver salts is complete, heat to boiling and
filter, discarding the filtrate. Wash the residue twice with 10 ml.
of water.

Then treat the precipitate on the filter with 10 ml. of the
Miller’s reagent (specially prepared NH4OH containing AgNO;
and KNO3). This reagent will attack the AgCl but not the AgBr
nor Agl.

The filtrate from this ammoniacal silver nitrate now contains
the chloride in the form of Ag(NH3)e*. To 1 ml. of this filtrate
add enough dilute HNO; to acidify the solution. AgCl will be
reprecipitated.

THE SOLUBLE ANION GROUP—GROUP V

CHLORATE, ClO3™
ACETATE, C:H30:
NITRITE, NO;~
NITRATE, NO;~

Normally, this group includes the chlorate, acetate and nitrite
ion, whose salts are relatively soluble and are not precipitated by
any of the group reagents. The nitrate ion is here included for
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discussion on account of its similarity with the nitrite ion; in a
systematic analysis, nitrates must always be tebted forin a portmn
of the original sample.

CHLORATE, ClO3™

Chlorates are salts of chloric acid. This acid exists only in
rmoderately dilute solutions and is strongly ionized. HCIO3; and
“chlorates are vigorous oxidizing agents. Warning: The solid salts
should never be ground or heated together with oxidizable sub-
stances nor heated with concentrated sulfuric acid, since reaction
takes place with violent explosions.

All chlorates are soluble in water.

The chlorate ion may be reduced to chloride ion by reductants
such as NaNO., in an acidified solution:

ClO3™ + 3NO;™ = CI” 4+ 3NO;3~

Other agents which will reduce chlorates are NasSOQ3, HoS and
F 0804.

PRELIMINARY EXPERIMENT

Test for Chlorate. To 5 ml. of KXCIO; test solution add 2 ml. of
dilute HoSO4 and then about 0.1 of a gram of solid sodium nitrite
and heat to boiling. What change has taken place with the chlorate
ion? Write the equation.

Then, after boiling, add 2 ml. of concentrated HNOjy in order to
destroy the excess of nitrite and finally add 2 ml. of AgNOj solu-
tion. What is the precipitate which forms?

The test can also be carried out with the use of an acidified solu-
tion of NaySO;3 instead of NaNO; for reducing the chlorate ion.

ACETATE, C:H3;02

Acetates are salts of acetic acid. The student has already be-
come familiar with this weakly ionized organic acid in connection
with the calculation of ionization constants, common-ion effect and
buffer solutions. The formula for the acid is written in organic
chemistry as CH;COOH;; the formula, CH3COO~, or the symbol
Ac are sometimes used rather than CoH30,™ to denote the acetate
ion.
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If a solution containing the acetate ion is acidified with any
strong acid, acetic acid will form:

H+ + CzHgOzw = HC2H302

This may be recognized by the vinegar-like odor.

The formation of esters (organic salts) of acetic acid is the basis
of the test for acetates. IEthyl alcohol, CoH5OH, for example,
reacts with acetic acid to form the organic ester, ethyl acetate,
which possesses a sweet, fruity odor. The reaction is:

C.H;0H + HC.H30, = CoH;CoHz02 + HyO

Instead of ethyl alcohol, some chemists prefer to use amyl alcohol,
’sH1;0H, the ester formed being amyl acetate, CsH;;CoH3O0,,
which has the odor of bananas.

A delicate test for acctates depends upon the precipitation of
basic lanthanum acetate and the adsorption of iodine by the precip-
itate. The test is conducted by adding to 5 ml. of acetate test
solution 1 ml. of 5 per cent La(INO3)3 reagent, 1 ml. of (0.01 N)
iodine solution and then adding dilute NH4OH until a permanent
precipitate remains. An intense blue color, similar to that pro-
duced by starch and iodine, forms. If the color is slow in forming,
heat the solution to boiling and allow to stand for several minutes.
This test invariably gives good results when applied to a pure
acetate solution but sometimes fails when attempted in systematic
analysis.

Some basic acetates are insoluble in water. Those of analytical
importance are the basic acetates of ferric iron, aluminum and
chromium. If, for example, NaCoH303 is added to a ferric chloride
solution, non-ionized Fe (C2H3052); will form, coloring the solution
red. If the solution is then diluted and boiled, hydrolysis takes
place, precipitating basic ferric acctate according to the reaction:

Fe(CeH302)3 4+ 2HOH = Fe (CyH30,) (OH), + 2HCH30,

This behavior of iron toward acetates will again be referred to
in Part IV.

PRELIMINARY EXPERIMENTS

1. Liberation of Acetic Acid. Add 2 ml. of dilute (1:1) sulfuric
acid to a few milliliters of NaCoH30, test solution, warm and note
the odor. Explain why HC;H30, is formed.
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2. The Ester Test. Add a few milliliters of concentrated
H,S04 to a few milliliters of NaC;H30; test solution, cool and then
add 3 to 5 ml. of either ethyl alcohol or amyl alcohol. Warm the
mixture and cautiously smell the vapors. Note and deseribe the
odor. Do not confuse the odor of the alcohol used with that of the
ester formed. Write the equation for the reaction.

NITRITE, NO;~

Nitrites are the salts of nitrous acid. HNO, is an unstable,
weakly ionized acid, and is formed when a nitrite is treated with
a stronger acid or by passing NO; into water:

2NO; + H,0 = HNO; + HNO;

All normal nitrites are soluble in water (silver nitrite, how-
ever, is only slightly soluble). Some complex nitrites, such as
K3Co0(NOg)g arc quite insoluble (recall the test for potassium).

The most important and interesting property of nitrites is that
they may act either as reducing or as oxidizing agents.  Examples
of both behaviors are given below.

Nitrites are easily decomposed by acids. When a nitrite is
treated with dilute acid, such as HCI, the first action is the forma-
tion of nitrous acid:

NO,™ + H* = HNO,
This decomposes into nitrie oxide, water and HNOj:
3HNO; — 2NO + H20 + HNO;,

As the NO escapes into the air, it is oxidized to brown fumesof NO,
2NO + 0p = 2NO,

If a strip of starch-potassium iodide test paper is held in the
escaping fumes, the iodide will be oxidized to I5, coloring the paper
blue. ‘

A similar test may be made in the solution by adding a few drops
of KI reagent and then acidifying with dilute acetic acid. The
reaction that takes place is as follows:

2HI + 2HNO, = I, + 2NO + 2H,0

The liberated iodine may be shown by adding a few drops of carbon
tetrachloride, and then shaking. The iodine colors the carbon
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tetrachloride layer an intense violet. Since certain other anions
will liberate iodine from iodides, this reaction is not an infallible
test for nitrites.

As already shown, when nitrites are treated with acids, nitrous
acid as well as nitric acid forms as one of the products. Dilute
acetic acid will bring about this decomposition of a nitrite but, in
the case of a nitrate, concentrated sulfurie acid is required. This
fact enables one to test for a nitrite in the presence of a nitrate by
the so-called ferrous nitrosyl or ““ ring "’ test.

This test as applied to nitrites consists of treating the solution
with dilute acetic acid and then adding a solution of ferrous sulfate.
The Fett ion reduces the nitrous acid formed upon acidification:

NOg™ + 2H* + Fett = NO + Hy0 + Fettt

The NO then forms the complex ferrous nitrosyl ion which has a
brown color: . '
Fett 4+ NO = Fe(NO)++

In the case of a nitrite the brown color appears throughout the
solution, whereas in the case of a nitrate, when concentrated HaSO4
instead of HCsH30, is used, the color appears as a ring at the junc-
tion of the two liquids which produces the brown coloration ob-
served in the solution.

In applying this test to the detection of nitrites provision is made
for the removal of anions which otherwise would interfere.

The nitrite ion is capable of oxidizing ammonium salts, the
products being nitrogen and water:

N()Q— + :NI'{.;+ = N2 + 2H20

This reaction is used to destroy nitrites when the ring test is to be
used for the detection of nitrates.

Urea is oxidized and nitrites reduced, with liberation of free
nitrogen, when acidified solutions are allowed to react. The reac-
tion takes place according to the equation:

CO(NHy)2 + 2NO2™ + 2H* = CO; + 2N, + 3H.0

The evolution of nitrogen observed during the reaction may serve
as a test for nitrites. Morcover, the reaction may be employed
to remove all but traces of nitrites in conducting the ring test for
nitrates.
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As a reducing agent, NaNO. is employed in reducing the chlorate
ion to chloride ion:

ClO3™ + 3NO;™ = Cl” + 3NO3~

This reaction proceeds only in acid solution, hence chlorates and
nitrites are compatible as long as the mixture is not acidified. Sec
Chlorates, page 265.

PRELIMINARY EXPERIMENTS

1. Decomposition of Nitrites by Dilute Acids. Treat 2 ml. of
NaNOs test solution with dilute HC1.  Account for the fumes which
are evolved. Write the necessary equations,

2. Starch-Iodide Test for Nitrites. Ilold in the escaping fumes
from experiment 1 a strip of starch KI test paper. What change
in color do you observe in the test paper? Account for this.

3. Ferrous Nitrosyl Test for Nitrites. Place 5 ml. of NaNO,
in a test tube, add 5 ml of dilute HC,H30, and shake. Cool if
the mixture feels warm. Then carefully and slowly add a few
milliliters freshly prepared, concentrated FeSOy4 solution.  Observe
the color of the solution and write the reactions.

NITRATE, NO3~

With the parent substance, nitric acid, the student is alrcady
quite familiar. The reagent as usually dispensed in the laboratory
is the constant boiling mixture of specific gravity 1.42, containing
68 per cent of pure nitric acid by weight. It is a strongly ionized
acid and a vigorous oxidizing agent, which yields on reduction a
series of products such as NOy, NO, N3O, N3 and NHj, depending
upon the conditions of temperature, concentration and reducing
agent present.

All normal nitrates are water soluble, but some on dissolving
form insoluble basic salts by hydrolysis, for example, BiONOj;.

The most important rcaction of nitrates: from a qualitative
standpoint is the so-called ring test, in which the nitrosyl ferrous
complex, Fe(NO)**, is formed. When concentrated HSO4 is
added to a nitrate, and then a strong solution of FeSQOy is carefully
added, reduction of the NO3~ takes place, forming NO in accord-
ance with the equation:

NO3™ + 4H* + 3Fe*t = NO + 2H,0 + 3Fettt
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As in the corresponding test for nitrites, the NO combines with
Fe*t ion to form the Fe(NO)**+ complex:

Fett 4+ NO = Fe(NO)*+

This appears as a dark brown ring at the junction of the two
liquids. It is to be noted that nitrites must be removed, by de-
composition with NH4Cl or urea, since nitrites interfere by the
formation of this complex. However, nitrites can be detected in
the presence of nitrates since the test for the former can be made
with acetic acid whereas the latter require concentrated sulfuric
acid.

Nitron reagent is sometimes employed to detect nitrates.
This reagent, which has the empirical formula CgoH 16Ny, forms in
an acid solution an addition product CooH;6N4-HNO3, a white
crystalline substance. [The reagent is 1,4-diphenyl-3, 5-endanilo-
dihydrotriazol and has the structural formula CgH;—~N—-CH =
(NCgHj5); = C = N.] When dissolved in acetic acid, the reagent
is known as ‘ nitron,” and when formic acid is used it is called
“fornitrol.” A number of other anions form insoluble products
with the reagent. In systematic analysis, most of these are
removed, including the nitrite.

Nitrates arc reduced to ammonia by a number of metals,
particularly aluminum and zine, and this property may be utilized
as a test for the nitrate ion. In the case of aluminum the reduc-
tion proceeds in an alkaline solution according to the equation:

8Al 4+ 3NO;™ 4+ 50H™ 4 2H,0 = 8AlO,;™ 4 3NHj3

The evolved ammonia is then tested for by litmus paper, as
described on page 212. Ammonium salts must, of course, be
absent from the solution of the sample when this test for nitrates is
used.

" PRELIMINARY EXPERIMENT

Ring Test for Nitrates. To 2 ml. of NaNOQOj test solution add
an equal volume of concentrated HoSO4, mix and cool thoroughly
under the water tap. Then, holding the test tube containing the
cooled acidified test solution in an inclined position, carefully
pour down the side of the tube a freshly prepared, concentrated
solution of FeSO4. Show by equations how the ferrous nitrosyl
complex is formed. :
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REVIEW EXERCISES — SET 20

1. Write equations for the reactions involved in testing for (a) chlorates;
(b) for the ester test (ethyl acetate) for acetates.

2. How can you test for a nitrite in the presence of a nitrite? After
studying the following procedure tell how you would proceed with the detec-
tion of nitrate when nitrite has also been shown to be present in the same sample.

3. What is the apparent valence of chlorine in ClO3™, Cl, ClO;™, CIO™?

4. Under what conditions will the nitrate ion act as an oxidizing agent?
Write equations showing the function of NOg  as an oxidizer and as a reducer.

6. When dilute HNOj dissolves a metallic sulfide the NO3~ becomes NO;
when concentrated HNQOj3 is employed as solvent for a metallic sulfide, the
usual product is NOg.  Write balanced equations illustrating this for the action
of dilute and concentrated HNOj3 on PbS.

6. The ionization constant of HCoH30, is 1.8 X 1075, Would acetic
acid be formed in a solution containing NaC2Hj302 if an acid more weakly
ionized than HC,H30: were added? Explain why 1138504 will liberate
HC.H 30, from acetates.

7. If enough strong acid is added to a solution of NaC2H 303 to produce a
molarity of 0.05 with respect to HCoH30¢, what is the hydrogen-ion concentra-
tion in the test solutions which contains 10 milligrams per milliliter (10 grams
per liter)?

8. The test solution of NaCoH302 has undergone partial hydrolysis, be-
cause this salt is the product of the neutralization of a weak acid by a strong
base. Calculate the hydroxyl-ion concentration in the test solution which con-
tains 10 grams of NaCzH 304 per liter.

9. Predict the probable result on the precipitation of metallic sulfides in
the cation procedures if acctate ions are present along with cations of Group
IT and III when adjustment of the acidity is made.

10. Give diagrammatic schemes for the separation and identification of the
anions in the following mixtures:

(a) SO5=, S=, CN~, CI™, NO; ™.
(b) AsO3, ClO3™, S=, I, CrO4~.
(¢) POs=, AsO4=, CI™, Br™, NO;~, NO3™.

QUuTLINE OF METHOD OoF ANALYSIS oF Tmis Group

The chlorate, acetate and nitrite ions are identified in separate
portions of the solution constituting this groyp. The chlorate is
reduced to chloride ion and thus identified as AgCl. The acetate
is here detected by the odor of one of its organic salts, namely
ethyl acetate. The nitrite is tested for through the formation of
the brownish colored ferrous nitrosyl complex, Fe(NO)*+, in an
acetic acid solution.

The nitrate ion, however, in a systematic analysis, is sought in
a portion of the original sample because, through the use of the
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group reagents, this ion will have been introduced into the solu-
tion. The so-called ring test, here employed, is interfered with by
the presence of certain other anions. The removal of the inter-
fering ions of other groups is carried out through their precipitation
with barium acetate and silver acetate. Interfering chlorate is
reduced and interfering nitrite eliminated by evaporation with
NH,CL In the resulting solution, the nitrate is then detected by
the use of ferrous sulfate and concentrated HeSO4, producing the
familiar ¢ ring ”’ of Fe(NO)++,

PracticE ANALYSIS OF A MIXTURE CONTAINING
CHLORATE, ACETATE, NITRITE AND NITRATE IoNs

Prepare a mixture containing 5 ml. of each of the test solution
of CoH30457, ClO37, NO2™ and NO3~. Make the solution alkaline
with 4 M NaOH. Use separate portions for the identification of
each anion as described below.

Identification of Chlorate. The test for chlorates consists of re-
ducing the chlorate to chloride and then following the procedure
used previously for chlorides. Acidify 5 ml. of the test mixture
with dilute HoSO4 and add 1 ml. in excess. Then add 0.1 to 0.2
of a gram of NaNO; to reduce the chlorate. Heat the solution to
boiling. After boiling add 2 ml. of concentrated HNOj3 to destroy
excess NaNO; and finally add 2 ml. of AgNOj3 reagent. The
white precipitate is AgCl, which identifies chlorates in the original
mixture.

Identification of Acetate. Take another 5-ml. portion of the test
mixture, add 2 ml. of concentrated HoSOy, cool under the tap and
add an equal volume of ethyl alcohol. Gently heat the mixture
and note the fruity odor of ethyl acetate. The odor of ethyl
alcohol must not be confused with that of the ethyl acetate.

Identification of Nitrite. To 5 ml. of the test mixture add acetic
acid until neutral and then 5 ml. in excess. Shake the mixture and
cool if necessary. Holding the test tube in an inclined position,
carefully add 2 or 3 ml. of freshly prepared, saturated FeSO, solu-
tion. The brown color of the nitrosyl complex, Fe(NO)*t,
identifies nitrites.

Identification of Nitrate. The “ ring "’ test to be employed here
in the analysis of this known mixture is interfered with by the
presence of nitrite and chlorate. The former is destroyed by
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evaporation with NH4Cl and the latter by reduction with NaoSOs;.
‘ Plage 5 ml. of the solution in an evaporating dish, add 3 to 4
grams of solid NH,Cl and evaporate nearly to dryness. Add 10
ml. of water and repeat the evaporation. Again add 10 ml. of
water, filter, discarding the residue if any.

To one half of the filtrate add dilute HoSO4 until acid and then
1 ml. in excess. Then add 0.1 of a gram of NaySOj3, heat to boil-
ing, boil for one minute and filter. Cool the filtrate, add 5 ml. of
concentrated HoSO4 and thoroughly cool in running water.
Holding the test tube in an inclined position, carefully add several
milliliters of freshly prepared ferrous sulfate solution. The brown
ring which forms shows the presence of nitrate.



PART IV
SYSTEMATIC ANALYSIS

A complete qualitative chemical analysis of a sample of material
consists of the separate systematic detection of cations and anions.
The results will show not only which cations and anions are present,
but those that are absent as well.  Within the scope of this book,
as given in the systematic procedures, provision has been made
for the study and detcction of twenty-four of the commoner
cations and an cqual nymber of anions. In the case of a homo-
geneous substance such as a single salt, the positive detection of a
single cation and of a single anion will usually identify the salt
present. On the other hand, in a sample of greater complexity
such as a mixture of salts, a qualitative analysis can usually only

“discover which ions are present and not how they may have been
associated in the original mixture.

A complete systematic analysis involves (a) a preliminary ex-
amination of the sample, (b) the detection of anions and (¢) the
detection of cations, along with (d) an examination of the acid-
insoluble residue. Since most of the anions interfere in one way
or another with the cation analysis, it is advisable to complete the
anion analysis before the cation detection is begun.

Types of Samples. In order to simplify the work and to keep
the procedures from becoming too involved for the beginning
student, the work outlined here provides for the analysis of samples
of several different types, as follows:

1. Liquid samples, hereafter referred to as ‘ test solution un-
knowns,” composed of mixtures of cations of one or more cation
groups or of mixtures of anions of one or several anion groups.
This kind of student unknown is referred to again on page 277.

2. Solids consisting of a single compound. See page 278.

3. Solid mixtures of salts. This type of sample consists of
unknowns made up of solid mixtures of several common salts.
See page 280.

276
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4. Alloys and metals. This type of unknown involves dis-
solving methods and analysis for eations and for a limited number
of anions. ’ '

5. Ores, minerals and technical produets. This type of sample
will give some practice in fusion methods.

6. Silicates. The detection of silica in silicates by special
methods is here considered.

SYSTEMATIC ANALYSIS OF
“TEST SOLUTION UNKNOWNS?”

These are the samples, submitted early in the laboratory course,
which consist of mixtures of cations or of anions of a single group
or combinations of several groups. THey are usually made from
the test solutions. The components are usually already in solu-
tion, hence no special provision need be made for dissolving the
sample. Since the cation samples are derived mainly from the
nitrates of the metals and the anion samples from the sodium or
potassium salts, interferences arc normally not encountered with
this type of sample.

The procedures of analysis, already developed in Parts IT and ITI,
are incorporated in the schemes which follow, that for anion de-
tection beginning on page 281 and that for cation detection
beginning on ‘page 290. The main consideration at this point is
the preparation of the sample, so that detectable amounts of each
ion may be present and the sample brought to a suitable volume.

Preparation of the Anion Solution. Since these samples consist,
of mixtures of anion test solutions of one or more groups, enough
of the sample should be taken to insurc the detection of all anions
present. In general the anion tests arc not as sensitive as those
of the cations; for this rcason it is best to provide for ample
amounts of each anion. If the samples are compounded from the
“stock ”’ test solutions, each milliliter will contain 50 milligrams
of anion. Take 10 ml. of the sample, add 2 ml. of 4 M NaOH if
this has not already been done, dilute to 50 ml. with distilled
water and proceed with the detection of the anions of Group I
and of subsequent groups, depending upon whether the sample is
one of a single group, a combination of several groups or a general
anion-sample comprising all groups. The procedure for Group I
will be found on page 282.
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Preparation of the Cation Solution. These samples are already
in solution except as noted and are free from interfering anions,
oxidizing agents and large concentrations of strong acids. In
general the cation scheme is capable of detecting a few milligrams
of any one cation in the presence of several hundred milligrams of
other cations; hence, if the student sample was prepared from the
dilute ¢ 10-milligram-per-milliliter 7’ student test solutions, a
25-ml. portion of the sample should be used. If, on the other
hand, the “ stock ”’ test solutions were employed (100 milligrams
per milliliter) it is best to dilute 10 ml. of the sample with 15 ml.
of water, making a total volume of 25 ml. If a precipitate is
present, the sample container should be shaken so that a propor-
tionate part of the solid is included in the solution.

If the unknown is one in Group I alone, proceed with this 25-
ml portion as directed in detail on page 295.

For Group II only sce page 297; for Group III only, see page
303; for Group IV only, page 312; and Group V, page 313.

For unknowns of this type, covering all cation groups, or at
least more than one group, take the 25-ml. portion and use the
scheme beginning on page 295 for Group I and proceed through
the cation groups.

In case the sample is submitted in the form of solid water-
soluble nitrates and chlorides, dissolve a 1-gram portion in 25 ml.
of water and proceed according to the several group precipitations.

SYSTEMATIC IDENTIFICATION
OF A SINGLE SOLID COMPOUND

Samples composed of a single substance, usually a solid, are
generally submitted for student analysis after the separate pro-
cedures for cation and anion analysis have been studied and
“ test solution unknowns ”’ have been analyzed, but before the
analyses of more complicated samples such as solid mixtures of
salts, alloys, ores and technical products are undertaken. The
sample may be a simple salt, an acid, a base or an oxide. In

v

cation. A definite, pronounced test for an anion as well as that
for a cation will identify the compound as a salt. If, however,
an anion is definitely detected and no cation can be found the
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conclusion is that the sample is an acid, the cation being the
hydrogen ion. On the other hand, if a cation is found but no
anion, the substance is either a hydroxide or an oxide.

In actually carrying out the procedures for the identification of
the substance, a preliminary examination of the sample, as
described on page 280, should be made first. The anion should
be sought for next; then the cation should be identified.

Preparation of the Anion Solution. Whether or not the sample
is water soluble, take 0.5 of a gram of the solid compound, add
25 ml. of molar Na,COj3 and boil for 5 minutes. Filter off the solid
residue, add 2 ml. of 4 M NaOH to the_filtrate, dilute to 50 ml.
and proceed with the detection of fhe anion as described on page
282. 'This solution is referred to as the ¢ prepared ”’ solution.

Having identified the anion present, another portion of the
sample 1s dissolved in water or acids and this solution is used for
the detection of the cation.

Before the cation solution is made and the analysis is begun, the
solubility relationships should be considered, since, because the
anion present is known, some clues can be discovered regarding
the cation likely to be present. For this purpose the solubility
tables (on pages 330, 331 and 332) should be consulted. For
example, suppose the sample is found to be a carbonate and the
sample is water soluble; obviously, since the table shows all normal
solid carbonates to be insoluble in water except Na,COz and
K5COj3, the sample must be either one of these two. Or, again,
suppose the sample is a water-insoluble sulfate; this fact limits
the cation to lead or the alkaline earth clements. In this way,
much help can be derived from the solubility table. The color of
the compound should also be taken into consideration at this time.

There is likely to be no serious interference of anions with the
cation procedure with these simple substances, and no special pro-
cedure except for phosphates, oxalates or tartrates need be intro-
duced.

Preparation of the Cation Solution. The procedure for dissolv-
ing the sample depends upon the solubility of the sample.

1. If the sample is rather soluble in water, take a 0.5-gram
portion, add 25 ml. of distilled water and heat to boiling. This
will furnish a sufficient amount of the cation for its detection.
Turn to the cation scheme on page 295 and follow the procedure
until a decisive test is obtained.
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2. If the sample is not appreciably soluble in water, treat a
0.5-gram portion of the sample with 5 ml. of dilute HNO3, warm-
ing the mixture and adding more acid as long as action continues.
If the sample has completely dissolved, evaporate the solution
almost to dryness, dilute with 5 ml. of dilute HNO3z and enough
water to bring the volume to 25 ml. and proceed with the cation
detection on page 295. If dilute HNOj fails to dissolve the sample
completely, add 5 ml. of concentrated HNO; to the dilute HNO;
used as original solvent, heat, and if no residuc remains, evaporate
and dilute as before.

3. If dilute or concentrated HNOj fails to dissolve the sample
repeat, using dilute HCI and, if this fails, use aqua regia, in either
case evaporating to small bulk in the presence of HNOj, diluting
to 25 ml. and using the resulting solution for the cation detection,
as described on page 295.

SYSTEMATIC ANALYSIS OF MIXTURES OF
SOLID SALTS

PRELIMINARY EXAMINATION OF SAMPLE

A preliminary physical examination of the sample may throw
considerable light on its nature and probable composition. Note
the color and other physical properties. If possible, separate a
small portion of the sample into its component salts, preferably
by aid of a magnifying glass, and note the color, hardness, crys-
talline form, cte. If a physical separation is at all possible special
tests on the separated portions may later be made to confirm the
results of the systematic analyses.

Treat a small portion of the sample with hot water and note
the color of the resulting solution or supernatant liquid; a colored
solution may be due to the presence of water-soluble salts of cop-
per, cobalt, nickel, iron or chromium, or to soluble chromates,
dichromates, ferrocyanides or ferricyanides. Test the solution
with litmus paper; an alkaline reaction-will indicate a free base
or salts which have hydrolyzed to give a basic solution, such as
carbonates, suifides. phosphates and borates; an acid reaction will
indicate free acid, an acid salt or salts of heavy metals such as
FeCl; which hydrolyze to give an acid solution.

Add dilute HCI to another small portion of the sample. If a
gas is given off the possible presence of carvonates. sulfides, sul-



PREPARATION OF THE ANION SOLUTION 281

fites, cyanides, thiosulfates or nitrites will be revealed.  Be careful
about smelling the gas if cyanides are likely to be present.

Heating a portion of the sample in a hard glass tube is useful
in revealing the presence of organic matter, though another test
for organic matter is provided below.

Blowpipe tests, bead tests and the action of concentrated HySO,
are sometimes resorted to in the preliminary examination, but the
results are often hard for the beginner to interpret. The additional
information secured is useful, however, in correlating the results
of the systematic analysis.

SYSTEMATIC ANION ANALYSIS

In a complete systematic analysis of samples, especially of the
kind under consideration, it is best to earry out the anion de-
tection before that of the cations. With the exception of a few
anions such as the carbonate and the nitrate in a dilute solution,
most of the anions interfere with the regular scheme for the de-
tection of the cations. By identifying the anions first, the proper
steps can then be taken in preparing the solution for the cation
analysis, introducing modifications in the regular scheme that will
remove or otherwise overcome the interferences caused by the
presence of thesc anions. The logical order, thercfore, is to find
out which anion or anions are present and what interference might
result and then proceed with the preparation of the cation solution
and its analysis; provision is also made, however, in the systematic
cation procedure for the detection of cations independent of a prior
anion analysis in cases where special emphasis is to be given to the
cation content of the sample.

Preparation of the Anion Solution

In the procedure for the detection of anions the sample must be
rendered soluble and, since most of the cations interfere, they
must be removed. Acids cannot be used as solvents but Na,COy
is used instead. The following instructions in regard to the treat-
ment of the sample must be observed.

1. If the sample is a student unknown prepared from test solu-
tions and intended for the detection of anions only, interfering
cations will be absent, and the sample will be in solution or in
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water-soluble form. Proceed with precipitation of Group I of the
sample as described below.

2. If the sample is a solid compound or a mixture of salts and
if it may contain cations other than sodium, potassium or ammo-
nium, the sample must be treated with sodium carbonate. The
solution so prepared is hereafter referred to as the ‘ prepared ”’
solution.

Take a 1-gram portion of the thoroughly mixed and powdered
solid sample, add to it 25 ml. of molar Nay;CO; solution and boil
for 5 minutes. Dccant or filter off the supernatant liquid into a
beaker and repeat the NayCOj treatment. Combine the solutionsor
filtrates for the anion analysis, reserving the residue for special tests.

This treatment will transpose the anions into soluble sodium
salts and precipitate the cations as insoluble carbonates, basic
carbonates or hydroxides. A few substances such as silicates, the
halides of silver and certain phosphates arc not transposed by mere
boiling with NasCO3. If these are suspected and not found by
the regular procedure, the sodium carbonate residue should be
examined for their presence. )

Analysis of Group 1

Group Precipitation. The procedure differs, depending upon
whether chromates are present or absent. The reason is that,
when chromates are present, boiling of the group precipitate is
avoided in order to lessen the tendeney of the chromate to oxidize
reducing ions which may be present. The presence of chromates
will be indicated by the yellow color of the “ prepared ’ or original
solution. 0

1. In the absence of chromates, dilute the prepared solution (or
original solution, in casc 1t was unnecessary to preparc one) to
50 ml.(VAdd 2 ml. of 4 M sodium hydroxide and then add the
group reagent, 1 M Ca(NOjz); until precipitation is complete.
Heat the mixture to boiling, allow to settle and filter. Wash the
precipitate with 2 separate portions of water, adding the washings
to the filtrate. Reserve the filtrate for subsequent boiling and
analysis of subsequent groups.

Wash the residue repcatedly with small portions of water, until
successive portions of the filtrate no longer give a test for the
nitrate ion. This test is made to assure the complete removal of
impurities from the residue. The * ring "’ test for the nitrate ion
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is conducted by adding a qmrxll volumc of concentrated H2804 to
a small vo]ume of .sa,tul ated F( SU olutlon v

The precipitate will consist of the calcium salts of the anions of
this group as well as some Ca(OH)a.

2. In the presence of chromales, dilute the prepared or original
solution to 50 ml. with water, add 2 ml. of 4 A sodium hydroxide
and then 1 M Ca(NOs), solution until precipitation is complete.

Filter off the precipitate, saving the filtrate for further treat-
ment and analysis of subsecquent groups. Wash the precipitate
with two 10-ml. portions of water, combining these washings with
the main filtrate. Finally wash the residue with small portions
of dilute NH,OH until the yellow color of the chromate ion is no
longer evident. Discard these latter washings.

The filtrate from either (1) or (2) should then be boiled to pre-
cipitate completely any sulfite ion left unprecipitated by the group
reagent. If there is a precipitate, filter it off and add it to the
main group precipitate. Use the filtrate for the analysis of
Groups IT through V.

Detection of Carbonate. If the ‘‘ prepared ”’ solution was used
in the group precipitation, obviously CaCO3 will be present in the
group precipitate and the test for COz= must be made on a portion
of the original sample. In this case proeeed as follows: To a por-
tion of the original sample in a test tube, add some solid K,Cra0y
(and 1 ml. of water if the sample is a solid) and then a few drops
of dilute sulfuric acid. A vigorous effervescence is usually indica-
tive of the presence of carbonates. This can be confirmed, if
necessary, by the Ba(OH) bead test deseribed below.

If, on the other hand, the sample was not subjected to NaCOy
treatment, the detection of carbonates is carried out as follows:
Have at hand a platinum wire, in the loop of which is held a drop
of Ba(OH), reagent. Treat the group precipitate with 25 ml. of
dilute (12.5 per cent) acetic acid, at the same time holdmg the
drop of barium hydroxide in the escaping gas. If a vigorous
effervescence takes place because of evolution of COz and the
drop of alkaline reagent turns turbid, the presence of carhonate is
shown.

The residue, if one remains after the acctic acid treatment, may
be CaC504 or CaF; or both. The acetic acid filtrate may contain
horate, sulfite, arsenite, arsenate, phosphate and tartrate ions.
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To proceed with the detection of the other ions of this group add
25 ml. of water to the acetic acid solution, filter off the precipitate
if one remains and wash it repeatedly with small portions of water
until separate portions of the washings no longer show a reducing
action. The reducing test is made to remove the last traces of
sulfite or arsenitc which may remain in the precipitate. The
reducing test is made by adding a drop of very dilute iodine solu-
tion, containing starch as indicator, to a small volume of the
washings; the blue color of the test reagent will fade if reducing
ions are present in the washings.

Detection of Oxalate. 'Treat the residue on the filter paper with
20 ml. of hot, dilute HySO4 and wash once with 10 ml. of water.
The filtrate from this may contain the oxalate ion.. Take 5 ml.
of this solution, heat it to boiling and add a few drops of 0.002 A/
KMnOy solution. A bleaching of the permanganate solution, due
to reduction, shows the presence of the oxalate ion.

Detection of Fluoride. A residue remaining after the H,SO,
treatment is probably CaF,. The etching test for fluorides is
conducted as follows: Coat the bottom of a small watch glass with
paraffin and make a scratch or some characters through the
paraftin coating, in the central portion of the watch glass. Trans-
fer the residue to a glass plate or slide, heap it up into a little cone
and make a deep depression in the center.  Place a few drops of
concentrated HyoSOy in the crater, cover with the watch glass and
set it aside. At the end of about a half-hour, examine the watch
glass and note whether the glass where the surface was exposed by
the scratch is etched by the hydrofluoric acid cvolved from the
calcium fluoride.

Detection of Borate. Take 2 ml. of the filtrate fromn the acctic
acid treatment of the group precipitate and evaporate almost to
dryness. Add a drop of concentrated HCl. Moisten a piece of
turmeric paper with this solution, place it on a watch glass over a
beaker of boiling water and allow the paper to dry. A pink
coloration imparted to the paper shows the presence of borate.
If no coloration results on the first drying, the test paper should be
treated again as before. To make doubly sure, treat the spot with
a drop of NaOH; the color should change to a dull green.

Detection of Sulfite. On a watch glass place a few drops of
saturated ZnSO; solution, a drop’or two of KFe(CN)g solution,
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together with several drops of sodium nitroprusside reagent.
Then add a drop of the filtrate from the acetic acid treatment. A
red color shows the presence of the sulfite ion.

To confirm this, take a small portion of the acetic acid filtrate
and to it add 10 ml. of a hot, saturated solution of HgCl,. If a
sulfite is present, a white precipitate of HgoCl, will form.

If sulfites are proved to be present boil 30 ml. of the acetic acid
filtrate until frec from sulfite, as shown by repcated tests for this
ion. Bring the volume back to 30 ml. with water and divide into
three portions.

Detection of Arsenite. To 5 ml. of the boiled filtrate, from which
sulfite has been completely removed, add 5 ml. of water in order
to reduce the acidity. Then add a few drops of starch solution
and a few drops of 0.01 N iodine solution. The iodine will be
reduced by the arsenite, with the disappearance of the blue color,
if this anion is present.

Detection of Arsenate. 1o another 5 ml. portion of the boiled
solution add 5 ml of concentrated HCI and a small quantity of
potassium iodide.  The iodide ion will be oxidized by the arscnate
ion to free iodine which gives a brown coloration to the solution,
in casc an arsenate is present.

Detection of Phosphate. If arsenate or arsenite arc not present,
test for the phosphate ion with (NH4)oMoQy as described below;
if the interfering arsenic ions have been found, proceed as follows:
Take 20 ml. of the boiled solution, add about 1 gram of sodium
sulfite in order to reduce the arsenate to arsenite, make strongly
acid by adding 2.5 ml. of concentrated HCI, heat to boiling and
pass in hydrogen sulfide until precipitation of AsySz is complete.

Filter off and discard the arsenious sulfide. Boil the filtrate to
expel the excess of HyS.  The complete removal of HeS should be
tested for by holding over the boiling solution a strip of lead
acetatc paper, which in the presence of HaS will become black.
Hydrogen sulfide must be fully eliminated because if present, even
in traces, it will reduce the ammonium molybdate reagent used in
the phosphate test.

The filtrate, now free from arsenic and hydrogen sulfide, is then
tested for phosphates. Add to 5 ml. of this an equal volume of
water, 5 ml. of concentrated HNO3, 1 gram of NH;NOj3 and finally
10 ml. of ammonium molybdate solution. Heat this mixture
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nearly to boiling. A yellow precipitate which may form is ammo-
nium phospho-molybdate, (NH,)3P04-12M00O;. This may stand
10 minutes before the precipitate forms.

Detection of Tartrate. Transfer the remainder of the solution
to a small cvaporating dish, evaporate nearly to dryness and then
add a few drops of concentrated HoSO4.  Charring accompanied
by the odor of burnt sugar shows the presence of tartrates.

Analysis of Group 11

To a small amount of the filtrate from Group I add a little
Ba(NOj3)s reagent. The formation of a white or yellow precipi-
tate shows the presence of this group. If this test is positive,
carry out the %epamte test for sulfate and then the group preeipi-
tation.

Detection of Sulfate. To another small portion of the filtrate
from Group I add dilute HCI until the solution is distinetly acid
and then add the Ba(NOj)s reagent. If a white precipitate
forms here, it is BaSO4 and proves the presence of sulfate.

Group Precipitation. To the remainder of the filtrate from
Group I add Ba(NOj). until precipitation is complete. The pre-
cipitate may consist of BaSO, and BaCrO4. A yellow color is
positive proof of the presence of a chromate. Heat to boiling
and filter off the precipitate, retaining the filtrate for the detection
of ions of subsecquent groups. Wash the precipitate until the
washings no longer give a nitrate test.

Detection of Chromate. Trcat the residuc on the filter with
dilute HCI], which will dissolve the BaCrO4. Make the filtrate
alkaline with dilute NH;OH and then supply just enough dilute
HC,H30,; to make the solution faintly acid. If chromate is
present, yellow BaCrOy4 will again precipitate.

Analysis of Group 111

Take a few milliliters of the filtrate from Group II and treat it
with 5 ml. of 0.5 M zinc nitrate reagent. A precipitate shows
the presence of members of this group. If a precipitate is formed,
procced as detailed below; if not, proceed with Group IV.

Group Precipitation. Treat the entire filtrate from Group 11
with 0.3 to 0.4 of a gram of solid Na;CO3 and, while stirring con-
stantly, add the zinc nitrate until the precipitation is complete.
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Filter. Reserve the filtrate for the analysis of subsequent groups.
Wash the residue until separate small portions of the washings no
longer give a test for the nitrate ion; discard the washings.
Treat the group precipitate for the detection of sulfide, cyanide,
ferrocyanide and ferricyanide according to the following pro-
cedures. .

Detection of Sulfide. Divide the residue into two parts. To
one part add a little water and shake to produce a suspension.
Transfer a portion of the suspension to a test tube, moisten a strip
of lead acetate test paper and, holding it over the mouth of the
test tube, add a little dilute HCI to the tube. If the test paper
turns brown or black, the presence of hydrogen sulfide is shown.
The odor of HyS will also be evident if considerable quantities of
this gas are evolved, but do not deliberately attempt to deteet
HoS by placing the nose near the test tube, sinee HCN will also
be evolved if a eyanide is present.

Detection of Cyanide. Place another portion of the suspension
in a small Erlenmeyer flask, add 5 ml. of water and then acidify
with dilute HCL. Place over the mouth of the flask a piece of
filter paper moistened with dilute NaOH. Heat the contents of
the flask and boil for about a minute. Then treat the filter paper
with 2 drops of freshly prepared FeSOy solution, acidify with one
drop of concentrated HCl1 and finally one drop of FeCly solution.
The blue color which forms is Prussian blue, Feys[Fe(CN)gls,
precipitated by the ferrocyanide formed from the eyanide.

Detection of Ferrocyanide. To a portion of the residue, made
slightly acid with dilute HCl, add a few drops of FeCly reagent.
Prussian blue will form if a ferrocyanide is present.

Detection of Ferricyanide. To still another portion of the sus-
pension, add a few drops of freshly prepared TeSO4. In the
absence of ferrocyanides, if a blue precipitate (Turnbull’s blue)
forms, ferricyanides are shown to be present. The test is not en-
tirely conclusive if the ferrocyanide ion is also present.

Analysis of Group IV

To 2 ml. of the filtrate from Group 111, add a small volume of 5
per cent AgNOjz and then make very faintly acid with dilute
HNOj;. If a precipitate persists, members of this group are shown
to be present; otherwise pass on to Group V.
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Group Precipitation. If the precipitate formed in the preliminary
test gradually darkens in color, the presence of the thiosulfate ion
is shown. Owing to the hydrolysis of AgsS203 the solution may
become acid enough to cause the reduction of the chlorate ion
which may be present in the sample. To guard against this, if
the presence of thiosulfate is indicated the filtrate from Group II1
should be made just alkaline by the careful addition of dilute
NH,OH; then 1 ml. in excess should be added. To this ammo-
niacal solution then add the AgNOj3 reagent until precipitation is
complete, heat to boiling and finally add, dropwise, dilute HNOs,
with constant stirring. Allow the precipitate to settle, then
filter and wash the precipitate twice with 10 ml. portions of water,
adding these washings to the main filtrate. Reserve the filtrate
for the dctection of anions of Group V. Continue the washing
of the group precipitate until free from AgNOQOs; this is shown by
testing successive portions of the washings with dilute HCI.

In case thiosulfates are not present omit the treatment with
NH,OH.

Detection of Thiosulfate. As already described, the test for the
thiosulfate is made during the preliminary test as well as during
the group precipitation. The detection is based on the fact that
AgoS;03 gradually undergoes decomposition into Ag,S, with
change in color from yellow through orange and red to black.

Detection of Thiocyanate. Remove a small part of the group
precipitate, place it in a test tube, add 5 ml. of water and 5 ml. of
FeCls reagent. Shake the mixture and allow to settle. A deep
red color imparted to the supernatant solution, due to the complex
Fe(CNS)g= ion, shows the presence of the CNS™ ion.

Detection of Iodide. The halide ions now remain to be identi-
fied. In order to test for these, the silver salts must be put back
into solution. This is accomplished as follows: Transfer the
remainder of the group precipitate to a beaker, add 15 ml. of
ammonium polysulfide and heat to boiling. This will dissolve the
silver salts of these ions.

Acidify the solution with dilute HySO4 in order to destroy the
excess of polysulfide solvent. Heat to boiling to expel the hydro-
gen sulfide, filter off, wash twice and discard the residue, but retain
the filtrate which now contains the halide ions.

To 5 ml. of this filtrate in a test tube, add NH4OH until, as
shown by litmus, the solution is faintly alkaline. Now add 2 ml.
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of carbon tetrachloride and then, drop by drop, a solution of sodium
hypochlorite. Shake the tube; if a violet color appears in the
carbon tetrachloride layer it is due to iodine, liberated by the
oxidation of the iodide ion by the NaOC].

Detection of Bromide. To the same test tube in which the
iodide test was made, add more NaOCI until the violet color is dis-
charged and all the iodine has been oxidized to the colorless iodate
form. Then acidify with dilute HoSO,; and continue treatment
with NaOCl in order to oxidize the bromide ion to Bro. A red
or orange color in the carbon tetrachloride layer shows the presence
of bromine.

Detection of Chloride. To another 5-ml. portion of the solution
containing the dissolved halides, add AgNO; reagent until the
precipitation of the silver salts is complete, heat to boiling and
filter, discarding the filtrate. Wash the residue twice with 10 ml.
of water.

Then treat the precipitate on the filter with 10 ml. of Miller’s re-
agent (specially prepared NH4OH containing AgNO3z and KNOjy).
This reagent will attack AgCl but not AgBr nor Agl.

The filtrate from this ammoniacal silver nitrate may contain
the chloride in the form of Ag(NHj3)s*. To 1 ml. of this filtrate
add enough dilute HNOj3 to acidify the solution. AgCl will be
reprecipitated if chloride ion is present.

Analysis of Group V

The filtrate from Group IV will contain the excess of the group
reagents added in the preceding procedures, namely, Cat+, Bat+t,
Zn** and Ag* as well as Na* and NO3™ ions. It may contain
also chlorate, acetate and nitrite ions. In order to remove the
cations added as group reagents, add solid Na,CO3z until a dis-
tinctly alkaline solution results, heat to boiling and evaporate to
one-half the original volume, filter and wash once with a small
volume of water. .

Detection of Chlorate. To 4 or 5 ml. of this filtrate add dilute
H2SO4 dropwise until acid to litmus and then 1 ml. in excess.
Then add 0.2 of a gram of Na,NOjz to reduce the chlorate to
chloride. Boil the solution, then add 2 ml. of concentrated HNOjy
to destroy excess NaNO; and finally add 2 ml. of AgNO;. If a’
white precipitate (AgCl) forms it identifies chlorates in the
original sample.



290 SYSTEMATIC ANALYSIS

Detection of Acetate. Take another 5 ml. of the filtrate, add 2
ml. of concentrated HoSOy4, cool under the tap and then add an
.equal volume of ethyl alcohol. Heat the mixture gently. The
odor of ethyl acetate, if detected, identifies acetates in the sample.
Detection of Nitrite. To still another 5-ml. portion of the
Miltrate add dilute HCoH30, until neutral and then acidify with
5 ml. more of the acetic acid. Shake the mixture, cooling if neces-
sary. Then carefully add 2 or 3 ml. of freshly prepared, saturated
FeSO4 reagent. A brown color shows the presence of nitrite.

Detection of Nitrate. The test for nitrates must be made on a
portion of the original or ‘ prepared ”’ solution, since nitrates
have been added as group reagents. Furthermore, the “ ring ”’
test is interfered with by a number of ions. The removal of the
anions of other groups is effected by the use of barium acetate and
silver acetate; nitrites are removed by trcatment with NH,Cl
and chlorates by reduction with Na,SO;. The detailed pro-
cedure follows.

To 10 ml. of the ““ prepared " solution or the same volume of the
original sample, add a mixture of barium acetate and saturated
silver acetate until precipitates no longer form. Heat the solu-
tion, filter and wash twice with 10 ml. of water, retaining the
washings along with the filtrate. To the filtrate add 5 grams of
solid NH4Cl and evaporate almost to dryness. Add 10 ml. of
water and again evaporate until only a few milliliters remain.
Filter off and discard the residue.

To part of this filtrate add 2 ml. of concentrated HSOy4, and
then 0.1 gram of solid NaySOs, boil and filter. Cool the filtrate
under the water tap. Incline the test tube and cautiously add
several milliliters of freshly prepared FeSO4 solution. A brown
ring identifies nitrates in the original sample. )

SYSTEMATIC CATION ANALYSIS

With samples consisting of mixtures of solid salts, where inter-
fering anions, strong acids, oxidizing agents and organic matter
may be present, special care must be taken in the preparation of
the sample for the cation analysis and consideration must be given
to the possibility of interferences. Before suitable means can be
provided to correct for these interferences, we must know in what
ways these objectionable substances interfere.
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In a general way we can say that the difficulties encountered
are of three kinds: (1) High concentrations of strong acids, es-
pecially the oxidizing acids, HNO; and aqua regia, as well as
oxidizing agents such as KCryO;, KMnO4 and FeCls, interfere
by reacting with the HS used in the precipitation of sulfides and
by producing colloidal or free sulfur or insoluble sulfates. (2)
Anions of Groups I and II will, in a neutral or basic solution,
precipitate insoluble salts if Catt, Batt, Sr*+ or Mg*+ (and pos-
sibly Pb*+) are present and this will make detection of these cations
uncertain or even impossible unless modifications are introduced.
(3) The formation of complex ions with certain anions and cations
may prevent the precipitation of the cations in question. In
addition, certain anions interfere with the regulation of the
sulfide-ion concentration, produce insoluble compounds or other-
wise obstruct the simple operation of the regular scheme of
analysis.

Before the specifie interference of the individual anions is dis-
cussed, it may be well to state at this point that there is a general
method applicable to the removal of many of these troublesome
substances. This consists of volatilizing or destroying them by
fuming down the solution with HoSO4. The details of this method
are described later. In certain cases there is a simpler way out of
the difficulty, but the method nevertheless must be employed for
the removal of certain objcctionable substances and, moreover, if
for any rcason the anion analysis has not yet been made, the treat-
ment with HoSO4 must be resorted to.

The chief causes of difficulty, together with a hint for overcom-
ing the interference, are here briefly enumerated, listing the anions
in the order of the systematic anion scheme. )

Carbonates. Carbonates do not inperferc. They will be evolved
as CO; during acid treatment in dissolving the sample or during
precipitation of Group I.

Ozalates. Oxalates cause the premature precipitation of Catt,
Srt+, Batt and Mg** in Group III. They can be removed by the
general fuming-down method or by the special method described
on page 309.

Fluorides. Fluorides interfere the same as oxalates. They can
be removed as HF by fuming down with H,SO,.

Borates. Borates interfere the same as oxalates and are vola-
tilized as boric acid with HoSOy.
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Sulfites. Sulfites will react with HyS to produce free or colloidal
sulfur in Group II. They can be removed by acid treatment.

Arsenites. There is no interference. Arsenites are precipitated
as AsgSy in Group I1 according to regular procedure.

Arsenates. Arscnates are slowly and possible incompletely pre-
cipitated in Group II unless reduced with NH4I according to the
regular procedure.

Phosphates. There is serious interference since Catt, Srtt,
Battand Mg*+ will be precipitated in Group III. In the presence
of phosphates, the modification of the procedure described on page
310 must be used.

Tartrates. Tartrates interfere in same way as oxalates and
phosphates. Besides, the tartrate ion forms complexes with Al
and Cr, preventing precipitation of these cations. They can be
removed by fuming down according to (@) the general method
or (b) as desceribed on page 309.

Sulfates. Sulfates will cause precipitation of BaSQg4, SrSOy,
PbSO4 and possibly CaSO4. These cations arc then sought for
in the acid-insoluble residue according to the procedurc given
on page 315.

Chromates. Chromates interfcre by oxidizing the hydrogen
sulfide in Group II. 'They are reduced with alcohol or H2803
The Crt++ is then detected in Group III.

Sulfides. In dissolving the sample in HNOj, sulfides may pro-
duce free sulfur or SO, ions. For sulfides soluble in HC1 the dif-
ficulty is casily overcome but for the nitric acid-soluble sulfides,
interference is unavoidable.

Cyanides. Cyanides may form stable complex ions with clements
like copper and thus prevent precipitation of sulfides. Should
be avoided in student samples ofi account of their poisonous na-
ture. Treatment with acids will decompose cyanides with lih-
eration of HCN.

Ferrocyanides and Ferricyanides. The tendency to react with
cachotherand toforminsoluble and difficultly filtrable products lead
to considerable trouble. The general method of treatment with con-
centrated HySO,4 will decompose salts of these complex cyanides.

Thiosulfates. Same as sulfites.

Thiocyanates. In presence of iron thiocyanates produce color
interference. They can be removed by acid treatment.

Iodides. Todides will precipitate Ag, Pb and Hg (ous) as acid-
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insoluble salts. They are easily oxidized by nitric acid with lib-
eration of free iodine. They can be removed by treatment with
concentrated HySOy.

Bromides. Same as iodides.

Chlorides. Same as iodides except that chlorine is not libera-
ted with nitric acid.

Chlorates. Chlorates may causc oxidation, in an acid solution,
of reducing substances such as the halides, and nitrites. They
will oxidize HoS to sulfur. They can be removed by treatment
with HoSO3. It should be remembered that a violently explosive
mixture is produced when a solid chlorate is warmed with con-
centrated HaSOy.

Acetates. Acetates interfere with the regulation of the hydrogen-
ion and sulfide-ion concentrations during precipitation of Group
II. They ean be easily removed by boiling with an acid.

Nitrites. Nitrites will oxidize HoS. They ‘can be removed by
acid treatment.

Nitrates, There is no interference when nitrates are present. in
dilute solution but they oxidize HoS when present as strong
HNO3. They ean be removed by fuming down with HoSO,.

Sil’icates& Decomposable silicates would precipitate as silicie
acid in Group I. They can be removed as deseribed on page 319,

Organic Maltter. Substances like sugar, starch and organic
compounds of like nature interfere much as do tartrates and arce
removed by similar methods.

The means of removing these interfering substances can be
summarized as follows:

1. By volatilization with acids without drastic fuming down:
CO3=, BO2™, SO3=, S=, CN7, S;03=, CNS", C.H30:"7, NO,".

2. By fuming down with HNOjy and concentrated HySOj:
(.:2043, F—, C4H406—, Fe(CN )6“'—", Fe (CN)GE, I—, BI'—, Cl—,
organic matter, NOj3~.

3. By reduction with Hy803: CrO,4=, ClO37, AsO4=,(MnO4").

4. By special methods: PO4=. See page 310; for special pro-
cedure for C;04= and C;H,0g™ sece page 309.

Preparation of the Cation Solution

The treatment of the sample, in getting it into solution and
removing the interfering substances, may be varied somewhat
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dep'endidg upon the solubility of the sample and what anions are
present,.

1. If the sample is readily soluble in dilute HNO3 (as shown
by a trial) and free from anions which require fuming down, treat

a l-gram portion. with 25 ml. of dilute HNOj, boil until com-
pletely chssolvea, bring the” volume to 25 ml and proceed with
the precipitation of Group I.. '

2. If interfering anions of other types are.present proceed as
follows:. Treat-a 1-gram portion of sample in an evaporating dish
with 15 ml. of dilute H2SO4 apd 5 ml. of copcentrated HNO;.
Boil the mixture unty SO;3 fumes are evolved. Add 10 ml. more
of HNOj3 and again fume down to SO3; fumes. If tartrates gre
present and the solution still retains a deep brown color, repeat,
the acid treatment. . <

This treatment should destroy oxalates, tartrates and organic
matter as well as-ferrocyanides and ferricyanides, decompose car-
bonates, cyanides and other volatile acids, and render soluble-
most of the insoluble combinations.

Comparatively few compounds are insoluble in strong HNOj,
hence this acid is the best solvent. It will, however, trans-
form salts of antimony and tin®into msoluble %)205 and
SnOy-H,0, which, however, are dissolved by HCl itric acid
will- oxidize mercurous, ferrous, stannous, arscnious and antimo-
nous compdunds, and change sulfides to sulfur or to sulfuric acid
with the @onsequent precipitation of free sulfur or of sulfates
of lead, barium, strontium and calcium. Silicic acid may be
precipitated as a gelatinous residue dunng ‘the treatment with
nitric acid.

Dllute the acid solution to 25 ml. w1th water and use the filtrate
for the cation analysis unless a residue remains.

3. If a tesidue remains insoluble in concentrated HNO; treat it
with 5 ml. of concentrated HCI and heat ung action ceases. - Add
a few milliliters of “concentrated HNO; if ‘a residue still remains,
thus making aqua regia the solvent; heat, dilute apd filter.
Unite this filtrate with the solutions obtained from the HNOj;
treatments and follow the procedure outlined below for the
analysis of the cations.

The residue resisting the action of all acids is referred to as the
“ gcid-insoluble residue ”’ and must be examined by the methods
given under ¢ Analysis of the Insoluble Residue,” page 315.
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Note: If the sample is a “ test, solution unknown ’’ known to
contain ions of Group I alone, a 25-ml. portion, will already have
been prepared as directed on p&'ge 278, and the group plcclpltatmn
and analysis.can be carried out directly as described below.

If the sample is of the same type as the above but is known to
contain ions of other groups as well, the 25-ml.‘portion, already
prepared hs described on page 278, is analyzed by the procedures
beginning with Grogup I. T he presence of a previpitate indicates
éither fhat a chloride alang with Ag*, Hgott+ or Pb** reacted to
form. AgCl, HgoCk or PbCl, or else oxychloudcs or oxynitrates
of Bi, Sb or Sn are present. . In either cage the analysis of the
mixture will reveal the composition of the precipttate.

If the sample is.a single solid compound, the cation solution
will have been prepared as describedgon page 279. Preceed with
the precipitation of Group I. -

Analysis of Group I,

Grdup Precipitation. Take the 25-ml. portion of the solution
just _prepared and add dilute HCI slowly with constant stirring
until a cipitate no longer forms. Allow the precipitate to
settle an?to The clear supernatant liquid add a drop or two of
dilute HCI; if incomplete precipitation is indicated by the form-.
ation of a white precipitate, continue the addition o HCI until
‘precipitation is complete; then add about 1 ml. more of HCI.
Any basic salts of bismuth or antimony formed on dilution will
dissolve in this concentration of HCl. The precipitate may con-
sist of AgCl, Hg2012 and PbCl,. If lead is present in very small
arhount, it may escape precipitation here; in this case it will be
found in the next group. :

Pour off the supernatant liquid through a filter. ‘Wash the
precipitate in the beager first with dilute HCl to prevent the pre-
cipitation of BiOCl and SbOCI and then several times with small
portions of water, decanting through the filter each time. The
filtrate may contain ions of subsequent groups, unprecipitated
lead and excess HCI; set it aside in a labeled, stoppered Erlen-
meyer for subsequent analysis.

Detection. of Lead. Boil the Group 1 preclpltate in the beaker
with 5 ml. of water and then transfer the solution and residue to
a filter paper, flushing with a few milliliters of hot water and
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catching the filtrate in a test tube. If a residue remains, which
may be either AgCl or Hg,Cl; or both, wash it several times with
the hot filtrate by pouring it over the residue.

The hot water filtrate may contain dissolved PbCls; needle-
like crystals of lead chloride may crystallize out when the filtrate
is cooled. This filtrate is tested for lead as follows:

To a few milliliters of the filtrate add a few drops of KoCrO,
reagent. A yellow precipitate of PbCrO,; shows the presence
of lead.

Confirm this by adding to another small portion of the filtrate
a few drops of dilutesH2SO4. A white crystalline precipitate of
PbSO, further confirms the presence of lead.

Detection of Silver. If a white residue remains after the hot
water treatment of the group precipitate, it indicates the presence
of either silver or mercurous mercury or both. If lead was found
present, wash this residue on the filter paper repeatedly with
small portions of hot water until the washings no longer give a test
for lead; otherwise, omit this washing step.

Then pour over the residue a few milliliters of dilute NH,OH,
receiving the filtrate in a clean test tube. A turbid filtrate here
may be due to basic lead chloride, PhbOHCI formed through the
action of ammonia on unextracted lead chloride. 'Ehis will dis-
solve in HNQA and will not interfere with the test for silver.

Acidify the filtrate with dilute HNOjz, shaking the tube and
testing with litmus paper., A curdy, white precipitate of AgCl
shows the presence of gilygr in the sample.

A blackening of the residue during the ammonia treatment
indicates the presence of mercury. If the amount of mercury is
large and that of AgCl is small the AgCl may be reduced to
metallic silver, according to the reaction 2AgCl 4+ 2Hg = 2Ag +
Hg,Cl,, and thus escape detection. If silver is not found by the
above test, carry out the confirmatory test for mercury as -di-
rected below and treat the thoroughly washed residue remaining
undissolved by the aqua regia with dilute NH,OH and then
acidify with dilyte HNO3;. If small amounts of silver are present
a white precipitate of AgCl will form.

Detection of Mercury. If on treating the residue remaining from
the hot water treatment with dilute NH,OH the residue turns
black, it is a strong indication that mercury is present. The
black residue consists of metallic mercury and HgNH.Cl. " Should
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such a black residue remain after the ammonia treatment, dis-
solve it in aqua regia. This may be done by punching a hole in
the bottom of the filter and pouring a few milliliters of aqua
regia through the furntnel, catching the residue and liquid in a
small evaporating dish; or, if the residue is large, transfer it to the
dish by means of a porcelain spatula and add 2 ml. of aqua regia.
Heat until the black color clears up, boil to destroy excess aqua
regia or chlorine, dilute to 5 ml. and filter if necessary. (A white
residue at this point will be AgCl and is identified as previously
directed.) To the filtrate add a few drops of SnCl, solutiom A
white p /lpltate turmn%ggxay or black proves the presence of

mercury./ \ RN \ PR\ NV N ™G
Analysis of Group II

The solution, which may be the filtrate from Group I or an
unknown mixture of this group only, must be freed from objec-
tionable constituents and brought to the proper acidity before
precipitation with HyS. The principal objectionable consti-
tuents are large amounts of strong acids and oxidizing agents.
These interfere, first, by oxidizing the HoS to free sulfur or to
sulfuric acid, masking the results and causing the precipitation of
insoluble sulfates of Group IV, and second, by causing difficulties
in the regulatlon of the acxdlty by whlch the sulfide-ion concen-
tration is controlled.

1. If strong acids are known to be absent, make the solution
faintly basic with NH,OH and then just acid with dilute HCI,
testing the solution with litmus paper during the addition of the
NH,OH and HCl, Add exactly 2.5 ml. of concentrated HCI and
dilute the volume to exactly 50 ml. with distilled water. Dis-
regard any precipitates which may form during the ammonium
hydroxide addition or during dilution, since these will dissolve or
be changed into sulfides on treatment with H,S.

2. If strong acids, particularly HNOg, are known to be present
(and the excess is not removed by the method already prescribed )
or, if the concentration of acid is known to be in excess of that
required for precipitation of this group (2.5 ml. of concentrated
HCIl), add 5 ml. of concentrated HNO; and evaporate the solu-
tion almost to dryness, but do not bake the residue. Add about
1 ml. of concentrated HCI and again evaporate almost to dryness.
Add 20 ml. of water, stirring the pasty mass until it dissolves.
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Neutralize with dilute NH,OH and then add 2.5 ml. of con-
centrated HCl. Make up the volume of this solution to exactly
50 ml. with distilled water. This treatment removes the strong
oxidizing acids, destroys acetates and organic matter and con-
verts AsCl; and HgCl; into non-volatile compounds.

Group Precipitation. To the solution as prepared above, add 1
ml. of NH4I, heat nearly to boiling and pass into the hot solution
a rapid stream of HoS for at least 5 minutes. Without filtering,
add 50 ml. of cold water, making the volume 100 ml., thoroughly
cool in running water and again pass-in HoS for from 5 to 10
minutes. Filter and pass HsS into the filtrate to ascertain whether
precipitation is complete; if a precipitate forms continue the
treatment with H,S until precipitation is complete. Allow the
precipitated sulfides to settle and filter through the same filter.
If the solution filters through cloudy, because of the presence of
colloidal sulfur or colloidal sulfides, add a little NH4NOj3 solu-
tion to the filtrate and refilter. Boil the filtrate until the odor of
H,S is no longer noticeable and set it aside in a stoppered Erlen-
meyer for the analysis of subsequent groups.

Wash the precipitate on the filter with small portions of water
containing H,S and a small quantity of NH4NOj3 until the wash-
ings give only a faint acid reaction with litmus paper. The pre-
cipitate may consist of HgS, PbS, BisSz, CuS, CdS, AseS; (AsgSs),
SbsS3, SbaSs, SnS and SnS,. Some free sulfur will always be
present.

Note the color of the precipitate and draw conclusions as to the
sulfides likely to be present.

If the precipitate is white and finely divided or the solution is
merely rendered turbid during treatment with HoS, only sulfur is
likely to be present; in this case proceed with the analysis of the
filtrate for Group I1I as described on page 303.

Separation into Divisions A and B. Transfer the well-washed
group precipitate to a small beaker or evaporating dish, add 10
ml. of (NH4)2S2, stir and warm. Add 10 ml. of water and filter.
Repeat the extraction with a few milliliters of (NH,4).S,, add a
few milliliters of water, filter and test a small portion of this sec-
ond filtrate for complete extraction by acidifying it with dilute
HCl. No orange or yellow precipitate will form in this acidified
portion other than a slight turbidity or finely divided white pre-
cipitate of free sulfur if the extraction is complete. In case of
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incomplete separation, repeat the (NH),S; treatment with
small portions of the solvent until tests on separate, fresh por-
tions of the filtrate give no yellow or orange precipitate.

Unite the filtrates for the analysis of Division B. Wash the
residue at least twice with small portions of hot wash water con-
taining NH4NO3; and analyze for members of Division A.

The above treatment with (NH,)2S, dissolves the sulfides of
arsenic, antimony and tin, oxidizing at the same time those of
lower valence to the higher state of oxidation, and leaving undis-
solved the sulfides of mercury, lead, bismuth, cadmium and
most of the copper. A white precipitate of sulfur left after the
extraction should not be mistaken for Division A. A small
amount of CuS will dissolve in the reagent. The members of
Division B are now in solution as AsS,=, SbSs= and SnS;~.

Analysts of Division A — The Copper Subgroup. The residue,
if there is one, from the ammonium polysulfide treatment may be
composed of HgS, PbS, BiyS;, CuS and CdS. Transfer it to a
beaker, add 20 ml. of 1.7 HNO3, heat for several minutes while
stirring constantly and filter. Save the ﬁ}’gg&lé_jjor the analysis
of the other members of this éiﬂig??‘ E;.p o

A residue remaining may Be HgS or a double salt such as
2HgS-Hg (NO3)s or gummy sulfur, and possibly a little PbSOy,
resulting from the oxidation of PbS by the HNOj, though not
cnough to interfere with the tests for mereury and lead.

Detection of Mercury. Wash the residue, if there is one, with
water, transfer it to a beaker and boil with 5 ml. of aqua regia
until brown fumes of NO, are no longer evolved and all chlorine
is expelled. Do not evaporate to dryness. Dilute with a few
milliliters of water and filter. To the filtrate add a few drops of
SnCl; reagent. A white precipitate or cloudy solution turning
gray or black shows the presence of mercury.

Detection of Lead. The filtrate from the separation of mercury
may contain Pb*+, Bit++, Cutt and Cd** ions and excess HNOj.
Place the filtrate in an evaporating dish, add 5 ml. of concen-
trated HoSO,4 and evaporate under the hood until white, cloudy
fumes of SO3; appear. This will not occur until all the HNO;
has been evolved and the volume has been reduced to a few milli-
liters. It is important that all HNO3; be removed because PbSO,
is somewhat soluble in this acid and its presence in the filtrate will
interfere with the test for bismuth.
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Cool the solution and pour it slowly into 20 ml. of water, wash
the dish with a few milliliters of water, adding this to the solu-
tion; allow the mixture to settle and then filter. Reserve this
filtrate for tests for Bit**, Cu*t and Cd*+. A white, finely
crystalline precipitate, PbSO4, is a good indication of lead.
Basic bismuth sulfate, (BiO)2SO4, may appear at this point and
be mistaken for PbSOy4; hence a confirmatory test for lead should
be made.

Wash the white precipitate with a little water and then pour
through the filter 10 ml. of hot NH4C;H30; solution. Reheat the
filtrate and repeat the extraction. Add a few milliliters of acetic
acid and several drops of KoCrOy4 to the filtrate. A yellow pre-
cipitate of PbCrO, confirms the presence of lead.

Detection of Bismuth. Neutralize the filtrate from the lead
separation with dilute NH,OH, and then add a few milliliters in
excess in order to dissolve copper and cadmium hydroxides if
present. A white precipitate remaining is Bi(OH)z. If copper
is present, it will be evidenced at this point by an intense blue
coloration in the solution. Confirm the presence of bismuth as
follows:

Filter off the white precipitate and wash with water. Remove
and dissolve a portion in a few drops of dilute HCl and pour the
solution into about 50 ml. of warm water. A white precipitate or
turbidity is due to BiOCl. If the acid concentration is too high
the test may fail; before discarding the test as negative, care-
fully add dilute NH,OH until the excess of acid is neutralized,
allow to stand several minutes and note whether a precipitate
forms.

The best test for bismuth is carried out as follows: Prepare
fresh sodium stannite, Na,SnO,, by adding NaOH to a few milli-
liters of SnCly solution until the precipitate, which first forms,
dissolves. Cool the reagent and add a few drops to the Bi(OH)3
remaining on the filter paper. The precipitate will turn black if
bismuth is present.

Detection of Copper. A deep blue solution obtained during the
Bi(OH)3; separation, which is due to the complex copper-ammonia
ion, Cu(NHj3),*t, is usually sufficient proof of the presence of
copper (see note under arsenic test, page 302).

For traces of copper, the test with potassium ferrocyanide,
K Fe(CN)g, is more sensitive. To carry out this test, take a
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small portion of the solution, make it slightly acid with H,SO,
and add a few drops of dilute K Fe(CN)s solution. A reddish
brown color due to CuzFe(CN)g confirms the presence of copper.
Care must be taken not to add an excess of the reagent, otherwise
white CdFe (CN)g will form if cadmium is present.

- Detection of Cadmium. In the absence of copper, make the
colorless filtrate from the bismuth separation faintly acid with
dilute HyS04 and pass in HyS. A yecllow precipitate of CdS
shows the presence of cadmium.

If the precipitate is dark colored, owing to small amounts of HgS
and PbS, boil the residue for several minutes with 1:4H,S0,. Only
CdS will dissolve in this concentration of acid. Dilute the filtrate
with about 50 ml. of water and reprecipitate the CdS with H,S.

In the presence of copper, the use of KCN is resorted to, in
order to test for cadmium. In carrying out this test use utmost
care with KCN, since this reagent is a violent pcison. Carry out the
test under the hood. Proceed as follows:

Add KCN to the deep blue solution antil the color is discharged
and the precipitate which first [.rms dissolves in the excess of
reagent. Then saturate the solution with HyS. Under these
conditions copper does not precipitate but cadmium does as
yellow CdS. If this sulfide precipitate is dark colored, treat it
with 3 ml. of 1:4 H,SOy, filter, dilute the filtrate to about 50 ml.
and pass in HoS. A yellow precipitate shows the presence of
cadmium. See the preliminary experiments with KCN (page
144) for an explanation of the above test for cadmium in the
presence of copper.

Analysis of Division B— The Tin Subgroup. The filtrate from
the ammonium polysulfide treatment may contain arsenic as
AsS=, antimony as SbS,= and tin as SnS3=, together with an
excess of (NHy)2Ss.

Add enough dilute HCI to just acidify the solution. Avoid an
excess, because SnS; is somewhat soluble in dilute acid. As,S;,
SboS; and SnS, will precipitate if these metals are present. Traces
of CuS or HgS may give the precipitate a dark color. A yellow,
turbid solution may be due to colloidal sulfur.

Filter and wash the precipitate, discarding the filtrate.
>Separation and Detection of Arsenic. Transfer the precipitate
to a 100-ml. beaker, add 10 ml. of concentrated HCI and bring the
mixture almost to boiling, stirring it vigorously for several min-
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utes. AsoSj is relatively insoluble in concentrated HCl whereas
SboSs and SnS, readily dissolve. Do not allow the solution to
boil, as there is danger of dissolving As,S; with loss of volatile
AsCl; according to the reversible reaction: AsyS; + 10HCl =
2AsCl; 4+ 5H.S. Some SbyoSs may remain undissolved and give
an orange color to the residue but its presence will not interfere
with the test for arsenic.

Dilute with 5 ml. of water and filter. Reserve the filtrate for
tests for antimony and tin.

Treat the residue with 5 ml. of concentrated HNOj3, warming
until brown fumes are no longer evolved and only a residue of
gummy sulfur remains. The HNO; converts the Asy,S; into
H3AsO,4. Filter, divide the filtrate into threc parts and to the
first add 2 ml. of magnesia mixture (MgCl;, NH,OH and NH,Cl).
Make the solution strongly ammoniacal with concentrated
NH,OH, shake and allow the solution to stand for some time.
Before rejecting the test as negative, rub the sides of the test tube
with a glass rod to hasten precipitation. A white, crystalline
precipitate of MgNH,AsO,4 shows the presence of arsenic.

If, during the addition of magnesia mixture or in making the
solution ammoniacal, the solution develops a deep blue color, the
presence of copper is indicated. CuS is somewhat soluble in
(NH,)2S, and if only traces of copper are present in the sample,
the copper test may have been missed (see page 300); in this
case the presence of copper will be revealed here.

To the second part of the arsenate solution, add NH,OH to
neutralize the HNQOjz; then just acidify with HC;H302and add dilute
AgNO;. A chocolate brown color due to AgzAsO4 shows arsenic.
The acetic acid serves to ncutralize the last traces of NH,OH
which, if present, might form Ag,O and would dissolve AgzAsOy.

To the third portion reserved for the detection of arsenie, add
2 ml. of ammonium molybdate and warm the mixture. If a
yellow precipitate forms after standing for some time, arsenic is
shown to be present.

Detection of Antimony. Dilute the filtrate from the As,Sj
separation to exactly 50 ml., heat almost to boiling and pass in
H.S for 10 minutes. If antimony is present an orange precip-
itate of SboSz will form. If precautions are not taken, SnS,
may partially precipitate and traces of CuS and HgS may dis-
color the precipitate.
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To confirm the presence of antimony filter and dissolve the
precipitate in 2 ml. of concentrated HCI], dilute and divide the
solution into two approximately equal parts.

To one portion add a few pieces of aluminum foil and warm.
The black deposit is metallic antimony. Prove this still further
by decanting off the solution and showing that the black deposit
is insoluble in sodium hypochlorite, NaOCI.

To 1 ml. of the other portion of antimony trichloride solution,
add some crystals of KNO; in order to oxidize the antimony to
the pentavalent state. After effervescence has ceased, add sev-
eral drops of rhodamine-B reagent. The change in color from
bright red to violet is duc to the presence of antimony.

Detection of Tin. Evaporate the filtrate from the removal of
SbySz to 25 ml.; boil off the HoS. To part of this add an iron
nail, evaporate to small volume and filter at once into a test tube
containing HgCl, reagent. A white precipitate of HgsCls turn-
ing gray or black shows the presence of tin. In place of an iron
nail, a short length of aluminum wire may be used, the solution
made acidic with HCI, boiled to dissolve any metallic tin which
may separate and then filtered into HgCl; solution.

To another portion in a watch glass or small dish add a piece of
metallic zinc. Place some cold water in a crucible and, with
crucible tongs, immerse the bottom of the crucible in the solu-
tion being tested. Hold the crucible in"a flame, and observe the
intense bluish color of the flame along the margin of the unglazed
bottom of -the crucible.

Analysis of Group 111

The presence of phosphates, oxalates and tartrates or similar
organic material will interfere with the detection of the cations
of this group and Group IV. Accordingly, these anions must be
testad, unless this has alrcady been done by a complete anion
analysis of another portion of the original sample. If found
present, modifications must be made in the regular procedure to
remove them or otherwise to overcome the interference.

Therefore, carefully observe the following instructions:

1. If the sample is a * test solution unknown ’’ of members
of this group only, or a general cation sample containing members
of preceding and following groups or, in fact, any sample definitely
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known not to contain phosphates, oxalates or tartrates, proceed
directly with the ““ Procedure — Absence of Interfering Anions.”
2. If, on the other hand, these interfering anions are suspected
of being present and are to be tested for, or the sample is sub-
mitted for the express purpose of following the modified pro-
cedure, use the “ Procedure — Presence of Interfering Anions.”

Procedure — Absence of Interfering Anions

The procedure outlined below applies only in the absence of
phosphates, oxalates, tartrates and other interfering anions.
Unless these substances are known to be absent or have already
been tested for, they should be tested for by the methods given
on page 308.

The sample for analysis may be a mixture of this group only
or it may be the filtrate from Group II. A colored solution will
indicate the presence of nickel, cobalt, ferric iron or chromium;
colorless solutions may contain manganese, ferrous iron, aluminum
or zinc. If chromates, dichromates or permanganates are pres-
ent in a gencral unknown, these anions will have been changed
to green chromic or colorless manganous ions prior to or during
the precipitation of Group I11.

Group Precipitation. Add about 2 grams of solid NH4Cl, make
the solution ammoniacal with dilute NH,OH and then add an
excess of 2 ml. of concentrated NH4OH. Heat the solution
almost to boiling and pass into it a stream of HyS. A precipitate
will form if members of this group are present; otherwise, treat
the solution as described below and then pass on directly to the
procedure for Group IV as directed on page 312.

Tilter a small portion and test the filtrate with HoS for com-
plete precipitation. When precipitation is complete filter through
a fluted filter by means of which a more rapid filtration is pos-
sible. Wash the precipitated sulfides and hydroxides with hot
water containing a small quantity of NH4Cl. If the filtrate is to
be analyzed for Groups IV and V, acidify it at once with dilute
acetic acid, boil to expel HyS, filter if not clear and set aside in a
stoppered Erlenmeyer.

The addition of NH4CI to the solution before precipitation is
important for several reasons. It (1) prevents the precipitation
of magnesium as Mg(OH); in this group; (2) it decreases the
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solubility of A1(OH)3; and Cr(OH)3, and (3) it lessens the tend-
ency toward the formation of colloidal sulfides.

The net effect of the group reagent is to precipitate NiS, CoS,
MnS, FeS, FesS;, ZnS, AI(OH); and Cr(OH);, the last two by
hydrolysis. MnS undergoes partial oxidation, resulting in a mix-
ture of somewhat indefinite composition consisting of MnS,
MnO (OH); and Mn,Os;.

From the color of the solution before precipitation and the
color of the group precipitate, draw inferences as to the presence
and absence of certain members.

Separation of NiS and CoS. Transfer the washed group pre-
cipitate to a beaker or evaporating dish and treat it with 50 ml. of
1:9 HCI (1 part of concentrated HCI to 9 parts of water), stir
and allow to settle. Do not heat. HCI of this strength will
quickly dissolve all except NiS and CoS. The rate of dissolving
of NiS and CoS is sufficiently slow to make the separation com-
plete enough for practical purposes.

Filter off the residue #nd begin the evaporation of the filtrate,
in a large evaporating dish, for the detection of other members of
this group. The residue may consist of NiS, CoS or dark-colored,
gummy sulfur. Make a preliminary test for nickel and cobalt
with a borax bead. A blue bead shows cobalt, a reddish brown
bead shows nickel. Since small amounts of cobalt may not be
detected when present with large amounts of nickel in the bead,
better identifying tests must be made.

Dissolve the residue in a few milliliters of aqua regia and evap-
orate to a small volume, being careful not to carry the evaporation
to dryness. Dilute with a few milliliters of dilute HCl and filter
to remove the black sulfur. Add NaOH dropwise until a per-
manent precipitate forms. Dissolve this in dilute acetic acid,
adding a slight excess.

Detection of Nickel. To a small portion of this solution, made
slightly ammoniacal with NH,OH, add 1 ml. of dimethylglyoxime.
A heavy red precipitate of nickel dimethylglyoxime shows nickel.
This test will verify the borax bead test. .

Detection of Cobalt. To another portion of the solution add a
little dilute HCl, warm and then add 1 ml. of a-nitroso-g-naphthol
reagent. A reddish precipitate of cobalti-nitroso-g-naphthol,
Co (010H5N00)3, shows cobalt.

If this reagent is not available use the cobaltinitrite test. This
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is carried out as follows: To a portion of the solution, acid with
acetic acid, add solid KCl until saturated and then an equal vol-
ume of 50 per cent KNO; solution. After an hour or more a yel-
low precipitate of potassium cobaltinitrite, K3Co (NO;)g, will form.

Separation of Manganese and Iron. The filtrate from the separa-
tion of NiS and CoS may contain Mnt+, Fett Alt+++ Cr+++
Zn** and excess HCl. Evaporate the solution to a few milli-
liters in a large evaporating dish in order to remove excess HCI,
dilute to about 100 ml. with water and then make strongly alkaline
with an excess of strong NaOH solution. Without filtering add
cautiously 2 grams of Na,O» and boil the solution for a few minutes
while stirring constantly. Partly neutralize the solution with dilute
HNOj, filter and wash the precipitate, if one forms, with hot water.
Reserve the filtrate for tests for aluminum, chromium and zinc.

Detection of Manganese. A brown precipitate may be cither
MnO(OH); or Fe(OH); or both. Dissolve a small amount of
this brown precipitate in 5 ml. of concentrated HNQj3, adding a
few drops of HaO; to hasten the dissolving. To the solution add
a small quantity of NaBiOs;, shake and allow the suspended
solids to settle. A pink supernatant liquid, due to the formation
ef permanganate ions, shows the presence of manganese.

A bead test will further confirm the presence of manganesc.
In the loop of a platinum wire fuse some Na,COjz, touch it to the
brown precipitate, and then dip it into powdered KClO5 and heat.
A green or greenish blue bead, due to sodium manganate,

a;,MnQy, proves the presence of manganese.

etection of Iron. Take a small portion of the brown precipitate,
dissolve it in dilute HCI, boil, cool and add a few drops of potassium
ferrocyanide, K;Fe(CN)g. A heavy blue precipitate, Prussian
blue, Fe4[Fe(CN)gls, proves the presence of iron. Avoid an
excess of K4Fe(CN)g because the precipitate is soluble in an
excess of the reagent. A light blue, slight precipitate may be
due to mere traces of iron and should not be reported.

An extremely delicate test for traces of iron is the reddish color
imparted to ferric solutions by KCNS. This test should not be
used here since enough iron is usually present as an impurity in
the reagents to give this reaction.

Separation and Detection of Aluminum. The filtrate from the
NaOH-Nay0; treatment may contain AlO;~, CrO,~ and ZnO.~
ions together with excess NaOH. Neutralize the alkali with dilute
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HNOj3, add a little NH4Cl to prevent the precipitation of Zn(OH),
and then render the solution slightly ammoniacal with NH4OH.
The solution should have only faint odor of ammonia; too large
an excess renders the A1(OH )3 appréciably soluble; boil to remove
the excess if too much has been added. Filter.

If a white precipitate forms, aluminum is probably present.
Remove most of the gelatinous precipitate to a test tube, dissolve
it with dilute HC], add 3 ml. of ammonium acetate solution and
5 ml. of * Aluminon ”’ reagent. Mix thoroughly and then make
the solution alkaline with dilute NH,OH. The bright red color
of the precipitated Al(OH)3 identifies aluminum.

The formation of Thenard’s blue as a test for aluminum may
also be carried out. Procced as follows: Tear off a portion of the
filter paper which is coated with the precipitate, hold it in the
loop of a platinum wire, moisten with a few drops of dilute
Co(NO3), and ignite. A blue color in the charred paper, due to a
double oxide, CoO-Al;03, known as Thenard’s blue, shows the
presence of aluminum. If the Co(INO3)z solution is too strong
black cobalt oxide may result.

Silicic acid, H,SiO3, resembles A1(OH); in appearance. It is
derived from the glass vessels and may precipitate at this point.
It may be distinguished from Al1(OH)3; by evaporating the solu-
tion to dryness and then treating the residue with HCl which, if
it is SiOg, will remain insoluble.

Detection of Chromium. The filtrate from the A1(OH)3 separa-
tion may contain CrOs~ and Zn(NHj),*+ ions. Acidify the
solution with dilute HC3H30,, add 1 gram of NaCgH302, heat to
boiling and while hot add dropwisec BaCl; reagent. If a yellow
precipitate forms allow it to settle and then filter through two
thicknesses of filter paper. Set aside the filtrate for the detection
of zine.

Dissolve the BaCrO4 on the filter paper in dilute HNOs, using
warm acid if necessary. Add the filtrate to a test tube containing
1 ml. of ether and 1 ml. of 3 per cent HyO2. If chromium is pres-
ent the ether layer will be blue. The blue color is due to a per-
chromic acid of indefinite composition, and becomes very pro-
nounced in the ether layer.

Detection of Zinc. Zinc in the form of ionized Zn(C;H303), may
be present in the filtrate from the BaCrO, separation. Pass HoS
into this filtrate. A white precipitate is ZnS and shows the pres-
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ence of zinc. If the precipitate is dark colored, indicating traces
of FeS, NiS or CoS, add a little HC], filter and then add NayO,
to the filtrate. Filter off and discard the precipitate which forms.
ZnS can then be precipitated from the filtrate.

Zinc can best be identified by means of the dye, Orange IV, as
described on page 190. Proceed as follows: Dissolve a portion of
the ZnS precipitate in dilute H;SO4. To a drop of the dyestuff
reagent on a watch glass or spot plate, add a drop of dilute 1:24
H,SO4 and then 3 to 5 drops of freshly prepared KzFe(CN)g
solution. This will produce a red color. Then add a drop of two
of the zinc solution; the green color shows the presence of zinc.

ZnS can be further identified by a test similar to that for alumi-
num. Coat a portion of the filter paper with the white precipitate,
moisten with Co(NOj3)s, hold in a platinum wire and strongly
ignite. A green color on the charred paper, a mixture of CoO and
ZnO, proves the presence of zinc. Specially prepared test paper
may also be used here.

Procedure — Presence of Interfering Anions

Ozxalates interfere with the analysis of the cations because
CaC304, SrC204 and BaC;0, are insoluble in an ammoniacal so-
lution. Consequently, if any of these alkaline earth elements are
present, together with oxalate ions, when the solution is made
ammoniacal in Group III, the oxalates of calcium, barium and
strontium will be precipitated along with the sulfides and hydrox-
ides of Group III and subsequently will not be found in Group
IV. 1t therefore becomes necessary to test for oxalates and, if
present, to remove them before the analysis of Group. III is begun.

Tartrates and certain types of organic materials like sugar and
starch interfere with Group III analysis because they hinder the
precipitation of Al(OH)3 and Cr(OH);. They, too, must be
tested for and removed before the analysis of Group III is begun.

Phosphates interfere with the cation analysis because the phos-
phates of the alkaline earths, which are insoluble in basic or neu-
tral solutions, will be precipitated along with Group III when the
solution is made ammoniacal during the addition of Grouyp III
reagent, and consequently calcium, barium and strontium as well
as magnesium will not be found in their regular places in Group IV
and Group V.
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Phosphates must therefore be tested for before Group III analy-
sis is begun and the usual scheme modified to overcome their
interference.

Procedure in the Presence of Oxalates and Tartrates

Test for oxalates as follows: Boil a small portion of the filtrate
from Group II to expel HsS and add an excess of NagCOj3. - Filter
if necessary. Make the filtrate slightly acid with acetic acid, boil
and then add an equal volume of saturated CaSOy4 solution. If
oxalates are present a white precipitate of CaCy0, will form.

Test for tartrates, sugar and similar organic material by heating
a small portion of the dry sample with concentrated HoSO4. A
charring or blackening of the residue and the odor of burnt sugar
show the presence of organic material.

If the tests show the presence of these substances, evaporate
the filtratc from Group II to dryness, add 5 ml. of concentrated
H,SO4 and heat until the mass chars. Then add 5 ml. of concen-
trated HNOj3 and heat until SOz fumes are evolved. Repeat the
nitric acid treatment until the resulting solution is practically

DIAGRAMMATIC SCHEME — OXALATE AND TARTRATE
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clear. During this treatment BaSQ,4, SrSO,4, CaSO,4 and possibly
Crz(804)3 will be formed as an insoluble residue. Cool the solu-
tion, dilute with water and filter. The filtrate will be Group III
and Group V and the residue will consist of the sulfates of
Group 1IV.

Analyze the filtrate for members of Group III, according to the
regular procedure already given under the Ammonium Sulfide
Group (page 304), and pass on to Group V (page 313).

Boil the residue with 5 grams of Na,COj3 in 25 ml. of water, filter,
wash the residue and dissolve it with dilute HCl. Analyze the
filtrate for chromium (if green) and for barium, calcium and
strontium according to the procedure for the Ammonium Car-
bonate Group, page 312.

f
Procedure in the Presence of Phosphates

The removal of phosphates is based on the fact that in weak
acetic acid, FePQO4, AIPO, and CrPOy are insoluble, whereas
Caz(POy)2, Bazg(PO4)2 and Srz(POy)e are soluble. If, therefore,
the phosphate ions are precipitated with the trivalent ions, Al+++,
Crt++ and Fet*t, the alkaline earth cations will remain in the
filtrate and can be detected in their regular places in Group IV.
The quantity of phosphate present in the sample may be in excess
of the trivalent metals present; therefore in order to insure com-
plete precipitation of the phosphate, Fet*+ ions in the form of
FeCl; are added in excess.

The detailed procedure is as follows: Test for phosphates by
taking a few milliliters of the filtrate from Group II; boil to
remove HyS, add a few dreps of concentrated HNOjz, evaporate
nearly to dryness, take up with 5 ml. of dilute HNO3z, warm and
add ammonium molybdate. If phosphates are present a yellow
precipitate of ammonium phosphomolybdate, (NH4 )3P0, 12Mo00Q3,
will form.

If phosphates are thus shown to be present, the next step is to
test for ferric iron. Treat a few milliliters of the filtrate from
Group II with a few drops of concentrated HNOj3 to oxidize the
iron to the ferric state and then add a few drops of K Fe (CN )g.
A blue precipitate of Prussian blue, Fe4[Fe(CN )gls, shows the
presence of iron. This test for iron is necessary at this point
because FeCl; is later added to precipitate completely the phos-
phate. .
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Boil the filtrate from Group II to remove HsS, make it just
ammoniacal with NH,OH and then add, dropwise, enough dilute
HCl to make the solution slightly acid. Add 7 to 8 grams of
NH4CoH30, and 10 ml. of 50 per cent HCyH30,. If sufficient
iron is present to precipitate all of the phosphate as FePO, and
still leave the solution red, there will be an excess; otherwise add
enough FeCl; solution, dropwise, until the solution turns red.
The red color is due to Fe(CoH305)3. Dilute the solution to about
100 ml. and heat to boiling. The boiling will precipitate the ex-
cess iron as basic ferric acetate, Fe (OH ),CoH30s,.

The precipitate may consist of FePO4, AIPO4, CrPOg4 and
Fe(OH)2C2H302 and all the phosphate will have been removed
from solution.

Analyze the filtrate for Groups III, IV and V according to the
schemes given under cation analysis, omitting the tests for Al, Cr
and Fe which are now in the precipitate obtained above. Test

DIAGRAMMATIC SCHEME — PHOSPHATE SEPARATION
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for Al and Cr by adding water and a little NayO; to the precipi-
tate, boil, filter off Fe (OH )3 and test the filtrate for aluminum and
chromium by the usual methods.

Analysts of Group IV

Group Precipitation. To the filtrate from Group III or 25 ml.
of the test solution sample, add NH4OH until slightly ammoniacal,
heat almost to boiling and then add a small amount of (NH,4),COj3
reagent. If a precipitate forms, this group is present and in this
case continue the addition of the reagent until precipitation is
complete; otherwise pass on to Group V. The precipitate may
contain BaCOQj3, SrCO3 or CaCO3 or possibly mixtures of these
three substances.

Allow the precipitate to settle, filter it off and wash with hot
water. Reserve the filtrate for the detection of magnesium,
potassium and sodium. Dissolve the precipitate on the filter with
hot, dilute HCsH30,, using several 3-ml. portions of the solvent.

Detection of Barium. Dilute the acetate solution to 50 ml.
Take a few milliliters of this and make a preliminary test for
barium by adding a few drops of K;CrO4 reagent. A yellow pre-
cipitate of BaCrQO, indicates the presence of barium.

If barium is thus shown to be present heat the remainder of the
solution to boiling and add NaCyH30, and then K,CrO4 reagent
until the solution turns yellow, showing that an excess of pre-
cipitating agent is present. Allow the precipitate of BaCrOy4 to
settle, decant the supernatant solution through a filter and finally
transfer the precipitate to the filter, washing with hot water.
Reserve the filtrate for the tests for strontium and calcium.

This separation of barium from strontium and calcium is not
sharp because, if strontium is present and its concentration is very
high, some ycllow SrCrO; may precipitate. Since SrCrOs may
be mistaken for BaCrO, the presence of barium must be confirmed
by the flame test.

Dissolve the BaCrO4 on the filter with strong HCI and boil the
resulting solution until reduction of the chromate to chromic ion
is complete as shown by the green color imparted to the solution.
Test for barium by dipping a platinum wire into the solution and
then holding it in the flame. A Fisher or Meker burner is better
for this test because it gives a hotter flame than a Bunsen burner.
A green color in the flame confirms the presence of barium.
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If barium is absent omit the next step and proceed with the
preliminary test for strontium.

Reprecipitation of Calcium and Strontium. To the filtrate from
the BaCrO4 separation, add NaOH until alkaline, heat and then
add NayCOs. A precipitate indicates the presence of strontium
or calcium, or both. This reprecipitation gets rid of the excess of
chromate ions. Filter off the reprecipitated CaCO3 and SrCOs,
washing until the filtrate is no longer yecllow, discard the-filtvate
and.-disselve-the-precipitates in hot, dilute acetic.acid and dilut.
to 50 ml. with weter.

Preliminary Test for Strontium. To a small portion of the ace-
tate solution, add 1 ml. of a saturated solution of CaSOy, heat and
allow to stand for several minutes. If a precipitate forms or the
solution becomes turbid, strontium is present.

Saturated CaSO4solution is used here because the concentration of
304~ ions is low and Cat*ions will not precipitate in such a solution.
[f this test shows the absence of strontium, omit the next step.

Detection of Strontium. In the presence of strontium, add to
the main portion of the acetate solution 5 ml. of (NH,).S04
solution, warm, allow to stand a few minutes and then filter.

The precipitate may not be pure SrSO4. Any barium which
failed to be precipitated as BaCrO4 will appear here as BaSOy.
With high concentrations of calcium, CaSO; may also be pre-
ripitated. The presence of strontium is confirmed by the flame
test, the color for strontium being deep red. This test is best
made by moistening the precipitate with HCI, and picking up some
of the solid with the platinum wire and heating it in the flame.

Detection of Calcium. To the filtrate from the strontium sepa-
ration, add some ammonium oxalate, (NH,),C,0j4, solution. A
white precipitate will be due to CaCy04. This precipitate shows
the presence of calcium.

Filter off the precipitate and pour acetic acid through the filter.
[f it is CaC,0y, it will not dissolve.

Confirm the presence of calcium by the flame test. Calcium, if
present, will color the flame a yellowish red.

Analysis of Group V

The solution may be the filtrate from Group IV or it may be an
anknown on this group only. In either case, use separate portions
for the tests for magnesium, potassium and sodium.
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Detection of Magnesium. To a separate small portion, about
10 ml, of the solution add a few drops of (NH4);SO, and
(NH,4)2C204 to remove traces of the alkaline earth ions which
failed to be precipitated in Group IV. Filter and discard the
precipitate. Evaporate the filtrate to about 5 ml., filtering off
any solid NH4Cl which may separate, add NH,OH until ammoni-
acal and then 2 ml. of Na,HPO,4. A white crystalline precipitate
of MgNH,PO, will settle out after standing several minutes if
.aagnesium is present. To confirm the precipitate as MgNH,POy,
dissolve it in dilute HCoH305 and render the filtrate ammoniacal;
MgNH,PO, will be reprecipitated.

To confirm the presence of magnesium, take another portion of
the solution, neutralize it if necessary, and add 1 ml. of the para-
nitrobenzene-azo-resorcinol test reagent. A deep blue color con-
firms the presence of magnesium.

Detection of Potassium. To another portion of the sample or
the filtrate from Group IV, add about 5 ml. of concentrated HNO;
and evaporate to small bulk in a large evaporating dish. Transfer
the concentrated solution to a smaller dish and evaporate to dry-
ness. Ignite the residuc below a dull red heat until fumes are no
longer given off. This procedure is necessary in order to decom-
pose and volatilize ammonium salts.

Take up some of the residue with a few milliliters of water,
slightly acidified with acetic acid, and filter. To the filtrate add
1 ml. of NagCo(NOg)g, warm and allow to stand. Yellow
K;NaCo (NOg)g will precipitate if potassium is present.

Test a small portion of the baked residue by the flame test; a
violet-colored flame indicates potassium. If the flame is yellow,
view it through a thick cobalt glass; a violet color observed through
the glass shows the presence of potassium.

Detection of Sodium. To a drop or two of the test mixture,
add 8 to 12 drops of zinc uranyl acetate reagent. In the course
of 5 minutes or so, the triple salt, NaCyH3Os Zn (C2H30;),-
3(U03)2CoH302-6H20, sodium zinc uranyl acetate will form as a
pale yellow precipitate.

A yellow-colored flame obtained in the flame test for potassium
is due to sodium. If the flame is a brilliant yellow and persists
for some time sodium in appreciable quantities is present. A dull
yellow which quickly fades out is due to traces of sodium and
should not be reported.



SYSTEMATIC ANALYSIS OF ACID-INSOLUBLE RESIDUE 315

Detection of Ammonium. The test for the NH4* ion must be
made on samples before ammonium salts are added as reagents.
To a portion of the sample in a small beaker add a strong solution
of NaOH. Cover the beaker with a watch glass to the bottom of
which is attached a piece of moist, red litmus paper. Warm the
mixture. Be careful that no liquid splashes up and touches the
test paper. If the test paper turns blue and the odor of ammonia
can be detected, ammonium salts are present.

SYSTEMATIC ANALYSIS OF THE AcCID-INSOLUBLE RESIDUE

Note: For the analysis of the insoluble residue from samples
of a more complex nature, which may contain a greater variety
of insoluble constituents than likely to be found in the samples of
the simple type under consideration, the analyst is referred to the
methods given under the analysis of minerals, ores and technical
products, page 318.

Treatment of solid unknowns of the type under consideration
with acids to get the sample into solution may leave a solid in-
soluble even in aqua regia. Such insoluble compounds may have
been a part of the original mixture or may have been produced by
interaction of dissolved constituents or by reaction with the acids
used as solvents. An inspection of the solubility table shows that
comparatively few substances resist the action of hot concen-
trated HNO3. The list includes BaSOy, SrS0O4, (CaSO4), PbSOy4;
the halides of silver and possibly lead and mercurous mercury;
the sulfides of mercury; the cyanogen compounds of silver and
certain other metals; gelatinous silicic acid from decomposable
silicates; oxides of tin and antimony. Free sulfur may result from
the action of nitric acid on sulfides and black specks of carbon may
be derived from organic matter.

The action of aqua regia, following that of nitric acid, will dis-
solve the oxides of antimony and tin, Hg,S and HgS, and transpose,
at least partially, the silver halides and complex cyanogen salts
into AgCL

The residue may then consist of the following substances:

PbS0O4, (PbCls)

AgCl, (AgBr, Agl, AgCN, AgCNS, AgsFe(CN)g, AgsFe (CNe)
BaS0,, SrS04, (CaS0,)

HSi03, (Si0;, silicates)

Sulfur, carbon
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Proceed with the systematic analysis of this residue as follows:

1. Digest a portion of residue with hot NH,C;H30, solution to
dissolve any PbCl; and PbSO,4 which may be present. Examine
the filtrate for Pb++, C1” and SO, ions.

2. Treat a portion of the residue with NH,OH. This will dis-
solve AgCl and some AgBr, and silver can thus be tested for in
the filtrate by acidifying it with HNOj.

3. Roast a portion of the residue in an open dish if particles of
black carbon or yellow sulfur are visible. These will be oxidized
and removed as CO; and SO,.

4. Mix the roasted residue with 10 times its weight of an equal
mixture of Na;CO3 and K,CO; in a porcelain crucible and heat
over a blast lamp or Meker burner until the fused mass becomes a
clear melt. Place the cool crucible in a beaker, cover with water,
and boil. Crush the residue with a stirring rod. Filter and wash
the residue. Test for sulfates in the filtrate by acidifying with
HCI and adding BaCl,; a white precipitate of BaSO, proves the
presence of SO4. Dissolve a portion of the washed residue with
dilute HCl and test for the alkaline earth ions in the resulting
solution. Add HNO; to another portion of the residue, if dark
colored, to dissolve metallic silver and test for silver in the filtrate.

5. Test a portion of the dry residue for SlOg by the metaphos-
phate bead test.

SYSTEMATIC ANALYSIS OF ALLOYS

The alloys given out for analysis are brasses, bronzes, solders,
bearing metals, type metals and steels. Alloys are classified as
ferrous or non-ferrous according to whether they consist mainly of
iron or a mixture of other metals; i.c., the various kinds of iron
and steels are ferrous alloys whereas other metals predominate in
non-ferrous alloys. Common carbon steels contain, besides iron,
fractional percentages of carbon, phosphorus, silicon, sulfur and
manganese. Alloy steels may contain, in addition to these ele-
ments, small percentages of chromium, nickel, tungsten, vanadium,
molybdenum or other metals. The composition of some common
non-ferrous alloys is given in Table XV, with the chief constit-
uents in the order of their predominance.

In the systematic analysis of alloys, the metals of Groups I,
IT and IIT as well as magnesium should be looked for. Among the
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anions only sulfides and sulfates, phosphates and arsenates and
silica need be tested for.

TABLE XV
CoMPOSITION OF ALLOYS

Bronzes Cu, Sn, Zn, Pb
Brasses Cu, Zn, Sn, Pb
Solders Bi, Sn, Pb

Solders Zn, Cu, Sn

Auto bearing metals Sn, Sb, Cu

Pewter Sn, Sh, Cu, Pb, Zn
Type metals Pb, Sb, Sn
German silver Cu, Zn, Ni

Procedure for Dissolving the Alloy. Take about a half-gram
of the sample in the form of turnings, drillings or chips and treat
with about 10 ml. of dilute HNO3;. Heat until brown fumes are no
longer given off. Add more acid if morc appears necessary to
dissolve the sample. In general, HNOj is a better solvent for
most metals and alloys than HCl. HNOj3; will oxidize sulfides to
H,S0y4, phosphides to H3PO4 and arsenic to H3AsO4.  Compounds
of silicon will become silicic acid and will precipitate as gelatinous
H,Si0;. Tin, antimony and possibly bismuth will be precipitated
as metastannic acid, HoSnO3, antimony oxide, SbyO5, and possibly
Bi;O3;. Carbon will remain as black specks of graphite. Some
metals like iron, aluminum and chromium become “ passive ”’ in
strong HNOj3 and dissolve very slowly.

If a white precipitate forms on treatment with HNOj, indicating
tin or antimony, or if the sample appears to be unchanged by
HNOj, decant the solution, saving it for analysis, and replace the
HNO;3; by moderately strong HCI, heating the solution almost to
boiling. If this fails to effect complete solution of the metallic
portions, use aqua regia. Dilute and filter. Combine the fil-
trates. If silver or lead is present in the alloy the addition of HCI
will precipitate AgCl and PbCl,. The compounds of tin, antimony
and bismuth will dissolve in HCL

Analysis of the Combined Filtrate for Cations. Take a 25-ml.
portion of the combined filtrate, evaporate it to dryness in a small
evaporating dish and heat the residue until it becomes powdery.
Take it up with a few milliliters of dilute HNOj3, dilute to 25 milli-
liters and filter if necessary. Use this filtrate for the analysis of the
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cations, remembering that if HCI or aqua regia was used as the
solvent for the alloy, Group I cations will have been precipitated.
Follow the procedures as given, omitting the tests for the alkaline
earths and the alkali metals. If phosphides are likely to be present
follow the modification for the removal of phosphates to avoid
difficulty in testing for magnesium.

Analysis of the Insoluble Residue. The residue may consist of
SiO; or HySi03, PbCl;, AgCl, specks of black carbon or yellowish
sulfur or traces of undissolved metals. Test a portion of the resi-
due for silicates by the metaphosphate bead test. Examine another
portion for lead and silver by the regular method for these elements.

Analysis for Anions. In asmall portion of the combined filtrate,
test for sulfates by first neutralizing with NH,OH, acidifying with
HCI and adding BaCl;, solution. A white precipitate of BaSOq
indicates the original presence of sulfides in the alloy, the sulfide
having been oxidized to sulfate by the nitric acid used in dissolving
the sample.

Phosphides may have originally been present and been oxidized
to phosphates. The test for phosphates should therefore be made
on the filtrate from cation Group II, using the (NH4)2MoO, test.

SYSTEMATIC ANALYSIS OF ORES, MINERALS
AND TECHNICAL PRODUCTS

The samples provided for this analysis may be natural sub-
stances such as minerals or ores, or they may be industrial products
such as glass, refractories and slags. This exercise is intended
primarily to give practice in getting samples of this nature into
solution, involving a pyrosulfate fusion in addition to a carbonate
fusion.

Use about 1 gram of the finely ground sample. Add 5 ml. of
concentrated HNO3; and warm until the action becomes slow and
brown fumes no longer come off. Decant the solution and add
another 5 ml. of HNO3 to the residue. Heat, dilute and filter,
combining the filtrate with the decanted solution.

If a residue remains, try to dissolve it in aqua regia, diluting
and filtering when action appears to be complete and combining
the filtrate with the above solution.

Take the residue insoluble in the above acids, dry and mix with
it about 5 grams of potassium bisulfate, KHSO,. Place the mix-
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ture in a porcelain crucible and heat over a blast lamp or large
Meker burner until a clear fusion results. Allow the crucible to
cool and then place it in a beaker and add water. Loosen the
fused mass from the crucible and crush the lumps with a glass rod.
Add dilute HCI then filter.

The KHSO4 decomposes first into K28,07 and H,0 and at hlgher
temperatures in SO3 and K,SO04:

2KHSO4 = K28207 + Hgo
K3S:07; = K804 + SO;

Insoluble materials arc acted upon by the K3S;07, converting
them into more easily soluble compounds and causing silicates to
be more easily decomposed by acids or subsequent fusion. Alkaline
earth metals, lead and silver are changed into BaSOy, SrSOj,
CaS0y4, PbSO4 and AgeS0;.

Unite the filtrate from this fusion with that obtained by the
previous action with acids and analyze by the systematic procedure
for cations.

The residue remaining after this fusion, which may consist of
the insoluble sulfates, silicates and unattacked portions of the
sample, must be fused with Na,COj3 to which a small amount of
KNOj; is added. The procedure is like that described previously
under “ Acid-Insoluble Residue,” page 315. A platinum crucible
is best for this fusion (provided mectals like Pb, Ag, As and Sn are
absent ), because porcelain crucibles are attacked by fused Na,COj3
and contaminate the sample with silica, calcium and aluminum.

SPECIAL ANALYSIS OF SILICATES

The abundance of silicates in minerals, rocks, clays and soils,
as gangue in ores and as constituents of many artificial products,
makes their analysis important enough to devote a section to their
special consideration.

Only the alkali silicates are soluble in water. Some silicates are
decomposed by acids, rendering the silicate ion insoluble as gelat-
inous silicic acid, HsSiO3 or SiO3-2H20, where the silica can be
tested for by the metaphosphate bead test, and dissolving the metal
constituents as chlorides or nitrates where they can bhe detected by
the usual methods of cation analysis. Most silicates, however,
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are not acted upon by mineral acids and require either a fusion or
a treatment with hydrofluoric acid to render them soluble.

PROCEDURES FOR SILICATE ANALYSIS

Take a 0.5-gram portion of the finely ground sample, mix it with
5 grams of equal parts of NasCO3 and K2COj3 and a half-gram of
KNOj3 and place the mixture in a platinum crucible, unless easily
reducible metals such as Sn, Sb, Bi, Ag and Pb are likely to be
present, in which case a nickel or a porcelain crucible must be used.
Heat the crucible over a blast lamp until the melt is clear and ceases
bubbling. This action will convert the silicate into soluble sodium
silicate and the metals into carbonates, oxides or other forms.

Cool the crucible, place it in an evaporating dish and cover with
dilute HCl. Remove the crucible, crush any lumps that may be
present and evaporate the solution to dryness. Bake the residuc
to dehydrate the silicic acid, extract with hot HC], dilute and filter
off the Si0;. Examine the residue by the mectaphosphate bead
test and test the filtrate for cations by the usual procedure.

Alternate Method. Take a 0.5 sample, place it in a platinum cru-
cible, add 10 ml. of HI acid and a few milliliters of concentrated
HoSO4 and warm 4n the hood. Xvaporate until dense white fumes
of SOz appear. This treatment will decompose any silicate, evolv-
ing the silicon as SiFy and leaving the metals as sulfates. Extract
with water, filter if necessary, and examine the filtrate for cations
and the residue for such metals as barium, strontium and calcium.

Of special interest in the analysis of silicates is the detection of
potassium in minerals such as feldspar, because by geological
weathering processes this potash became available as a valuable
plant food. Potassium may be detected in the filtrate from the
hydrofluoric acid trcatment, but a better method is to apply a
special fusion. This is known as the J. Lawrence Smith method
and is carried out as follows:

Mix a half-gram portion of the finely ground feldspar with an
equal weight of NH4Cl (alkali free) and about 5 grams of pure
CaCO;. Place the mixture in a high, covered, platinum crucible
and heat to a dull redness for at least half an hour. The action
may be shown approximately by the equation:

9K AlSizOg + 6CaCO; + 2NH,Cl = 2KCl + 6CaSiO; + AlyOs
+ H;O0 + 2NH; + 6CO,
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although the effective fusion agent above is doubtless CaCl; which
is formed by the interaction of NH,Cl with CaCO,.

Allow the crucible to cool, transfer it to an evaporating dish,
boil, filter, remove the excess calcium with (NH4)2CO3; and ex-
amine the final filtrate for potassium.
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REAGENTS

(A) LIQUID REAGENTS

Acetic Acid, HCoH 309, Dilute. Dilute 12.5 ml. of glacial acetic acid to 100
ml. with water.

Alcohol, Ethyl, C:H;0H, 95 per cent. (Test reagent for acetates.)

Aluminon, C;3Hy02(COONH,)3, the ammonium salt of aurin-tri-carboxylic
acid. A 0.1 per cent solution of the dye in water. (Test reagent for alu-
minum.)

Ammoniacal Silver Nitrate (Miller’s Reagent). Dissolve 1.7 grams of
AgNO;, 25.3 grams of KNO3, and 17 ml. of concentrated NH 4OH in water and
dilute to 1 liter.

Ammonium Acetate, NH,CoH302. 250 grams per liter.

Ammonium Carbonate, (NH;)3CO;. Dissolve 100 grams in a mixture of
100 ml. of concentrated NH4OH and 500 ml. of water. Dilute to 1 liter.

Ammonium Hydroxide, NH;OH, Concentrated. The concentrated “ am-~
monia,” sp. gr. 0.90, containing 28 per cent NH3 by weight.

Ammonium Hydroxide, NH,OH, Dilute. 400 ml. of concentrated NH,OH
diluted to 1 liter.

Ammonium Iodide, NH . 150 grams per liter.

Ammonium Molybdate, (NH;);MoO4. To a mixture of 130 ml. of cold
water and 75 ml. of concentrated NH4OH add 50 grams of MoOj; and stir
until dissolved. Add this slowly with constant stirring to a mixture of 240
ml. of concentrated HNOj; and 575 ml. of water. Allow to stand for several
days and then decant the clear solution. (Test reagent for arsenates and
phosphates.)

Ammonium Nitrate, NH4NOj3;. 80 grams per liter.

Ammonium Oxalate, (NH,;)2C304. 35.0 grams (NH,)2C204HO per
liter.

Ammonium Polysulfide, (NH4)2S2. Pass HgS into 200 ml. of concentrated
NH,OH to which has been added 5 grams of sulfur. Then add 200 ml. of
concentrated NH4OH, dilute to 1 liter and filter if necessary.

Ammonium Sulfate, (INH;)2SO04. 130 grams per liter.

Aqua Regia. Mix 1 part of concentrated HNO3 with 3 parts of concentrated
HCl. To be prepared by student when needed.

Barium Acetate, Ba(C3H3032)s.

Barium Chloride, BaCl;. 120 grams of BaCly-2H 30 per liter.

Barium Hydroxide, Ba(OH)2. Saturated solution. To be kept in a large
bottle provided with syphon tube and soda-lime tube. (Test reagent for car-
bonates.)

' 323
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Barium Nitrate, Ba(NO3)2. Dissolve 65 grams in one liter of water. (An-
ion Group II reagent.)

Calcium Nitrate, Ca(NOj3)2. Dissolve 236 grams of Ca(NOj3)2:'4H20 in
1 liter of water.

Calcium Sulfate, CaSO4. Saturated solution.

Carbon Tetrachloride, CCl,.

Chloroplatinic Acid, HoPtClg. 10 per cent solution. To be kept in supply
room or dispensed by instructor.

Cobalt Nitrate, Co(NO3)2. 30 grams of Co(NOQj)2:6H20 per liter.  (Test
reagent for aluminum and zine.)

Dimethylglyoxime (diacetyldioxime), C4HsN202. 10 grams dissolved in 1
liter of 95 per cent alcohol. (Test reagent for nickel.)

Ether, Ethyl, (C2H,)20.

Ferric Chloride, FeClz. 100 grams FeCl3-6H0 in 990 ml. of water acidi-
fied with 10 ml. of concentrated HCI.

Ferrous Sulfate, FeSO; 250 grams of FeSOg¢7H30 or 392 grams
FeS04(NH,)2S046H 0 per liter. (Freshly prepared.)

Hydrochloric Acid, HCl, Concentrated. C. P. reagent. 37 per cent HCI
by weight; sp. gr., 1.19. '

Hydrochloric Acid, HC], Dilute. Dilute the concentrated reagent with 2
volumes of water.

Hydrogen Peroxide, H2O3. 3 per cent commercial solution.

Hydrogen Sulfide, HsS. May be prepared by the action of commercial
HCl on FeS, in individual student gencrators (see IFales, Inorganic Quantitative
Analysis, page 20), in Kipp generators or for large sections in larger generators
(see Reedy, Elementary Qualitative Analysis, pages 131-134). It may also be
made by heating a specially prepared mixture of paraffin wax and sulfur, sold
under the trade name of “ Aitchtuess.” The compressed gas may also be
purchased in cylinders.

Iodine, Io. Dissolve 1.27 grams in 1 liter of water.

Magnesia Mixture. Dissolve 100 grams of MgCly:6H20 and 100 grams
NHCI in, water, add 50 ml. of concentrated NH4OH and dilute to 1 liter.

Mercuric Chloride, HgCl,. 50 grams HgClg per liter.

Nitric Acid, HNOj3, Concentrated. C. P. reagent, 70 per cent HNO3 by
weight; sp. gr., 1.42.

Nitric Acid, HNO;, Dilute. Dilute 1 part of the concentrated reagent with
2 parts of water.

p-Nitrobenzene-Azo-Resorcinol, C;sHyN304. Dissolve 0.01 gram of the
substance in 1 liter of 2 M NaOH. (Test reagent for magnesium.)

a-Nitroso-8-Naphthol, C;0HcOH(NO). Saturated solution in 50 per cent
acetic acid. (Test reagent for cobalt.)

Orange IV. Dissolve 0.01 gram of Tropeolin 00 in 100 ml. of water. (Test
reagent for zinc.)

Potassium Chromate, KoCrO;. 97 grams per liter.

Potassium Cyanide, KCN. 65 grams per liter.

Potassium Ferricyanide, K;Fe(CN)g. 100 grams per liter.

Potassium Ferrocyanide, K;Fe(CN)g. 106 grams per liter.

Potassium Iodide, KI. 166 grams per liter.
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Potassium Permanganate, KMnOy4. 16 grams per liter.

Potassium Thiocyanate, KCNS. 100 grams per liter.

Rhodamine B. Dissolve 0.01 gram in 100 ml. of water. Reagent to be dis-
pensed by instructor. (Test reagent for antimony.)

Silver Acetates, AgC2H302. Saturated solution.

Silver Nitrate, AgNO3;. 50 grams per liter.

Sodium Acetate, NaCsH303. 400.grams per liter.

Sodium Carbonate, Na;CO3;. Molar soiution.

Sodium Cobaltinitrite, NazCo (NO2)g. Dissolve 100 grams of NaNOq in 300
ml. of water, add 10 ml. of acetic acid and 10 grams of Co(NQO3)s-6H.0. Al-
low to stand a day and filter if necessary. Fresh reagent must be prepared
frequently, since it is somewhat unstable.

Sodium Hydrogen Phosphate, Na;HPO, 120 grams Na:HPO,; 12H20
per liter.

Sodium Hydroxide, NaOH. 4 M solution.

Sodium Hypochlorite, NaOCl. Usc a solution of bleaching powder.

Sodium Nitroprusside, Na;FeNO (CN)g. 10 per cent solution.

Sodium Stannite, Na;SnQO2. To be prepared by student as needed by add-
ing strong NaOH solution to stannous chloride solution (as prepared bhelow)
until the precipitate first formed redissolves.

Stannous Chloride, SnCl;. 115 grams of SnCly-2H20 in 170 ml. of con-
centrated HCl and diluted to 1 liter. Add a few pieces of tin foil to prevent
oxidation of the reagent.

Starch Solution.

Sulfuric Acid, H2SO,, Concentrated. C. P. reagent, 95 per cent; sp. gr.,
1.84.

Sulfuric Acid, HySO4, Concentrated. Commercial, impure, for making
cleaning mixture.

Sulfuric Acid, HySOg, Dilute. Pour one part of concentrated HoSO4 (C.P.)
slowly and with constant stirring into 4 parts of water.

Zinc Nitrate, Zn(NO3)s. Dissolve 149 grams of Zn(NOj3)2:6H20 and
make up to 1 liter. (Anion Group III reagent.)

Zinc Uranyl Acetate. Dissolve 10 grams of uranyl acetate in 6 grams of 30
per cent acetic acid, warming, if necessary, and dilute to 50 ml. In a separate
vessel mix 30 grams of zinc acetate with 3 grams of 30 per cent acetic acid and
dilute to 50 ml. Mix these two solutions, add a pinch of NaCl, allow to stand
24 hours and then filter. (Test reagent for sodium.)

(B) SOLID REAGENTS
(Used in rather large quantities)

Aluminum (turnings, wire or foil).
Ammonium acetate, NH,C2H30..
Ammonium chloride, NH4Cl.
Ammonium nitrate, NH4NO3.
Borax, NasB;07°10H 0.

Ferrous sulfate, FeSO4-7H 0.

Fusion mixture (Na:CO3; + K2COj3).
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Iron nails. .
Lead acetate test paper, Pb(C2H303)s.
Litmus paper (red and blue).
Magnesium powder.

Paraffin wax.

Potassium acid sulfate, KHSOj,.
Potassium chlorate, KCIO3.

Potassium nitrite, KNOs.

Sodium acetate, NaCoH3059.

Sodium bismuthate, NaBiO3.

Sodium carbonate, NasCOs3.

Sodium dichromate, NasCreO7 (commercial).
Sodium hydroxide, NaOH.

Sodium peroxide, NasOs.

Sodium sulfite, NagSO37H 0.

Starch.

Starch-iodide paper.

Turmeric paper.

Zinc, granulated C. P.

(C) SUPPLEMENTARY REAGENTS

In addition to the test solutions for cation and anion analysis, and the liquid
and solid reagents listed above, all of which must be kept supplied and a reserve
carried in stock, it is convenient to provide an additional reagent rack carrying
supplementary reagents for which there may be an occasional demand. Among
these should be the dry C. P. nitrates (or chlorides) of the metals and the alkali
salts of the acid radicals, so that these salts will be accessible to the student
whenever desired. Small wide-mouthed bottles of about 100-ml. capacity will
serve as containers. Other additional reagents are the following:

Ammonium carbonate, (NH,)2COs3.
Ammonium sulfate, (NH4)250;4.
Arsenious oxide, As20j3.

Benzol, C¢Hg (solvent for sulfur).
Calcium fluoride, CaFs.

Copper (foil, turnings, shot).

Ferric chloride, FeClj.

Ferrous ammonium sulfate, FeSO4(NH4)2S046H 0.
Iodine (crystals).

Manganese dioxide, MnQs.

Oxalic acid, HyC204:2H 0.
Potassium iodide, KI.

Potassium permanganate, KMnOys.
Potassium chromate, KoCrOy.
Rochelle salts.

Sand.

Sugar.

Sulfur (flowers).

Tin foil.
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REPRESENTATIVE LIST OF DESK EQUIPMENT

2 evaporating dishes 60 mm.
2 evaporating dishes 145 mm.
2 casseroles 100 ml.
1 graduate 100 ml.
1 graduate 10 ml
2 watch glasses 150 mm.
2 watch glasses 75 mm.
2 watch glasses 30 mm.
1 pipette 10 ml.
1 pipette 50 ml.
8 Erlenmeyer flasks, 2 150-ml., 4 300-ml., 2 500-ml.
1 Florence flask, 500 ml.
8 beakers, 2 200-ml., 4 400-ml., 2 1000-ml.
4 funnels 65 mm.
1 test tube rack.
24 test tubes, 15 cm.
1 test tube brush.
2 Bunsen burners.
2 burner tips.
2 filter stands.
1 iron stand.
2 iron rings with clamps.
1 spatula.
1 Nichrome triangle.
1 mortar and pestle, 125 mm.
1 triangular file.
2 250-ml. bottles.
1 500-ml. W. M. bottle.
2 crucibles.
1 filter flask.
1 test tube holder.
2 wire gauzes.
1 vial red litmus paper.
1 vial blue litmus paper.
1 sponge.
2 towels.
2 lengths rubber tubing,
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TEST SOLUTIONS OF CATIONS

Make stock test solutions by dissolving the weight given in the last column
in water (or acids when indicated) and dilute to one liter. The stock solutions
are of such strength that each milliliter contains 100 milligrams of the metallic
ion. For student use and making unknowns dilute the stock solution with 9
times its volume of water.

Cation Salt Grams per Liter
Agt AgNO; 157
Hgat+ Hgs(NO3)22H20(a) 140
Pbt+ Pb(NO3), 160
Hgt+ Hg(NO3)2(a)3H20 167
Bit++ Bi(NO;3)35H30(a) 233
Cut+ Cu(NO3)9:6H0 465
Cd++ Cd(NO3)e:4H0 278
Agttt As903(b) 13*
Agtt+t++ AsgOs 153
Sp+++ SbCl3(b) 188
Snt+ SnCly2H0 (b) 188
SpH+++ SnCly5H20 204
Nit+ Ni(NO3)9:6H50 500
Cot+ Co(NO3)96H20 500
Mnt+ Mn (NO3)26H50 530
Fett++ Fe(NO3)39H,0 715
Al+t+ AI(NO3)3:9H50 1388
Cr+t+ Cr(NOj3)s9H;0 ' 770
Znt++ Zn(NO3)2'6H20 . 455
Bat+ Ba (NOs)z 190
Sr++ Sr(NO3)e 240
Cat+ Ca (N03)2'4H20 590
Mg+ Mg(NO3)e6H20 106*
K+ KNO; 259
Nat NaNO; 370
NH,+ NH;NO; 445

*  Solution 1 ml. = 10 mg. metallic ions; therefore do not dilute.
$a) Use dilute HNOs to dissolve the salts.
b) Use dilute HCI to dissolve the salts,
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TEST SOLUTIONS OF ANIONS

329.

Dissolve the indicated weight of salt in distilled water and make up to one
liter. This will give stock test solutions of such strength that each cc. contains
50 milligrams of the non-metallic ion with the exception of the oxalate (*)

which directly contains 10 mg. per ml.

For student test solutions and making

unknowns dilute the stock solution (except oxalate) with 4 times its volume of

water.
. Quantity to Yield
Anion Salt 50 Mg. Anion/ML.

COz~ NasCOg 88
C04™ NasCa04 15.2*
¥ KF 152
BOs™ Na2:B4O710H0 111
SO3= NagsO;; 80
AsOg— NaAsOg 60.7
AsO4= NaoHAsO4 710 112.2
PO4~ Na-HPO4+12H0 190
CsH,O6™ NaC3iH4042H0 78
SO‘;“a Na2804 75
Cl’04n 1{201‘04 85

s= NagS-9H0 375
CN™ NaCN 95
Fe(CN)e¢™™ K Fe(CN)g3H0 99.9
Fe(CN)s~ KsFe(CN)g 77.6
San= Na28203-5H20 111
CNS™ KCNS 87

1 KI 65
Br— KBr 75
ClI~ NaCl 82.5
ClO3™ KCIO3 73
02H302- Na02H302'3H20 115
NOy ™ NaNO. 75
NO;~ NaNO3 68.5
Si035™ NasSiO35H20 133

* 10 mg. directly.
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APPENDIX 333

DeNsiTY oF AMMONIA SOLUTIONS AT 15°C.

(According to Lunge and Wiernik)

Specific Gravity Per Cent NH; Specific Gravity Per Cent NH,
1.000 0.00 0.940 15.63
0.998 0.45 0.938 16.22
0.996 0.91 0.936 16.82
0.994 1.37 0.934 17 .42
0.992 1.84 0.932 18.03
0.990 2.31 0.930 18.64
0.988 2.80 0.928 19.25
0.986 3.30 0.926 19.87
0.984 3.80 0.924 20.49
0.982 4.30 0.922 21.12
0.980 4.80 0.920 21.75
0.978 5.30 0.918 22.39
0.976 5.80 0.916 23.03
0.974 6.30 0.914 23.68
0.972 6.80 0.912 24 .33
0.970 7.31 0.910 24.99
0.968 7.82 0.908 25.65
0.966 8.33 0.9066 26.31
0.964 8.84 0.904 26.98
0.962 9.35 0.902 27.65
0.960 9.91 0.900 28.33
0.958 10.47 0.898 29.01
0.956 11.03 0.896 29.69
0.954 11.60 0.894 30.37
0.952 12.17 0.892 31.05
0.950 12.74 0.890 31.75
0.948 13.31 0.888 32.50
0.946 13.88 0.886 33.25
0.944 14.46 0.884 34.10
0.942 15.04 ' 0.882 34.95

Taken from Treadwell-Hall, Analytical Chemistry, Vol. IT,9th Ed., published by John Wiley &
Sons. Reprinted with permission.
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DEensITY OoF STRONG AcCIDS AT 15° C. 1IN VaAcUwo
(According to Lunge, Isler, Naef, and Marchlewsky)

Specific . Specific .
Gravity Per Cent by Weight Gravity Per Cent by Weight
at 15 at 15°

40
(Vacuo) HCl HNO, H.SO4 (Vacuo) HNO; .S0,

.000 0.16 0.10 0.09 .235 37.51 31.70
.005 1.15 1.00 0.95 .240 38.27 32.28
.010 2.14 1.90 1.57 .245 39.03 32.86
.015 3.12 2.80 2.30 .250 39.80 33.43
.020 4.13 3.70 3.03 .255 40.56 34.00
.025 5.15 4.60 3.76 .260 41.32 34.57
.030 6.15 5.50 4.49 .265 42.08 35.14
.035 7.15 6.38 5.23 .270 42.85 35.71
.040 8.16 7.26 5.96 .275 43.62 36.29
.045 9.16 8.13 6.67 .280 44.39 36.87
.050 10.17 8.99 7.37 .285 45.16 37.45 -
.055 11.18 9.84 8.07 .290 45.93 38.03
.060 12.19 10.67 8.77 .295 46.70 38.61
.065 13.19 11.50 9.47 .300 47 .47 39.19
.070 14.17 12.32 10.19 .305 48.24 39.77
.075 15.16 13.14 10.90 .310 49.05 40.35
.080 16.15 13.94 11.60 .315 49.88 40.93
.085 17.13 14.73 12.30 .320 50.69 41.50

.090 18.11 15.52 12.99
.095 19.06 16.31 13.67
.100 20.01 17.10 14.35
.105 20.97 17.88 15.03
.110 21.92 18.66 15.71
115 22.86 19.44 16.36
.120 23.82 20.22 17.01
.125 24.78 20.99 17.66
.130 25.75 21.76 18.31
135 26.70 22.53 18.96
.140 27.66 23.30 19.61
.145 28.61 24.07 20.26
.150 29.57 24.83 20.91

.325 51.51 42.08
.330 52.34 42.66
.335 53.17 43.20
.340 54.04 43.74
.345 54.90 44.28
.350 55.76 44.82
.355 56.63 45.35
.360 57.54 45.88
.365 58.45 46.41
.370 59.36 46.94
.375 60.27 47 .47
.380 61.24 48.00
.385 62.21 48.53
.390 63.20 49.06
.395 64.22 49.59
.400 65.27 50.11
.405 66.37 50.63
.410 67.47 51.15
.415 68.60 51.66
.420 69.77 52.15
.425 70.95 52.63
.430 72.14 53.11
.435 73.35 53.59
.440 74.64 54.07
.445 75.94 54.55
.450 77.24 55.03
.455 78.56 55.50
.460 79.94 55.97
.465 81.38 56.43

Pk ek ot ek ek ok ok ek ek ok ek fd pd et ek ok ek fd ek ped ek ek b ek ok ped ek bk ek ok ok e ek ok bk ek ek pod ek ek pomd ek ok o ek ok ok
bk ok ek ok ek ek b pd bk ot ok ek el ek ek ek bk ot o bk ot ek bk ok ok bk bk gk ok ko ok ek ok ek bk ok ok ek b ek ok ek o ok bk




APPENDIX

DENs1TY OF StrRONG Acips at 153° CUIN Vacvo (Continued)

Specific Per Cent Specific Specific
Gravity erbye | Per Cent | Gravity |Per Cent| Gravit Per Cent
15° : by Weight 15° by Weight 15°  |by Weight
o | Weleht | Trso, | M9 | TS0 | Y3 | HLSO.
(Vacuo) 8 . (Vacuo) (Vacuo)
1.470 82.86 56.90 1.610 69.56 1.750 81.56
1.475 81.41 57.37 1.615 70.00 1.755 82.00
1.480 86.01 57.83 1.620 70.42 1.760 82.44
1.485 87.66 58.28 1.625 70.85 1.765 83.01
1.490 89.86 58.74 1.630 71.27 1.770 83.51
1.495 91.56 59.22 1.635 71.70 1.775 84.02
1.500 94.04 59.70 1.640 7212 1.780 84.50
1.505 96.31 60.18 1.645 72.55 1.785 85.10
1.510 98.05 60.65 1.650 72.96 1.790 85.70
1.515 99.02 61.12 1.655 73.40 1.795 86.30
1.520 99.62 61.59 1.660 73.81 1.800 86.92
1.525 |........ 2.06 1.665 74.21 1.805 87.60
1.530 |........ 62.53 1.670 74.66 1.810 88.30
1.535 |........ 63.00 1.675 75.08 1.815 89.16
1.540 |........ 63.43 1.680 75.50 1.820 90.05
1.545 |...,.... 63.85 1.685 75.94 1.825 91.00
1.550 f........ 64.26 1.690 76.38 1.830 92.10
1.555 |........ 64.67 1.695 76.76 1.835 93.56
1.560 |........ 65.20 1.700 77.17 1.840 95.60
1.565 |........ 65.65 1.705 77.60 1.8405 95.95
1.570 }........ 66.09 1.710 78.04 1.8410 96.38
1.575 < |........ 66.53 1.715 78.48 1.8415 97.35
1.580 |........ 66.95 1.720 78.92 1.8410 98.20
1.585 |........ 67.40 1.725 79.36 1.8405 08.52
1.590 |........ 67.83 1.730 79.80 1.8400 98.72
1.595 |........ 68.26 1.735 80.24 1.8395 98.77
1.600 |........ 68.70 1.740 80.68 1.8390 99.12
1.605 |........ 69.13 1 81.12 1.8385 99.31

.745

Taken from Treadwell-all, Analytical Chemistry, Vol, II. 9th Fd., published by John Wiley &

Sons.

Reprinted with permission.
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LOGARITHMS
_§ PROPORTIONAL PARTS
B8 o]1|2|3|a|s|c|7|8]0
o 1|2|8|4|6|6|7|8]9
10 ]J0000{0043{0086]0128|0170J0212|0253]0294[0334[0374} 4 | 8 | 12| 17] 21| 25| 29| 33| 37
11 J0414/0453[0492]0531|0569]0607 |0645]0682|0719{07566| 4 | 8 | 11| 15| 19| 23| 26| 30| 34
12 ]0792/0828/0864/0899/0934]09691004)1038/1072{1106} 3 | 7 | 10| 14} 17| 21| 24| 28] 31
13 ]1139(1173]1206(1239|1271|1303(1335|1367({1399|1430] 3 | 6 | 10| 13} 16| 19| 23| 26| 29
14 ]1461]1492/1523{1663{15684¢1614(1644(1673(1703{1732] 3 | 6 9| 12] 15| 18| 21| 24| 27
15 ]1761{1790/1818(1847(1875{1903|1931{19590{1987|2014] 3 | 6 8| 11] 14| 17| 20| 22| 25
16 [2041]2068(2095(2122(2148]2175(2201(222712253{22791 3 | & 8| 11} 13| 16| 18] 21 24
17 [2304]2330|2355({2380/2405}2430(2455(2480|250412529) 2 | & 71 10} 12| 15| 17| 20| 22
18 12553|2577(2601]2625|2648]2672(|2695(2718(2742[27656) 2 | & 7] 9] 12| 14| 16{ 19| 21
19 ]2788]2810]283312856(287812900]2923 2945|2967 (2089] 2 | 4 7] 9] 11] 13| 16| 18| 20
20 [3010({3032(3054{3075(3096[3118({3139(3160(3181{3201] 2 | 4 6| 8 11| 13| 15({ 17| 19
21 §3222(3243(3263]3284/3304]3324|3345|3365(3385(3404] 2 | 4 6] 8] 10| 12| 14| 16| 18
22 13424|3444(3464]3483|3502]3522(3541|3560(3579(3598] 2 | 4 6| &| 10| 12| 14| 15{ 17
23 ]3617(3636|3655]3674/369213711]|3729|3747(376€(3784] 2 | 4 6f 7] 9] 11} 13| 15| 17
24 |3802/3820|3838(3856|387413892|3909|3927(3945{3962] 2 | 4 5| 71 9| 11| 12| 14| 16
25 13979(3997/4014]4031)4048]4065[4082]4099]/4116]4133] 2 | 3 5/ 7] 9| 10| 12| 14} 15
26 14150[(4166/4183[{4200/4216}4232]|4249(4265|4281[420¢1 2 | 3 5 7] 8| 10| 11} 13| 15
27 14314{4330]|4346(436214378[4393]4409[4425{4440(4456} 2 | 3 5 6] 8 9] 11} 13{ 14
28 [4472(4487|450214518|4533|4548|4564|4579|4594/4609] 2 | 3 5| 6] 8| 9] 11] 12| 14
29 14624(4639/4654[4669[468314698(47134728|4742(4757} 1 | 3 4] 6] 71 9| 10{ 12| 13
30 |4771[4786(4800[4814|4829]|4843{4857(4871|4886{4900] 1 | 3 4] 6] 7| 9 10f 11| 13
31 [4914{4928/4942({4955|49690}4983({4997(5011{5024(503¢| 1 | 3 4/ 6] 7| 8| 10{ 11| 12
32 15051/5065)5079]5092(5105]5119]5132|5145|5169|5172} 1 | 3 4] 5} 7] 8| 9| 11} 12
33 15185|5198(5211(5224|523715250]5263(527€|5289({5302] 1 | 3 4] E] 6| 8/ 9] 10{ 12
34 16315(5328/5340]5353|6366]63785391|6403|5416/542¢8] 1 | 3 4, 5] 6} 8 9| 10| 11
35 |5441|5453|5465[5478]5490)15502/5514|5527(56539(6651] 1 | 2 4] &5 6| 7| 9| 10{ 11
36 15563|5575|5587(5599|5611]5623|5635|5647]5658/567C] 1 | 2 4] &) 6/ 7| 8] 10 11
87 |5682(5694|57056|5717(5729|574015752(5763|5775/6578¢| 1 | 2 3] & 6] 7| 8 9|10
38 [5798[5809]5821|5832(5843]58565(5866{5877(5888(689¢ 1 | 2 3 &5 6 7| 8 9] 10
39 }591115922/5933|5944 596515966 (5977 [5988(5999(6010} 1 | 2 3| 4] 5] 7| 8 9] 10
40 |802116031]6042/6053/6064]6075/6085(6096/61076117] 1 | 2 3] 4] & 6] 8 9] 10
41 ]6128/6138/6149|6160{3170]6180[6191]6201/6212/6222} 1 | 2 3| 4] &5 6] 7] 8 9
42 [6232/6243]6253(6263(6274]6284(6294(6304(6314(6325) 1 | 2 3| 4] & 6| 71 8 9
43 16335(6345/6355/6365/6375]6385(6395|6405(6415/6425] 1 | 2 3] 4] & 6] 7] 8 9
é4 [5435/6444/6454/6464/6474|6484[6493/6503/6513(6522] 1 | 2 3 4] &5 6] 7 8 ©
45 |6532|6542(6551/6561(6571]6580(6590/6599(6609/6618] 1 | 2 3 4] &5 6] 7] 8 9
46 16628/6637/6646|6656|6665|6675/66846693|670216712] 1 | 2 3| 4] &5 6| 7 7| 8
47 18721/6730]6739/6749/6758]6767(6776/6785/6794/6803) 1 | 2 3] 4] &5 5 6/ 7] 8
48 |8812|6821|6830|6839|6848|6857|6866(6875/6884|6893] 1 | 2 3| 4] 4/ 5/ 6] 7| 8
49 [6902(6911{6920/6928|6937|6946(6965/6064(6972/6981] 1 | 2 3, 4 4/ b5 6/ 7] 8
50 |6990|6998{7007(7016/7024]7033|7042{7050(7059/7067f 1 | 2 8/ 3] 4 &/ 6] 7] 8
51 |7076/7084{7093]7101/7110]7118)7126{7135/7143]7152} 1 | 2 3] 8] 4/ & 6 7] 8
52 |7160/7168(7177(7185(7193[7202{7210{7218{7226(7235} 1 | 2 2] 3] 4| &5 6 7 7
83 [7243]7251(7259(7267(7275(7284(7292(7300{7308/7316] 1 | 2 2| 3| 4 & 6 6| 7
B84 17324]7332]734017348|73656{7364{7372]7380|7388|7306] 1 | 2 2 3] 4| &5 6| 6/ 7
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APPENDIX
ANTILOGARITHMS

PROPORTIONAL PARTS
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.00 |1000
-01 l1023
.02 11047
.03 h1072
-04 11096

.05 11122
.08 1148
.07 175
.08 1202
-09 |1230

-10 l1259
.11 11288
.12 11318
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.14 11380
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.17 11479
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APPENDIX 339
ANTILOGARITHMS
E PROPORTIONAL PArTS

g%lo|1f2|3|4]8]|6|7|8]09

% 1/2|3(4]6|6|7(8|9

.50 13162/3170]3177)3184/3192]3199]3206/3214(3221(3228] 1 | 1 | 2 ? 4] 4| b5] 6] 7
.51 [|3236(3243(3251|3258(3266]3273(3281|3289|3206(3304] 1 [ 2 | 2 | 3 4| 5| 5| 6| 7
.62 [3311(3319(3327|3334/3342|3350(3357(3365/3373(3381] 1 | 2 {2 | 3 4 b| &5 6/ 7
.53 |3388(3396)|3404|3412(3420[3428|3436/3443(3451/3459} 1 | 2 | 2 | 3 4 5| 6] 6] 7
.54 [3467(3475/3483/3491|3499|3508(3516/3524(3532(3540} 1 | 2 | 2 | 3 4 5| 6 6] 7
.85 [3548(3556/3565/357313581}3580(3597|3606(3614/3622} 1 | 2 |2 | 3 4 8 6 7 7
.56 13631!3639(3648/3656!3664]3673/3681/3690{3698|3707} 1 | 2 | 3 | 3 4 5| 6] 7| 8
.57 |3715|3724|3733|3741|3750]3758/|3767]3776/|3784{3793} 1 | 2 | 3 | 3 4, 5| 6 7| 8
.58 |3802{3811(38190(3828(3837]|3846|3855/3864(3873(3882] 1 | 2 | 3 | 4 4 &5 e 7| 8
.59 ]3890(3899]3908/39173926]3036(3945/3954(3963|3972] 1 | 2 | 3 | 4 5 5 o] 7] 8
.60 [3981{3990/3999!4009|4018]4027]4036{4046]/4055(4064] 1 | 2 | 3 | 4 5| 6| 6f 7/ 8
.61 14074/4083/4093/4102/4111]4121]4130/4140[4150,4159] 1 | 2 [ 3 | 4 &l o6 7] 8 9
.62 14160[4178|4188[4108[4207]4217]4227[4236/|4246(4256] 1 | 2 | 3 | 4 5| 6/ 7] 8 9
.63 |4266[4276]|4285[4205(4305}4315|4325[4335(4345(4385] 1 | 2 | 3 | 4 5 ¢ 7| 8 9
.64 [4365[4375/4385|4395(4400]4416[4426/4436/4446(4457] 1 | 2 | 3 | 4 5| o 7] 8 9
.65 |4467(4477(4487)|4498/|4508|4519(4529]4533]4550(4560] 1 | 2 | 3 | 4 G| o6f 7| 8 9
.66 |4571[4581(|4592(4603[4613]4624/|4634]4645/4656[4667] 1 | 2 | 3 | 4 5, 6 7| 9f 10
.67 |4677[4688(4699/4710]4721}4732|4742(4753(4764|4775} 1 | 2 | 3 | 4 5| 71 8] 9] 10
.68 |4786[4797/4808/4810[4831]4842|4853(|4864 (48754887} 1 | 2 | 3 | 4 6| 7! 8 9 10
.69 [4898[4909(4920/4932[4943|4955[4966(4977(4989/5000} 1 | 2 | 3 | b 6| 7| 8 9|10
.70 ]5012(5023/5035|5047|5058]5070|5082(5093|5105(5117) 1 | 2 | 4 | & 6] 7| 8 9f11
.71 |5129]5140|5152{5164|5176]|5188|5200|5212(6224|5236] 1 | 2 | 4 | b 6| 7| 8| 10| 11
.72 |5248(5260(5272(5284(5297]5309(5321|5333(5346(5358] 1 | 2 | 4 | b el 7| 9f 10 11
.73 15370(5383(5395]54085420]5433|5445{5458|5470(5483] 1 | 3 |4 | b 6| 8 9| 10| 11
.74 |5495(5508]|5521|6534|5546]5650|5572|5585|5508{5610 1 | 3 | 4 | & 6| 8 9] 10| 12
.78 15623|5636)5649(5662|567515689|5702]5715[5728/5741} 1 | 3 | 4 | & 71 8 9| 10} 12
.76 15754|5768(5781(57945808]5821/5834|5848|5861|6875] 1 | 3 | 4 | b 71 8 9f 11} 12
.77 15888(5902|5916(5929 [5943]5957(5970]5984|5998/6012] 1 | 3 | 4 | & 71 8| 10[ 11} 12
.78 16026(6039(6053/6067(6081]6095{6109(6124(6138/6152] 1 13 | 4 | ¢ 7| 8| 10} 11} 13
.79 16166/6180(6194|6209]6223]6237|6252/6266(6281/6295) 1 | 3 | 4 | 6 71 9 10| 11} 13
.80 16310(6324(6339|6353(6368]6383(6397/6412|6427|6442] 1 | 3 | 4 [ G 71 9f 10f 12| 13
.81 |8457|6471|6486|6501/6516]6531/6546/6561 6577168021 2 |3 |5 |6 8{ 9] 11} 12} 14
.82 |6607[6622/6637)|6653|6668]6683|6699]6714(6730/6745] 2 | 3 5]¢6 81 9| 11} 12| 14
.83 |6761|6776/6792|6808|6823]6839|6855|6871[6887|6902] 2 | 3 | 6 | 8] 9] 11} 13| 14
.84 16918[6934(6950(6966 [6982]6998{7015{7031|7047|7063] 2 { 3 | 5 | © 8| 10{ 11} 13| 15
.85 |7079]7006]7112{7120{7145]7161(7178|7194[7211/7228}) 2 | 3 | 5 | 7 8| 10| 12| 13| 15
.86 |7244|7261|7278|7295[7311|7328/7345[7362(7379(7396] 2 [ 3 | 6 | 7 8| 10{ 12{ 13} 15
.87 17413|7430|7447(7464(7482]7499|7516|7534|7551|7668] 2 | 3 | 5 | 7 9| 10) 12| 14| 16
.88 17586(7603|7621]|7638/7656|7674(7691[7709|7727|7746] 2 | 4 | 5 | 7 9| 11| 12| 14| 16
.89 17762]7780[7798|7816/7834|7852(7870(7889(79077928| 2 | 4 | 5 | 7 9f 11| 13| 14| 16
.00 |7943/7962/7980{7998|8017]8035{8054(8072]8091/8110] 2 | 4 | 6 | 7 of 11| 13| 18] 17
.91 18128/8147/8166(8185/8204}8222(8241/8260(8279(5299] 2 | 4 | 6 | 8 ol 11| 13| 15| 17
‘92 |8318|8337|8356(8375(8395]8414(8433(3453(8472]8492] 2 | 4 | 6 | 8 | 10f 12 14| 15| 17
.03 |8511/8531(8551|8570/35690]8610/8630/8650(8670|8690] 2 | 4,| 6 | 8 | 10 12| 14| 16| 18
.94 18710|8730|8750(8770/8790|8810[8831/|8851/8872/8802] 2 | 4 | 6 8 | 10| 12| 14| 16| 18
.95 18913/8933|8954(8974(8095/9016(0036/9057|9078/0099} 2 | 4 | 6 | 8 10{ 12| 15| 17| 19
‘06 lo120]9141|9162[9183/9204/0226[9247/9268/0290/9311] 2 | 4 | 6 | 8 | 11 13| 15| 17| 19
.97 |0333(9354/0376(9397]9410/9441(9462|9484/9506(9528} 2 | 4 | 7 | 9 11} 13| 18| 17| 20
.98 |0550/9572(9504|961619638]9661(96839705(0727 9750 2 | 4 7|19 | 11f 13| 16] 18] 20
.99 [9772|9795(9817]9840/9863}9886(9908/0031/9954 9977} 2 5179 11 14| 16{ 18 20







Acetate, detection of, 2900
identification of, 274
reactions of, 265

Acetic acid, ionization of, 55

Acid, definition, 9

Acids, as reagents, 23
ionization of, 53
neutralization of, 96

Activity coefficient, 19

Alloys, analysis of, 316

Aluminum, detection of, 306
identification of, 197
reactions of, 184

Ammonia, as reagent, 24

Ammonium, detection of, 315
identification of, 216
reactions of, 211

Ammonium carbonate group, 201

Ammonium sulfide group, 172

Amphoterism, 89, 200

Analysis, systematic, 276

Anions, analytical grouping, 221
diagrammatic scheme, 222
Mhctions of, 220

Antimony, detection of, 302
identification of, 167
reactions of, 157

Apparatus list, 327

Arsenate, detection of, 285
identification of, 241
reactions of, 232

Arsenic, detection of, 301
identification of, 166
reactions of, 151

Arsenite, detection of, 285
identification of, 240
reactions of, 231

Atomic structure, 5

Avogadro’s number, 4

Barium, detection of, 312
identification of, 208

INDEX

341

Barium, reactions of, 201
Barium nitrate group, 241
Base, definition of, 9
Bases, ionization of, 58
Bismuth, detection of, 300
identification of, 150
reactions of, 138
Bonds, covalent, 7
Borate, gletection of, 284
identification of, 240
reactions of, 227
Bromide, detection of, 289
identification of, 264
reactions of, 258
Bronsted-Lowry theory, 12
Buffer solutions, 61

Cadmium, detection of, 301
identification of, 151
reactions of, 113

Calcium, detection of, 313
identification of, 209
reactions of, 204

Calcium nitrate group, 223

Carbonate, detection of, 283
identification of, 239
reactions of, 223

Cations, analytical grouping, 116

Group I, 119
Group 11, 133
Group 111, 172
Group 1V, 201
Group V, 209

test solutions of, 329

Chclate compounds, 86

Chlorate, dectection of, 289
identification of, 274
reactions of, 265

Chloride, detection of, 289
identification of, 264
reactions of, 259

Chromate, detection of, 286



342

Chromate, identification of, 245
reactions of, 243

Chromium, detection of, 307
identification of, 198
reactions of, 187

Cleaning solution, 109

Cobalt, detection of, 305
identification of, 195
reactions of, 176

Colloidal precipitates, 111

Colloidal systems, 73

Common-ion effect, 59, 170, 200

Complex ions, 73, 131, 171
structure of, 81
theory of, 79

Concentrations, molar, 26

Conjugate pair, 10

Coordination number, 83

Copper, detection of, 301
identification of, 150
reactions of, 141

Coprecipitation, 76

Cyanide, detection of, 287
identification of, 253
reactions of, 248

-

Debye-Hiickel theory, 17
Decantation, 112
Density tables, 330

Electrochemical theory, 100
Electrode potential, 102
Electrolytes, 3
Electron transfer, 5, 35, 100
Equilibrium, 50
Law of Chemical, 50
applied to complex ions, 79
applied to hydrolysis, 93
applied to ionization, 53
applicd to precipitation, 63
applied to redox reactions, 103
Exponents, 28

Ferricyanide, detection of, 287
reactions of, 251

Ferroeyanide, detection of, 287
identification of, 253

INDEX

Ferrocyanide, reaction of, 250

Filtration, 112

Flame test, for alkali metals, 217
for alkaline earths, 208, 209
for borate, 229 ‘
for tin, 163

Fluoride, detection of, 284
identification of, 240
reactions of, 226

Gels, 75
Gram-ion, 25
Gram-mole, 25

Half-cell, 33

Hydration of ions, 13

Hydrochloric acid group, 119

Hydrogen sulfide theory, 168
group, 133

Hydrogen-ion concentration, 95

Hydrolysis, 97, 199

Hydrolysis constants, 99

Instability constants, 81
Iodide, detection of, 288
identification of, 263

reactions of, 255
Ion-electron method, 35
Ionization, 4

of acetic acid, 55

of acids, 57

of bases, 58

constants, 53

extent, 14

table of, 15, 16

table of constants, 59
Interference, 291

oxalate, 308

phosphate, 310

tartrate, 308
Iron, detection of, 306

identification of, 197

reactions of, 181

Laboratory instructions, 109
Lead, detection of, 295, 299
identification of, 128, 150




Lead, reactions of, 124, 136
Le Chatelier’s Principle, 53

Magnesium, detection of, 314
identification of, 216
reactions of, 210

Manganese, detection of, 306
identification of, 196
reactions of, 178

Mass action, 48

Mercury (ic), detection of, 299
identification of, 149
reactions of, 134

Mercury (ous), detection of, 296
identification of, 128
reactions of, 122

Minerals, analysis of, 318

Nickel, detection of, 305
identification of, 195
reactions of, 173

Nitrate, detection of, 200
identification of, 274
reactions of, 269

Nitrite, detection of, 290
identification of, 274
reactions of, 267

Non-electrolytes, 3

Ores, analysis of, 318
Oxalate, detection of, 284
identification of, 240

reactions of, 225
Oxidation-reduction, 132
defined, 32
Oxidizing agents, 44

Periodic table, 115

pH values, 95

Phosphate, detection of, 285
identification of, 241
reactions of, 233

Postprecipitation, 77

Potassium, detection of, 314
identification of, 217
reactions of, 212

Potential series, 102

Precipitates, properties of, 71

INDEX

Precipitation, 68
fractional, 70
technique, 111
theory, 63, 129

Proton, 5

Reaction velocity, 48
Reactions, classification of, 30
ionic nature of, 29
reversible, 49
Reagents, 20
classification, 21
list, 323
use of, 111
Redox reactions, 31, 172
balancing, 41
Reducing agents, 45

Salt effeet, 72
Salts, 13
Silicates, analysis of, 319
Silver, detection of, 206
identification of, 128
reactions of, 119
Silver nitrate group, 253
Sodium, detection of, 314
identification of, 217
reactions of, 214
Sols, 74
Solubility, limits of, 2
Solubility product constants, 65
table, 67
principle, 63
Solutes, 3
Solutions, 1
buffer, 61
colloidal, 73
molal, 24
molar, 24
normal, 24
Snecifie gravity tables, 330
Strontium, detection of, 313
identification of, 208
reactions of, 203

. Sulfate, detection of, 286

identification of, 245
reactions of, 242
Sulfide, detection of, 287
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Sulfide, identification of, 252
reactions of, 246

Sulfide precipitation theory, 168, 199

Sulfite, detection of, 284
identification of, 240
reactions of, 229

Tartrate, detection of, 286, 308
identification of, 241
reactions of, 235

Test solutions, anions, 329
cations, 328

Thiocyanate, detection of, 288
identification of, 263
reactions of, 254

Thiosulfate, detection of, 288
identification of, 263

Thiosulfate, reactions of, 253

Tin, detection of, 303
identification of, 167
reactions of, 160

Valence, bonds, 5, 8
coordinate, 8
variable, 9
Valence-electron method, 38

Water equilibrium, 93
Werner theory, 83

Zinc, detection of, 307
identification of, 198
reactions of, 189

Zinc nitrate group, 246









INTERNATIONAL ATOMIC WEIGHTS
1943
Reprinted from the Journal of the American Chemical Society

Sym-| Atomic | Atomic Sym-| Atomic | Atomie
bol |Number| Weight bol | Number| Weight

Aluminum. Al 13 26.97 Molybdenum..| Mo 42 95.95
Antimony. Sb 51 121.76 Neodymium. .| Nd 60 144 .27
Argon....... A 18 39.944 || Neon........ Ne 10 20.183
Arsenic...... As 33 74.91 Nickel....... Ni 28 58.69
Barium...... Ba 56 137.36 Nitrogen..... N 7 14.008
Beryllium....| Be 4 9.02 Osmium...... Os 76 190.2
Bismuth..... Bi 83 209.00 Oxygen. ..... (0] 8 16.0000
Boron....... B 5 10.82 Palladium....| Pd 46 106.7
Bromine.. ... Br 35 79.916 || Phosphorus...| P 15 | 30.98
Cadmium....| Cd 48 112.41 Platinum..... Pt 78 195.23
Calcium. .... Ca 20 | 40.08 Potassium....| K 19 39.096
Carbon...... C 6 12.010 || Praseodymium| Pr 59 140.92
Cerium. . .... Ce -68 140.13 Protactinium..| Pa 91 231
Cesium. . .... Cs 55 132.91 Radium...... Ra 88 226.05
Chlorine. . . .. Cl 17 35.457 || Radon....... Rn 86 222
Chromium...| Cr 24 52.01 Rhenium..... Re 75 186.31
Cobalt. ..... Co 27 58.94 Rhodium..... Rh 45 102.91
Columbium Cb 41 92.91 Rubidium....| Rb 37 85.48
Copper. ..... Cu 29 63.57 Ruthenium. . .| Ru 44 101.7
Dysprosium..| Dy 66 162.46 Samarium. ...| Sm 62 150.43
Erbium...... Er 68 167.2 Scandium. .. .| Sc 21 45.10
Europium....| Eu 63 152.0 Selenium. . ... Se 34 78.96
Fluorine. .. .. F 9 19.00 Silicon. ...... Si 14 28.06
Gadolinium Gd 64 166.9 Silver........ Ag 47 107.880
Gallium. . ... Ga 31 69.72 Sodium. ..... Na 11 22.997
Germanium Ge 32 72.60 Strontium Sr 38 87.63
Gold........ Au 79 197.2 Sulfur........ S 16 32.06
Hafnium..... Hf 72 178.6 Tantalum....| Ta 73 180.88
Helium. . .... He 2 4.003 || Tellurium....| Te 52 127.61
Holmium Ho 67 164.94 Terbium. . ... Tb 65 159.2
Hydrogen.. H 1 1.0080|] Thallium..... Tl 81 204.39
Indium...... In 49 114.76 Thorium. . ... Th 90 232.12
Yodine....... I 53 126.92 Thulium. .... Tm 69 169.4
Iridium...... Ir 77 193.1 Tin.......... Sn 50 118.70
Iron......... Fe 26 55.85 Titanium..... Ti 22 47.90
Krypton..... Kr 36 83.7 Tungsten..,..| W 74 183.92
Lanthanum La 57 138.92 Uranium. . ... U 92 238.07
Lead........ Pb 82 207.21 Vanadium....| V 23 50.956
Lithium..... Li 3 6.940 || Xenon....... Xe 54 131.3
Lutecium....| Lu 71 174.99 Ytterbium Yb 70 |-173.04
Magnesium. .| Mg 12 24.32 Yttrium...... Y 39 88.92
Manganese...{ Mn 25 54.93 Zinc......... Zn 30 65.38
Mercury..... Hg 80 200.61 Zirconium. ...| Zr 40 91.22
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