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PREFACE

The graduate training of chemists should involve advanced work
in each of the fundamental fields of chemistry: inorganie, physical,
organic, and analytical. This advanced analytical chemistry should
be divided about equally between chemical methods of analysis
and physico-chemical or instrumental methods of analysis.

This book has been written as a text for that part of the work
dealing with chemical methods of analysis and the emphasis has
been placed upon chemistry. The book is largely devoid of physico-
chemical theory but it is rich in the factual inorganic chemistry
useful to the practicing chemist and essential to the development
of chemical intuition in the embryonic chemist. The authors feel
that nowhere else can so thorough a knowledge of inorganic chem-
istry be acquired as by an extensive study of the analytical chem-
istry of the elements.

This text has been designed as a companion volume to Willard
and Furman, Elementary Quantitative Analysis. As such, the
treatment of certain subjects has been deliberately made supple-
mentary in nature rather than complete. This may occasionally
cause the reader some inconvenience but a considerable saving in
the size and cost of the book has been effected by eliminating ex-
tensive duplication of the material found in the elementary book;
and this may be remembered in a few cases where it may be neces-
sary to consult the beginning book for background material. Page
references are given to the third edition of Willard and Furman;
these will assist in correlating the information of the two texts.

The first third of the book is devoted to a discussion of the gen-
eral methods of chemical analysis; the topics are taken up in the
order in which they are met in the course of an analysis, the prob-
lems of sampling, the methods of decomposing and dissolving ma-
terials, the methods of concentrating small amounts of materials,
the various methods of separating the elements, and so on through
to the methods of reporting the results. The second third of the
text is devoted to the analysis of iron ore, steel, and silicate rock,
and has sections devoted to the analytical chemistry of each of the
elements encountered. Directions for laboratory work accompany

vii
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this portion of the book. The last third of the book is a discussion
of the analytical chemistry of each of the elements not studied
earlier; the common and most of the rarer elements are treated.
The order in which the elements are discussed is that of the periodic
table, and sufficient information is given to supply the student with
the basic information needed for solving the problems involved in
the analysis of complex inorganic mixtures. A large number of
references to the original literature have been included with suffi-
cient information to make possible a decision as to the adaptability
of a specific method to a particular case. The methods included
are the result of a rather critical examination of a large number
which have been proposed.

A discussion of the methods of determining the atomic weights
of the elements has been included. The fundamental nature of this
subject demands that the student be at least familiar with the
principal aspects of the problem, and a knowledge of the care and
refinement of technic requisite to attaining atomic weight precision
and accuracy cannot fail to have a wholesome cffect on the atti-
tude of the student toward the results of his own laboratory work.

Although directed primarily toward the teaching of quantitative
analysis at the graduate level, the book may also find use by the
more advanced undergraduate students, particularly perhaps by
those interested in metallurgical analysis.

The observing reader will not fail to note that the majority of
the literature references given are to the Analytical Edition of In-
dustrial and Engineering Chemistry. This is neither accident nor
narrow nationalism. Analytical Chemistry in America has ex-
panded and matured, and in its fifteen years, the Analytical Edition
has kept pace, faithfully sifted and recorded the results, and ac-
cepted the responsibilities of the dominant journal in the field. At
the same time there has emerged in this country a professionally
conscious group of analytical chemists and teachers of analytical
chemistry, its nucleus being the Division of Analytical and Micro
Chemistry of the American Chémical Society. To a certain extent
the references cited in this text mirror the progress of this group
and it is sincerely hoped that this progress will continue unabated
and the science and profession of analytical chemistry be further

strengthened and developed. Hoane H. WiLLARD

April, 1943 Harvey DieHL
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CHAPTER 1
NOTES TO STUDENTS

ATTITUDE AND APPROACH TO LABORATORY WORK

So we have two classes of workers in the analytical field, the de-
terminators and the analysts. The determinators, who are by far the
more numerous, may in turn be divided into two general classes: first,
the common determinators who follow a method explicitly, without
knowledge or concern as to the reactions involved; and second, the
educated determinators who can handle systems containing one or per-
haps two variables, or who, like determinators of pH, are chiefly inter-
ested in group effects and make no effort to go beyond this. The first
are the laborers. They need not be chemists, and they require constant
supervision. The second are the white-collar workers who exhibit the
usual extremes of workers in this classification. The determinator’s
salvation lies in the development of truly selective methods of analysis,
and his final resting place will be a heaven in which he has a shelf
containing 92 reagents, one for each element, where No. 13 is the
infallible specific for aluminum, No. 26 the sure shot for iron, No. 39
the unfailing relief for yttrium and so on to uranium.

As for the analyst, he is a comparatively rare bird and is often
referred to as a disappearing species, ke the old family practitioner
who does the best he can, guided by theory and experience, of which
the most comforting is experience. It must be admitted that one of the
reasons for the gradual disappearance of the analyst is the anomaly that,
in spite of the fact that he works entirely with material things, his
reward is chiefly spiritual. Who ever heard of a consulting analyst, or
of an analyst who patented a new method of analysis or incorporated a
company to promote its use? Other reasons for the scarcity of the
analysts are perhaps the peculiar characteristics, some inherent and
some acquired, that he must possess. He must have the inquisitive
habit of a detective, for oftentimes the composition of the material
under test is absolutely unknown. He must be an expert manufacturer
of pure chemicals, for on this ability the success of his gravimetric
determinations depends. He must be an efficient dispenser of liquids
of which he knows the exact effect. And, above all, he must serve a
long apprenticeship, and keep in constant practice—~LUNDELL.

1 From “The Chemical Analysis of Things as They Are,” Ind. Eng. Chem.,
Anal. Ed., B, 221 (1933) ; recommended reading for all who would be chemists.
1



2 NOTES TO STUDENTS

It is of the greatest importance that before beginning work the
analyst should have a thorough understanding of the entirec method
of the andlysis projected and should know the chemistry involved,
the sources of error, the presence or absence of interfering materials,
and the reasons for the order pursued and the mechanical details
adopted. A worker who blindly follows a written procedure may
develop skill in manipulation but will never become a chemist. The
methods of analysis used in the courses for which this text is de-
signed are typical ones which illustrate general principles and tech-
nics. These may be applied to other cases than the ones studied,
but this requires a complete knowledge of the reactions and prin-
ciples involved. Therefore, in the recitation work, special emphasis
will be laid upon the theory, general principles, chemical reactions,
applications, and errors of the various methods, and little attention
will be paid to manipulative details. Skill in manipulation is judged
by the accuracy of the analyses, but a knowledge of the subject,
which is of more importance, is judged by the ability to apply it to
new problems and to familiar substances under new conditions and
to detect errors and to devise possible improvements in old processes.

The greatest problem of laboratory work is the efficient use of
the time available. Laboratory work should be planned ahead and
arrangements made for carrying on simultaneously as many opera-
tions as possible. When long evaporations are required, the time
should be filled in with other work; and long, preliminary opera-
tions should be started early enough so that they will be finished
by the time they are wanted. Idle moments can be filled in with
minor jobs such as cleaning glassware, marking and igniting cru-
cibles, and so on. With proper planning there will be no waste of
time and the effort of looking ahead will be amply rewarded.

The Use of the Literature. Acquiring a familiarity with the
chemical literature is of fundamental importance in the training of
a chemist. In schools where a special course in the use of the chem-
ical library is given, this may be more or less compulsory; in other
places it is largely a matter of individual effort. Next to actually
having the knowledge itself, a knowledge of where to find informa-
tion is most important. The details of the multitudinous methods
which may be drawn upon are beyond the memory of any one chem-
ist, and frequent reference to the literature is not only a remunera-
tive method of avoiding mistakes but also a stimulating source of
new ideas.
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The methods of analyzing most commercially important mate-
rials have been largely standardized by the various societies such as
The American Society for Testing Materials, The American Public
Health Association, The Association of Official Agricultural Chem-
ists, The United States Pharmacopoeial Convention, and others.
The publications of these societies contain detailed directions for
the analysis of many materials and together with the standard ref-
erence books of various subfields constitute the first literature to be
consulted. An extensive bibliography of the chief texts in the vari-
ous fields of analysis is given in Willard and Furman, 3rd Ed., pp.
480-492.

In the case of minerals, and to a lesser extent, alloys, it is not
likely that there will be found in the literature a method of analysis
of a particular subject, but the relevant material will probably be
found under the elements composing the substance. Many of the
best analytical separations are to be found only in the various
chemical journals, and have not yet found their way into any of
the books on the subject. In a science where so many new discov-
eries are constantly being published, no book can be fully up to date.
A few hours spent in the library searching the journals is frequently
a means of saving many hours in the laboratory rediscovering some-
thing already known and reported.

A definite and systematic plan for covering the literature on the
analytical chemistry of a particular substance is given in the text
by Soule.? Much excellent advice on the subject of the analytical
literature will be found in this place, as well as an extensive bibliog-
raphy of analytical books, compilations, and journals, together with
comments on their general utility.

OUTLINE OF LABORATORY WORK

The laboratory work presented in this text has been chosen to
illustrate a variety of methods with respect to the chemistry and
the general procedure involved. A number of the determinations
are those commonly made in commercial and industrial practice and
they are on the whole more difficult than those carried out in the
elementary courses. In fact some of the determinations are among
the most difficult of all the analyst is called upon to make. The

28oule, Library Guide for the Chemist, The McGraw-Hill Book Company,
Inc., New York, 1938, pp. 168-183.
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materials analyzed and the order in which the analyses are under-
taken are, first, the analysis of iron ore or steel for the minor con-
stituents, next the analysis of an alloy steel for the alloying metals,
then the determination of sodium and potassium in an insoluble
silicate, and finally the qualitative and quantitative analysis of
some unknown substance.

For convenience the material dealing with iron ore and steel has
been treated together, this being possible because many of the de-
terminations made are common to both materials and have many
similarities in the chemistry and procedure. The determinations
made on iron ore or steel are: loss on ignition, total iron, aluminum,
titanium, manganese, carbon, silica, phosphorus, and sulfur. Sug-
gestions as to the general consideration of these analyses, the pro-
cedures to be followed, and the method of reporting the results are
given on pp. 131 and 133.

The alloy steel is analyzed for chromium, vanadium, tungsten,
and molybdenum. The material dealing with these metals follows
the section devoted to iron ore and plain carbon steel. Nickel, cop-
per, and cobalt, which could also rightfully be termed alloying
metals, are dealt with in a later section of the book, but the discus-
sion of the analytical chemistry of these metals includes the methods
and procedures for their determination in steel.

The chapter dealing with the determination of sodium and potas-
sium and the decomposition of insoluble silicates for their determi-
nation follows that on alloy steel. It is recommended that in the
determination of sodium the sample be decomposed by the hydro-
fluoric acid-sulfuric acid or the hydrofluoric acid-perchloric acid
method, and the sodium be determined directly by the triple acetate
method; and that for the determination of potassium, the sample
be decomposed by the hydrofluoric acid-fluosilicic acid distillation
method, and the potassium determined by the perchlorate method.

The final problem is the qualitative and quantitative analysis of
some unknown material such as a mineral, alloy, or commercial
product. A careful qualitative analysis is made, bearing in mind
the data which should be secured concerning the approximate com-
position. When the constituents are known, the name, nature and
uses of the material should be found if possible. After the required
information has been obtained, a report is submitted to the in-
structor, who will indicate any errors. Next a scheme is worked
out for the complete quantitative analysis of the substance. The
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principles discussed on pp. 39 and 404 should be considered care-
fully. Knowledge already gained and the information which can
be found in the literature should be employed fully, and imagina-
tion and ingenuity should be exercised in devising new methods for
difficult or new problems. The instructor will give advice when
necessary. The proposed scheme of analysis is then submitted in
written form to the instructor who will indicate any objections or
possible improvements. Until the method of analysis has been ap-
proved, the analysis should not be started, otherwise time may be
wasted on a method that will not serve the purpose. As the analysis
proceeds, it may be found desirable to make further changes in the
original plan, and if any improvement is seen, it should at once be
discussed with the instructor. At the end, a detailed description of
the method actually used is handed in for permanent record, to-
gether with any comments or suggestions, and the results of the
analysis reported in the proper manner.

THE KEEPING OF RECORDS

As for estimating the accuracy of his work, it can be said that the
determinator is usually an optimist in thought and expression, while the
analyst is a confirmed pessimist. The determinator reports silica in
glass as 71.61, if not 71.611. The analyst, who knows that he is doing
nicely to insure results in the first decimal place, reports 71.6 and thus
is honest with himself and deceives no one as to his powers.—LuUNDELL.

The prime importance of a notebook is to preserve the record.
Naturally, then, the principal concern is that the record be legible
and intelligible at some later date when the record is cold and all
memory of the event has been long lost. Preferably the notebook
should be a bound book with fixed pages and of sufficient value
that it will not be lightly discarded. The record should be kept in
ink as this is most durable. The relevant data should all be entered,
including the date, the source, character, and number or other des-
ignation of the sample, all weights and readings taken during the
analysis, a brief mention of the method of analysis used, any nu-
merical factors introduced, the results with any explanatory com-
ment, and finally the signature of the analyst. The arrangement is
entirely an individual matter, but should be intelligible to another
without undue effort in the deciphering of shorthand symbols or
sloppy penmanship. Among the emphatic dow’ts of record keeping
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is the very pernicious habit of jotting down significant data on loose
scraps of paper. Equally bad is a numerical entry without ex-
planation.

The problem of significant figures, methods of computation, the
rejection of data, and related topics were discussed in Willard and
Furman, 3rd Ed., pp. 63-71. A more extensive treatment of these
subjects will be found in other places.® The method of computation
employed is a matter of convenience and speed for the individual.
The rejection of data should be justified by some definite reason or
observed fault in the process leading to the data. Data otherwise
apparently satisfactory but in disagreement with other data on the
same measurement should be rejected only on a probability basis
when it can be shown that the departure from the mean is far
greater than the average deviation, and this can not be done with
less than four values. The selection of data is a matter of experi-
ence, critical evaluation, and honesty. The mathematical rules gov-
erning significant figures are more definite, and precision should not
be confused with accuracy. But even in this, in chemical work,
much is left to personal judgement and to good taste.

THE USE AND CARE OF PLATINUM WARE

Platinum is attacked by many substances, particularly at a high
temperature. Free chlorine and bromine attack it easily, boiling,
concentrated sulfuric acid slowly, and the following materials attack
it so readily that they should never be heated in platinum vessels:

The hydroxides, nitrates, and cyanides of the alkali metals and

_ barium;

All sulfides or mixtures containing sulfur and a carbonate or
hydroxide;

Phosphorus, arsenic, and their alloys;

All metals, since they form alloys with platinum, and all com-
pounds easily reducible by the carbon of the filter paper or
by the flame gases, such as lead oxide, silver chloride, lead
sulfate, or stannic oxide.

Phosphates are without action on platinum unless reduced to
phosphides; because this may occur, owing to the action of the car-

8Yoe and Crumpler, Chemical Computations and Errors, John Wiley &
Sons, Inc., New York, 1940,
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bon of the filter paper or to the flame gases, it is safer to ignite all
phosphates, including pyrophosphates, in porcelain.

At high temperatures, platinum allows the gases of the flame to
diffuse through it quite readily and this may cause the reduction of
some substances not otherwise easily reduced. If the crucible is
open, diffusion into the air is so rapid that this effect is much less
noticeable, but in a covered crucible heated by a gas flame there is
a strong reducing atmosphere in the crucible. Ferric oxide heated
in this way is partly reduced to the metal; even in the presence of
fused sodium carbonate some reduction seems to occur. The iron
then alloys with the platinum, and no matter how thoroughly the
latter is cleaned, it will tarnish on ignition, due to the formation of
a film of ferric oxide. If this is removed and the crucible again
heated, the same thing occurs. This contamination is so common
that it is difficult to find a crucible entirely free from iron. It is
advisable, therefore, to use a porcelain crucible for the ignition of
iron compounds, or if platinum is used, to be sure that the erucible
is placed in a slanting position with free access to air. Another
illustration of this permeability of platinum is the reduction of
sodium sulfate. This salt may be fused in an open crucible without
change, but in a covered crucible it is partly reduced to sodium sul-
fide, as shown by treating it with dilute acid.

A platinum crucible should never be heated so that the inner
cone of the flame touches it. This causes the formation of a car-
bide of platinum and makes the crucible very brittle. Whenever
possible, the Meker burner should be used, since there is then no
inner cone and the flame is uniform.

When the surface of platinum becomes gray or crystalline, it
should be polished with sea sand or powdered pumice. If sand does
not readily remove all stains, fusion with potassium or sodium bi-
sulfate or sometimes borax, boiling with hydrochloric acid or with
nitric acid (but never with a mixture of the two) will usually be
effective. If this is not satisfactory, heating with a mixture of equal
parts of concentrated hydrofluoric acid and hydrochloric acid or
fusion with potassium acid fluoride will sometimes assist. Iron
stains are readily removed by heating the covered crucible with a
gram of ammonium chloride at the full heat of a burner.

Crucibles must always be kept polished, and must not be bent
or injured in any way. If they become deformed, they should be
reshaped on a form of the same style. Never try to rub out a dent
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with a glass rod, or by any similar process, since it will only make
matters worse. Take it to the instructor.

New platinum crucibles are often covered with a film of iron,
which should be removed by boiling in hydrochloric acid for an
hour or two before the crucible is heated. Otherwise the iron alloys
with the platinum and can not afterwards be completely removed.

THE USE OF PERCHLORIC ACID

The very properties of perchloric acid which make it so ex-
tremely useful in the analytical laboratory are those which make
its improper use hazardous. Hot, concentrated perchloric acid is a
powerful oxidizing agent and a powerful dehydrating agent; cold
and dilute, it has neither oxidizing nor dehydrating properties and
has only the characteristics of a strong acid.* When hot and con-
centrated, it is also a powerful solvent for such materials as stain-
less steel and ferro-alloys. This solvent power is often enhanced
by mixing it with phosphoric acid or sulfuric acid.

It follows then, that perchloric acid is dangerous only when hot
and concentrated and in the presence of some easily oxidizable ma-
terial such as organic matter. Perchloric acid can be used to de-
stroy organic matter, but nitric acid must always be added first
while the perchloric acid is still dilute. Notable exceptions to this
rule are coal and coke; here a contact catalyst such as chromic
acid is used to speed the oxidation. The nitric acid oxidizes the
easily oxidizable material which would act violently with concen-
trated perchloric acid, and the remaining more difficultly oxidizable
material is then finally destroyed by the concentrated perchloric
acid. Such procedures are widely used in the analysis of rubber,
leather, coal, and similar materials for their inorganic constituents.
A progression of colors, in the oxidation of organic material, chang-
ing from a light yellow, to a straw, to light brown, to dark brown,
generally precedes a perchlorate explosion. If such a color change

4 A thorough discussion of the preparation, properties, and uses of perchloric
acid will be found in the following booklets by G. Frederick Smith, published
by The G. Frederick Smith Chemical Company of Columbus, Ohio: Per-
chloric Acid, 4th Ed., 1940; Mixzed Perchloric, Sulfuric and Phosphoric Acids
and Their Applications in Analysis, 1935; Dehydration Studics Using Anhy-
drous Magnesium Perchlorate, 1934; Further Applications in the Use of
Perchloric Acid in Analysis, 1942,
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is observed, dilute the solution immediately or leave the vicinity
hurriedly.

Concentrated perchloric acid is marketed as 60 or 72 per cent
acid and is a perfectly stable chemical which can be kept for any
length of time. Anhydrous perchloric acid or acid of greater con-
centration than 85 per cent explodes ultimately on standing and
should never be made in appreciable quantities or stored for any
period of time. A monohydrate of perchloric acid, corresponding
to 84.79 per cent perchloric acid, is perfectly stable and, having the
properties of a salt, is thought to be oxonium perchlorate, OH3ClOy.
Commerecial concentrated perchloric acid, on boiling at normal pres-
sure, concentrates to a constant boiling mixture of 72.4 per cent
perchloric acid and 27.6 per cent water, boiling at 203°. Boiling
perchloric acid solutions of this concentration or lower concentra-
tions is a perfectly safe operation.

Care should be exercised in places where quantities of perchloric
acid are being boiled that the perchloric acid vapors are not al-
lowed to accumulate as condensate, particularly on wood or dusty
hoods or flues. Such hoods are best made of tile or transite and
should be flushed out occasionally.

The filtration of a solution containing dilute perchloric acid on
filter paper is perfectly permissible, but washing should be excep-
tionally thorough to remove all perchloric acid if the filter is to be
ignited. Otherwise a violent deflagration or even an explosion may
occur during the drying. An additional final washing with dilute
ammonia, if permissible, eliminates this tendency.

Certain salts of perchloric acid, principally those of magnesium
and barium, are excellent drying agents, the former rivalling phos-
phorus pentoxide in effectiveness. These are very stable compounds
and highly satisfactory for practically all drying problems. They
should not be used in the presence of a strong acid and organic
matter, such as cotton, rubber stoppers, or organic liquids. Several
serious cxplosions have resulted from drying with magnesium per-
chlorate organic liquids which had previously been in contact with
sulfuric acid and had been poorly washed.

The perchlorates of all of the heavy metals are soluble in water,
and surprisingly, some metal perchlorates are soluble in organie sol-
vents. Advantage of this is taken in the separation of sodium and
potassium. Solutions of perchlorates in organic solvents in the pres-
ence of acids are dangerous, however, and should never be heated or
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triturated. Ethyl perchlorate and other perchlorate esters are vio-
lent explosives. An alcoholic solution of perchloric acid should
never be heated unless considerable water is present and on no ac-
count should be evaporated.

When properly used, perchloric acid and its salts are without
hazard, and hundreds of applications of them are being so continu-
ously developed as to make perchloric acid almost as indispensable
as nitrie, sulfuric, and hydrochloric acids. In many cases perchloric
acid has effected great savings in time and expense; it has simplified
and improved the accuracy of many analytical procedures; and in
many cases its application can be made to accomplish things which
can be done by no other method. However, before using perchloric
acid or its salts in a new application, consider the facts of the fore-
going discussion.



CHAPTER II

THE GENERAL OPERATIONS OF QUANTITATIVE
ANALYSIS

FACTORS WHICH AFFECT THE SPEED AND ACCURACY OF
ANALYTICAL METHODS

The policy of the older analysts, of whom Fresenius was the
most illustrious example, was to make as many analyses as possible
on the same sample. This procedure not only involves a consider-
able expenditure of time but also a loss of accuracy, since an error
in one separation affects the others. The trend of modern analytical
chemistry is toward methods which are not only accurate but more
rapid as well, and which, therefore, avoid long preliminary separa-
tions and make possible the direct determination of the substance
sought.

In selecting an analytical method or in devising a new one,
several things must be considered in evaluating its accuracy and
general suitability.

1. The number of operations should be as few and as brief as
possible, thus decreasing the chances of error and loss, and in-
creasing the accuracy and rapidity. This may be accomplished in
several ways.

a. Volumetric methods which do not require preliminary sepa-
rations of substances may be substituted for gravimetric methods
which do. For example, the determination of manganese in the
presence of iron, aluminum, zinc, and other metals, is best made
volumetrically, no separation then being required.

b. The substance desired may be precipitated first, especially if
it is one of the smaller constituents. If the reverse process is
adopted, it means that smaller samples must be used, and the ac-
curacy is often decreased for other reasons. For example, in the
presence of much iron, nickel may be precipitated by dimethylgly-
oxime, and aluminum by phenylhydrazine without first removing
the iron.

11



12 OPERATIONS OF QUANTITATIVE ANAL&SIS

c. Separate samples may be used for each determination when
possible. This usually involves the condition given under b. The
greatest chance for improvement in analytical separations lies in
finding reagents which will precipitate one or perhaps several metals
without precipitating any of the others. The precipitation of nickel
by dimethylglyoxime and of phosphoric acid by molybdate are ex-
amples of this. Organic compounds offer a promising field for inves-
tigation along this line, and the specificity of redgents can be fre-
quently greatly improved by tying up interfering materials in stable
complex ions.

2. The process should be free from inherent errors.

a. In gravimetric work, especially, the reaction should be one in
which occlusion, mixed-crystal formation, and adsorption are inap-
preciable, or if this is impossible, conditions should be so chosen
that these errors are at a minimum. It should be remembered that
the greater the concentration of the impurity in the solution, the
greater will be the amount carried down by the precipitate. Dilute
solutions are therefore used, and the precipitate may be dissolved
and reprecipitated when possible. Adsorption is a surface action
and is especially noticeable with amorphous precipitates such as
hydrous ferric oxide and silicic acid. No chemical compound is
formed. Therefore, not only does the concentration of other salts
in solution determine the amount adsorbed, but the amount of the
precipitate formed influences the result in the same way. This error
often can never be entirely eliminated, owing to the nature of cer-
tain preeipitates. Thus, iron can not be completely separated from
manganese, zine, cobalt, or nickel with ammonia. If, however, the
precipitate of hydrous ferric oxide is very small, the amount of the
metals adsorbed will be small, and often may be disregarded.

Mixed-crystal formation is a different phenomenon and occurs
largely with highly crystalline precipitates. It involves the forma-
tion of definite complex salts or molecular compounds. It is well
illustrated by the errors in the precipitation of barium sulfate in
the presence of salts of sodium, potassium, ammonium, calcium, and
ferric iron, some of the barium being replaced by one of the other
metals, forming small amounts of a sort of double salt such as
BaS0,+Fez(S04)3, and thus causing low results in the determination
of sulfur. Reprecipitation can not be used in this specific case al-
though it is usually applicable. In occlusion some of the mother
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liquor is included within the crystal. This occurs with potassium
perchlorate.

b. The precipitate should not be appreciably soluble, and the
wash solution should be chosen with care. The factors which affect
the solubility of precipitates, such as the common ion effect, the di-
verse ion effect, the effect of a large excess of the precipitating
agent, the formation of complex ions, the acidity of the solution, the
temperature, the nature of the solvent, and time were discussed
thoroughly in Willard and Furman, 3rd Ed., pp. 288-304, and will
not be elaborated here.

c. A precipitate of high molecular weight, such as the ammonium
molybdiphosphate precipitate used for the separation of phosphorus,
is always desirable, since this gives a small conversion factor. Un-
fortunately, there is seldom much choice in the matter.

d. In volumetric work the process should be preferably not an
empirical one but should be accurately expressed by an equation.
Although many empirical methods are in use, for lack of better
methods, they usually require experience and careful adjustment of
conditions to make them successful. The titration of zinc by ferro-
cyanide is quite empirical and not entirely satisfactory, but is com-
monly used.

e. The end-point of any titration should be distinct and not
much experience should be required to determine it accurately. The
end-point should occur exactly at the equivalence point, and the
correction for the excess reagent necessary to change the indicator
should be negligible or easily determinable.

f. In volumetric work, also, the equivalent weight of the sub-
stance being determined should be low, if there is any choice in the
matter.

3. The method should be one adapted to the amount of sub-
stance present. Certain methods are especially suitable for the de-
termination of small amounts, but are unsuitable for large amounts
of substances where the reaction often becomes irregular. Colori-
metric methods are especially desirable for very low percentages
of materials. Certain volumetric methods in which the equivalent
weight of the substance determined is exceptionally low are ap-
plicable to the determination of small amounts. This is also true
of gravimetric methods in which the compound weighed has a very
low content of the substance being determined. For example, only
a small amount of manganese can be oxidized to permanganate by
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persulfate; and only a small amount can be titrated by the direct
fluoride method, since the color of the complex manganic fluoride
soon becomes so dark as to obscure the end-point. The precipita-
tion of phosphate by molybdate is unsuitable for the determination
of large amounts of phosphorus because of the variable composition
of the precipitate and also because of its great bulk, but the method
is suitable for small amounts of phosphorus since the precipitate
contains only 1.64 per cent of phosphorus.

4. Accuracy may also be increased by using larger samples
provided this does not increase the difficulties of manipulation. A
practical limit is soon reached, however. In general, large samples
should be used for the determination of substances present in small
amounts, and small samples for the determination of the major con-
stituents. Thus, large samples are used for the determination of
aluminum, phosphorus, and sulfur in iron ore, but small ones for
the determination of iron itself. It may be assumed that most
methods have a certain absolute accuracy. Suppose that in a cer-
tain case the maximum error is 1 mg. If a 1 g. sample is taken, this
means 0.10 per cent, and if the total amount of the material being
determined is only 0.50 per cent of the sample, this is a relative
error of 20 per cent. If the weight of the sample is increased to
5 g., the relative error is only 4 per cent of the material being de-
termined.

5. Accuracy may somctimes be increased by determining a sub-
stance by difference. This is often a desirable method when the
separation and determination of some constituent of the mixture is
difficult or inaccurate. The method is subject to this restriction: if
a mixture of two substances A and B is weighed, then A may be
accurately determined by subtractmg the amount of B when the
accuracy with which B may be determined is equal to or, preferably,
greater than that in the case of A 4+ B. In such a case there is no
loss of accuracy in the determination of A. If B represents several
substances which are to be separately determined and their sum
subtracted, then the accuracy of each determination must be greater
than that of A 4 B, if there is to be no decrease in accuracy of A.
This greater accuracy may be attained (a) by using a larger sample
for B or (b) by using a method which is itself capable of greater
accuracy if the size of the sample is the same. For example, if the
per cent of pure metal in a commercial sample is required, as for
instance, iron, it is more accurate to determine the per cent of each
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of the impurities, carbon, sulfur, phosphorus, manganese, and sili-
con, and to obtain the iron by difference, than to determine it di-
rectly, for although the accuracy of a direct determination is about
0.10 to 0.20 per cent, that of the smaller constituents is not far from
0.02 per cent. If in an analysis, iron and aluminum are weighed
together as oxides, and the per cent of the iron is low while alumi-
num is present in larger amount, and if by using a separate large
sample it is pessible to determine the iron more accurately than the
combined oxides, then the aluminum can properly be obtained by
difference. If, however, conditions were reversed, aluminum could
not be accurately determined in this way, since a large sample could
not be used, and the principal error would be that involved in the
determination of iron.

6. Finally, accuracy may frequently be increased by running a
blank determination in which the entire process is carried through
under the same conditions under which the determination is made
but without the sample. The result of the blank is then subtracted
from that of the determination. Such a blank determination will
eliminate the errors caused by the introduction of materials by the
attack of glassware, or as an impurity in the reagents, or by contact
of solutions with the atmosphere. The attack of glassware by acid
solutions other than those of hydrofluoric acid is generally negli-
gible. Attack by alkaline solutions may be appreciable, particu-
larly if the solutions are hot or left for any length of time; indeed
such attack may be so serious that the blank may not counteract
the effect since there is no assurance that the extent of the attack
will be the same.

In recent years chemists have become prone to accept chemicals
as labelled by the manufacturers without checking them as to iden-
tity or purity. Although in some measure justified, this habit
should be decried, at least among analytical chemists. Since this
tendency can probably not be halted, the practice of running a blank
determination will at least aid in indicating major sources of im-
purity and of cancelling the effects of small impurities.

In running a blank determination, it should be stressed that the
blank be kept parallel to the determination throughout the entire
analysis. The same amounts of reagents should be added, the same
mechanical operations applied, and the periods of boiling and stand-
ing made identical. In general it is better to have a small blank
than none at all. In the case of gravimetric methods, the effect of
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the solubility of the precipitate may be eliminated by having a small
blank, but this is not true if there is no blank. A large blank is
undesirable in that it indicates a gross impurity in the reagents or
a serious miscarriage of the method, neither of which is likely to
be uniform to both the determination and the blank. In many de-
terminations it is not necessary to run a blank, in others it is im-
perative. Thus, the determination of sulfate by precipitation as
barium sulfate can usually be made without running a blank, but
the determination of the alkali metals, especially in a silicate where
the operations are quite involved, would mean little without one.

THE PROBLEMS OF SAMPLING

Since it is usually impossible and even undesirable to analyze
the entire mass of a material the analysis of which is desired, the
first task in an analysis is that of obtaining a portion of the ma-
terial which will suitably represent the whole. The operations of
securing this gross sample, of reducing it to a size suitable for trans-
portation to the laboratory, the further subdivision in the laboratory
to a convenient size for analysis, and the storage of the material
before analysis, present more difficultics than might be suspected to
exist from a superficial examination of the matter. Moreover, the
sampling phase of analytical work is exceptionally important, as
the old axiom that a chain is no stronger than its weakest link
applies without reservation to the series of operations involved in
making an analysis. And as a matter of fact, the sampling process
is frequently less accurate than the analytical methods subsequently
applied. It is evidently a waste of time, chemicals and effort to de-
termine a constituent with a much greater accuracy than that of the
sampling process. Obviously then, time and thought should be ex-
pended on the sampling operation, and when the problem at hand is
not worth such an effort, neither is the analysis warranted.

It may often be the case that it is impossible or extremely incon-
venient to obtain a second sample, as for example in sampling a
shipment of ore, which is most advantageously done at the time of
loading or unloading, or the sampling of an ore bed at some distant
or inaccessible point. The sampling, therefore, should be done cor-
rectly the first time.

Since the sample is taken to represent a much larger mass, and
from it the percentage of some constituent is to be determined and
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this value assumed to be correct for the entire mass, the primary
requirement of a sample is that it should be a representative portion
of the whole, Its composition should agree with the average com-
position of the material being sampled, at least within the accuracy
wanted for the determination of the constituent desired.

No perfectly general treatment of the theory of sampling ap-
pears to be possible. The problems vary widely with the nature
and the quantity of the material being sampled, and they often
finally resolve into a matter of critical judgment by the sampler
or, in the case of widely used or valuable materials, into rigid
adherence to empirically established procedures. The methods of
sampling commercially important materials are generally very well
prescribed by various societies intcrested in the particular mate-
rials involved: water and sewage by the American Public Health
Association, metallurgical products, petroleum, and materials of
construction by the American Society for Testing Materials, road
building materials by the American Association of State Highway
Officials, and so on. These procedures are the result of extensive
experience and exhaustive tests, and are generally so definite as to
leave little to the individual judgment. Where sampling technic is
not established by some such organization, a search of the literature
will generally disclose an investigation of the particular problem.
The indices of Chemical Abstracts furnish an enormous bibliog-
raphy on sampling. Lacking a known method, the analyst can do
pretty well by keeping in mind the general principles and the chief
sources of trouble as discussed subsequently.

The sampling of solids is complicated by the inhomogeneity of
the material, the variation in composition from piece to piece within
the body of the material or within a single piece, and by differences
in specific gravity between the particles composing the mass. A
mixture of potassium sulfate and sodium chloride, thoroughly
ground in a ball mill and fine enough to pass a 150-mesh screen,
such as is given to elementary students for the determination of
sulfate, may be sampled by simply dipping into the container with
a spatula. On the other hand, with a shipment of coal consisting
of large discrete particles of coal and perhaps of slate and also
having fine material running higher in ash, the mere random col-
lection of a few pounds of coal certainly will not yield a sample
which will be representative of the whole.
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Fine particles may differ considerably in composition from the
coarse particles derived by crushing the same material. For ex-
ample, the ash of coal runs considerably higher in the fine material
than in the coarse. Parr?! has shown that during the process of
grinding a coal and sifting through a series of sieves, the ash con-
centrates in the fines. In one experiment, for example, he found
that the portion retained on the 20-mesh screen contained 14.11 per
cent ash, on the 60-mesh screen 15.55 per cent ash, while the ma-
terial which passed through the 60-mesh screen contained 23.89 per
cent ash. Tt is therefore extremely important that the same propor-
tion of fine and coarse material find its way into the sample as
occurs in the bulk of the material. The fine material will accumu-
late in one place in the mass, at the bottom of a carload or directly
beneath the chute in a pile. Obviously, a sample taken from the
top of the car or from the outside of a pile will not be a true sample.

The greater the particle size and the greater the divergence of
the composition of the individual particles from the average, the
greater must be the size of the gross sample taken. Brunton,* who
did the first important work on the theoretical aspects of the sam-
pling of solids, developed a mathematical formula relating the size
of the gross sample with the particle size, the deviation in compo-
sition of the particles, the specific gravities of the constituent par-
ticles, and other factors. Although the formula was developed for
application to gold ores and is not immediately applicable to other
materials since it was developed in assay ton units, the general ob-
servations which were made are extremely pertinent and the entire
paper is recommended to the earnest student of the subject. An-
other very extensive theoretical treatment of the sampling of solids
is given by Baule and Benedetti-Pichler; * they relate the various
factors such as particle size, density, variation in composition, and
size of gross sample in a single, rather involved mathematical
formula.

Coal is a particularly difficult material to sample, and before the
standard method of the Bureau of Mines and the American Society
for Testing Materials was adopted, variations in the amount of ash
as high as 30 per cent were obtained on the same coal by different

1 Parr, Fucl, Gas, Water and Lubricants, 4h Ed.; The McGraw-Hill Book
Company, Inc.,, New York, 1932, p. 199.

2 Brunton, Trans. Amer. Inst. Mining Engrs., 25, 826 (1896).

3 Baule and Benedetti-Pichler, Z. anal. Chem., T4, 442 (1928).
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chemists. Bailey * analyzed the methods of sampling coal in great
detail. He found the ratio of the particle size to weight of the
sample, the so-called size-weight ratio, at the time of taking the
sample and during the subsequent reduction, to be the important
factor. The size-weight ratio required to give a certain degree of
accuracy to the sampling was found to be conditioned, however, by
the amount of ash due to slate; by considering both the size-weight
ratio and the slate present it was possible to establish certain limits
as to the size of the gross sample which must be taken and the maxi-
mum particle size which may be present during the reduction proc-
ess. Such limits have since been adopted; thus, the gross sample
must be at least 1000 pounds if the pieces are greater than 1 in., and
must be subdivided to 34 in. before reduction to 500 pounds, to 1% in.
before reduction to 250 pounds, and so on, down to the 15 pound
sample which is sent to the laboratory. The method of actually
carrying out the reduction of the gross sample is shown in Fig. 1
which is taken from the standard method of sampling coal of the
American Society for Testing Materials.® Obviously it is of little
value to analyze coal unless the sampling is well done and sufficient
coal is involved to warrant the time and effort of sampling.

Solid materials, such as metals, are sampled by sawing, milling,
or drilling. This operation should be carried out dry whenever pos-
sible, that is, without lubrication, but where the latter is necessary
the sample must be carefully washed with benzene and ether to re-
move oil and grease. Surface chips alone will not be representative
of the entire mass of a metallic material because of segregation of
the various constituents present, but their fair proportion should be
included in the sample. Segregation of certain constituents as a
molten mass cools is due to differences in the melting points of the
constituents, the growth of crystals of pure metal or compounds, or
to the immiscibility of the molten metals, and causes appreciable
variations in the composition of the material at different positions
in the resulting ingot. This is particularly true of low-melting,
non-ferrous alloys but is shown to a very marked extent in cast
iron and steel also. Segregation studies made at the Bureau of

4 Bailey, J. Ind. Eng. Chem., 1, 161 (1909). For an extensive bibliography
on the sampling of coal, see Bureau of Mines Technical Paper, 493 (1931).

5 American Society for Testing Materials, 1939, Book of AS.T.M. Stand-
ards, Philadelphia, 1939, Part III, p. 12.
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Standards ® on a steel ingot 20 in. in diameter and 70 in. long
showed a variation in carbon content from 0.58 per cent at the
bottom to 0.68 at the top, and at the top going from the outside to
the center of 0.65 to 0.68. Variation of composition with particle
size was also found, particularly with cast iron where the separation
of isolated graphite particles occurs, which introduces a variation in
composition with particle size. Care should, therefore, be taken
that the correct proportion of coarse and fine material finds its way
into the final sample for analysis, and that the sample be secured at
various positions and depths over the material.

Large bodies of materials are best sampled when moved. Grab
samples taken at random from a stationary mass are not very re-
liable. Samples taken at the intersections of a net spread over a
carload aid in getting a more representative sample, but it is diffi-
cult by such a scheme to get a fair sample if a great divergence in
particle size has created a vertical grading of coarse and fine ma-
terial. During the loading or unloading process, however, it is
possible to sample the mass at intervals and secure a more repre-
sentative portion. This operation may be done by hand, the work-
man, for example, throwing every twentieth shovelful into a sample
pile; such fractional shoveling schemes, however, tend to be erratic.
A variety of mechanical devices have been constructed to make the
sampling process automatic; a divided chute or riffle, or a series of
riffles with intervening crushing, sends a definite portion of the ma-
terial into a sample pile, or oscillating buckets cut through the
stream of material falling from a chute thus taking a sample from
the whole stream at dcfinite intervals. Apparatus for operations of
this type is quite highly developed, and, although independent of
any personal factor, is expensive; the sampling of ore material,
however, is often so important that during the shipment from seller
to buyer the material is frequently sent to a separate company for
sampling and crushing,.

Liquids of one phasc only are more likely to be homogeneous
particularly after the agitation received in shipment or transfer
from one container to another. Large volumes of liquid are best
sampled at various places, however, to aid in eliminating any in-
homogeneity, and this may be done by a thief sampler, which is a
vessel or a device holding a number of bottles which can be unstop-

¢ Lundell and Hoffman, Qutlincs of Methods of Chemical Analysts, John
Wiley & Sons, Inc., New York, 1938, p. 22.
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pered at various places through the liquid, see Figs. 2 and 3. A
pipe sample obtained by carefully lowering into the liquid an empty
pipe which can be closed in some manner when it reaches the
bottom has the merit of securing the correct proportion of two im-
miscible liquids present. Liquids flowing in pipes are best sampled
immediately following a pump, where the liquids will be better
mixed and immiscible liquids have not yet had time to separate.

Fia. 2. Thief Sampler. (Courtesy Fia. 3. Thief Sampler. (Courtesy
Fisher Scientific Co.) Fisher Scientific Co.)

Samples of gases are collected in bottles, conveniently provided
with stopcocks and either evacuated or filled with water, or a
syringe bulb attachment may be used to displace the air in the
bottle by the sample. The sampling of flowing gases, as, for ex-
ample, flue gas in a chimney where a temperature variation exists
from the outside to the center, must be made by a device which
will give the correct proportion of the gases in each annular incre-
ment; such sampling tubes have -been devised. The problems of
sampling gases are dealt with in detail in the texts devoted to the
subject of gas analysis.

The sample brought to the laboratory must usually be reduced
further in size before analysis. In this sampling of the sample, the
same problems are present as in taking the gross sample. In addi-
tion there arise others due to changes in the composition of the
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sample. The moisture content may change; this is particularly
serious with coal and a moisture determination is usually made on
the entire laboratory sample as received and before any reduction
in particle size is made; this air-dried material is then subdivided
and analyzed, and the analyses calculated back to the as received
basis. Hygroscopic materials in general will have to be handled in a
similar fashion, receiving suitable protection until weighed. Finely
divided material, otherwise non-hygroscopie, picks up moisture from
contact with air, and such finely ground samples must be stored in
air-tight containers or in desiccators. Other chemical changes may
go on during the grinding process, chemically combined water may
be given off or taken up, carbon dioxide may be absorbed, contact
with the oxygen of the atmosphere may cause oxidation of sulfides,
and so on.

On storage the material may undergo further changes, ferrous
compounds may be oxidized, alkalies may acquire carbon dioxide
from the atmosphere, and other similar changes may occur. The
sample may even react with the container, as a fluoride or strongly
basic material with glass or the tin lining of a metal container.

For his own protection the chemist should supervise the sam-
pling process or at least note the size and condition of the sample
when received and report the same with the results of the analysis.
This will relieve him of much controversy.

THE PREPARATION AND WEIGHING OF SAMPLES

The sample received at the laboratory will probably have to be
further reduced in size. The common laboratory apparatus for
mechanically crushing solid materials are the jaw crusher, the disc
pulverizer, and the ball mill. Large pieces are first crushed in the
jaw crusher, see Fig. 4, which consists of two steel plates, one sta-
tionary, and another which moves toward the first at the top, being
actuated by an eccentric which rotates with a heavy flywheel. The
material drops out at the bottom through an adjustable space be-
tween the jaws. The jaw crusher reduces the particles to about pea
size.

The material may be still further reduced in size by passage
through a disc pulverizer which will give a size suitable for further
grinding in a ball mill. The disc pulverizer, see Fig. 5, consists of
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two vertical, circular, cast iron plates, one of which rotates. The
rotating plate is convex and the stationary plate concave. The
plates are separated by a space which decreases from the top to the

Fia. 5. Disc Pulvtrizer. (Courtesy Fisher Scientific Co.)

bottom owing to the shape of the stationary plate. The material is
fed in at the top, is crushed between the plates, and drops out the
narrow opening at the bottom. Very hard materials take up some
iron on passing through the disc pulverizer.
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The ball mill, see .Fig. 6, is simply a porcelain crock which is
filled about one third with material and one third with flint pebbles
or porcelain balls; the crock is then rotated mechanically, the con-
tinuous striking of the pebbles and material reducing the particles
to any degree of fineness desired. The ball mill introduces no iron

Fic. 6. Ball Mill. (Courtesy Fisher Scientific Co.)

into the sample and very little silica, and mixes the material
thoroughly.

Small samples are best ground in a mortar of agate or mullite,
see Fig. 7, and this method is used when an extremely fine powder

Fia. 7. Agate Mortar.

is required. Mechanically operated agate mortars are on the mar-
ket which reduce the labor of grinding.

Exceptionally hard materials are crushed in a specially con-
structed stecl mortar, known as a diamond mortar, see Fig. 8. The
pestle of this mortar operates through a closely fitting steel collar,
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and is struck sharply with a hammer. The pestle should be rotated
between blows.

While very refractory samples may have to be ground to 200-
mesh to be subject to decomposition by fusion or by acids, in gen-
eral, material passing 100-mesh will be finely enough divided. Usu-
ally only a small portion of the sample is tested for fineness, it being
assumed that if a small portion of the sample passes completely
through the screen that the entire mass will do so. Because of

e |

Fi¢. 8. Diamond Mortar.

the variation of composition with particle sizc it is usually undesir-
able to sift the entire sample because the composition of the sample
may be altered if not all of the material passes through the sieve.
Sieves are made most commonly of wire cloth and are available in
sets in a variety of mesh per linear inch.! Care should be exercised
in the use of screens to prevent their damage. The screens should
be tapped or shaken lightly so that all of the material comes in con-
tact with the screen. Material should not be forced through the
screen by scraping or pressing, and the screen should be cleaned by
light brushing to free particles which may be caught in the meshes.
Sieves should be cleaned immediately after use to avoid corrosion.
For great amounts of screening, such as in the mechanical analysis

1For the specification and calibration of standard sieves see American
Society for Testing Materials, 1939, Book of A.S.T.M. Standards, Philadel-
phia, 1939, Part III, p. 534. The usual mesh sizes are 3%, 4, 5, 6, 7, 8, 10, 12,
14, 16, 18, 20, 25, 35, 40, 45, 50, 60, 70, 80, 100, 120, 140, 170, 200, 230, 270, 325,
and 400.
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for particle size, mechanical devices are available which rotate and
tap a set of sieves and save a great deal of labor.

For dividing the material after reducing the particle size, the
cone and quartering process illustrated in Fig. 1, p. 20, may be used.
The operation should be carried out on an ocilcloth or rubber sheet,
and it should be noted that it is the opposite quarters which are
combined and taken or discarded. The reduction in the amount
of material may also be made with a riffle, a laboratory model of

Fia. 9. Riffle. (Courtesy Fisher Scientific Co.)

which is shown in Fig. 9. The riffle consists of an even number of
narrow, sloping chutes of equal width, alternate chutes discharging
in opposite directions. A so-called split shovel is available for the
same purpose.

Finely divided materials absorb moisture when exposed to air;
they must therefore be dried before being subjected to analysis.
This is best done by placing the material in an unstoppered weigh-
ing bottle covered with a cap of filter paper and placing in a cov-
ered beaker in the drying oven at 100-110° for at least two hours.
When removed from the oven the bottle should be stoppered and
kept in a desiccator.

Since fine powders absorb moisture when exposed to air, samples
should be weighed out by difference, directly from the weighing
bottle into the beaker. The weighing bottle must not be opened too
frequently or the sample will absorb moisture and must be dried
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again. With constitucnts present to the extent of only a few per
cent, this is not of so much importance, but in the case of substances
present in large amount, as iron in iron ore, careful drying and
weighing are essential.

Metallic drillings and turnings need not be dried and are
weighed out on an open watch glass or picce of celluloid and
brushed into the beaker.

The accuracy with which a sample must be weighed will depend
on the percentage present of the constituent being determined. If
this is one of the major constituents and accurate results are desired,
the weighing must be accurately carried out. On the other hand,
for a constituent of low percentage, the sample nced not be weighed
out so carefully. Thus in the determination of carbon present to
1 per cent in steel, if an accuracy of 0.01 per cent is desired, this
may be secured, as far as weighing the sample is concerned, by
weighing to one part in a hundred or to 10 mg. on a 1 g. sample;
obviously then, the extra time which is required to weigh a sample
to 0.1 mg. should be saved.

The various topics connected with the process of weighing, with
making precise weighings to eliminate the difference in lengths of
the balance arms, the correction to weight in vacuum, and the
calibration of weights are treated in Willard and Furman, 3rd Ed.,
pp. 35-60. The correction to weight in vacuum need be applied in
the usual type of analytical work only when the accuracy exceeds
5-10 parts in 10,000; and even then it is simpler to use the so-called
rational atomic weights which are based on apparent or air weight,
rather than the regular international atomic weights which are
based on weight in vacuum.?

METHODS OF DISSOLVING THE SAMPLE

Preliminary Considerations. Many pure chemicals may be dis-
solved directly in water, but relatively few natural materials or
metallurgical products are water soluble, generally requiring treat-
ment with acids or mixtures of acids, or even a fusion with some

2 A thorough discussion of this problem is given in Kolthoff and Sandell,
Textbook of Quantitative Inorganic Analysis, The Macmillan Company,
New York, 1936, pp. 205-209. The rational atomic weights mentioned were
calculated for the use of brass weights; the table might not be entirely
suitable with the stainless steel weights now being marketed.
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basic or acidic flux. The procedure adopted for the solution of a
material will depend on the speed and convenience of the reagent
employed, the desirability of avoiding the introduction of substances
which interfere with the subsequent determinations or are tedious
to remove, and due consideration of the possible loss during the
solution process of constituents to be determined. In general, where
an appreciable amount of a material is soluble in acids, it is best
to dissolve this portion in acids, and to fuse the remainder, which
will then require less of the flux and introduce less material into
the solution.

In effecting the solution of substances and during an analysis,
continual care must be exercised that some constituent to be deter-
mined later is not lost by volatilization. Volatile weak acids are
lost on dissolving materials in stronger acids, and where these weak
acids arc to be determined, a closed apparatus must be used, as in
the analysis of a carbonate or sulfide, where the carbon dioxide or
hydrogen sulfide evolved may be collected and determined. Volatile
acids, such as boric acid, hydrofluoric acid, and the other halide
acids, and nitric acid may be lost during the evaporation of aqueous
solutions, and phosphoric acid may be lost when a sulfuric aecid
solution is heated to a high temperature.

Phosphorus may be lost as phosphine when a phosphide or
metallic material containing phosphorus is dissolved in a non-
oxidizing acid; and although silicon is not lost during the solution
of iron or steel in hydrochloric or sulfuric acids, a very definite loss
may occur by volatilization as silicon hydride when aluminum and
its alloys are dissolved in non-oxidizing acids.

Germanium tetrachloride, mercuric chloride, antimony trichlo-
ride, arsenic trichloride, and stannic chloride are volatilized from
hot hydrochloric acid solutions; and from hot sulfuric acid or nitric
acid solutions osmium, ruthenium, and rhenium may be lost by
volatilization as the oxides.

A very careful study * of the losses of the various metals from
solutions containing various mixtures of sulfuric acid, perchloric
acid, or phosphoric acid and hydrochloric acid or hydrobromic acid
has indicated that small amounts of certain metals, normally con-
sidered not to form volatile compounds, may be lost by volatiliza-
tion; for example, bismuth, manganese, molybdenum, tellurium, and
thallium.

1 Hoffman and Lundell, J. Research Nat. Bur. Standards, 22, 465 (1939).
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Relatively few things are lost by volatilization from alkaline
fusions; mercury may be reduced to the metal and lost, arsenic may
be lost if organic matter is present, and of course any gases associ-
ated with the material are expelled. From acid fusions such as a
pyrosulfate fusion, fluoride may be lost, carrying away with it some
silica or boron, and in general those constituents will be volatilized
that are volatilized from hot, sulfuric acid solutions.

Solvents for Metals. The electromotive series furnishes a guide
to the solution of metals in non-oxidizing acids such as hydrochloric
acid, dilute sulfuric acid, or dilute perchloric acid, since this process

is simply a displacement of hydrogen by the
Eo metal. Thus all the metals above hydrogen in the
Li —3.02volts geries displace hydrogen, and thus dissolve in non-

ga :33(2) oxidizing acids with the evolution of hydrogen.
Sr ~—2.89 Some exceptions to this may be found. The action
Ca -—287 of hydrochloric acid on lead, cobalt, nickel, cad-
Na -2.71 mium, and of nitric acid on chromium is slow, and
Mg —2.34 lead is insoluble in sulfuric acid owing to the for-
Al -1.67 .

Mn —1.05 mation of a surface film of lead sulfate.

Zn  —0.76 Oxidizing acids must be used to dissolve the
Cr -0.71 metals below hydrogen. The commonest of the
Fe —0.44 oxidizing acids are nitric acid, hot concentrated
Cd  —0.40 sulfuric acid, hot concentrated perchloric acid, or
(1:}? :gg some mixture which yiclds free chlorine or bro-
Sn —0.14 mine, such as nitric acid and hydrochloric acid,
Pb -0.13 nitric acid and a chlorate, hydrochlorie acid and
H 0.00 a chlorate, hydrochloric acid and bromine. The
8b  +0.15 last two combinations avoid the introduction of
As +40.24 . v s . .
Bi +0.32 nitrate, the absence of which is sometimes desir-
Cu +0.34 able, its removal by cvaporation being very time
Ag +0.80 consuming.

Hg +0.80 Nitric acid will dissolve all the metals except
Z:'l i}iz aluminum and chromium, which become passive

on treatment with nitric acid except when present
in alloys. Tin, antimony, and tungsten form insoluble acids. In
general, nitric acid will oxidize the metal to its higher valence state,
at least in part.

Boiling, concentrated sulfuric acid will attack all of the common
metals including mercury, bismuth, arsenic, antimony, and tin,
which, being below hydrogen in the electromotive series, are not
attacked by dilute sulfuric acid.
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Hot, concentrated perchloric acid is a powerful oxidizing agent
and readily attacks all the common metals.

A summary of the most suitable solvents for the common metals
follows:

Alkali, Alkaline Earth Metals and Magnesium. Dissolved by
water or dilute acid.

Copper. Readily dissolved by nitric acid; not attacked by
hydrochloric acid or sulfuric acid.

Silver. Nitric acid is the best solvent; not attacked by hydro-
chloric acid or sulfuric acid.

Gold. Dissolved by nitric acid plus hydrochloric acid or an
equivalent mixture.

Zinc. Dissolved by nitric acid, hydrochloric acid, or sulfuric
acid. Readily dissolved by sodium hydroxide.

Cadmium. Readily dissolved by nitric acid, slowly by hydro-
chloric acid or sulfuric acid.

Mercury. Nitric acid is the best solvent; hydrochloric acid and
cold sulfuric acid have no action on it; hot, concentrated sulfuric
acid readily converts it to mercuric sulfate.

Aluminum. Readily dissolved in hydrochloric acid; very slowly
attacked by dilute sulfuric acid or nitric acid or by concentrated
nitric acid, except in alloys. Easily dissolved by sodium hydroxide.

Tin. Dissolved by hydrochloric acid, hot, concentrated sulfuric
acid, hydrochloric acid plus nitric acid, and converted readily to
insoluble meta-stannic acid by nitric acid.

Lead. Nitric acid is the best solvent; hydrochloric acid or sul-
furic acid act only very slowly even when hot and concentrated.

Arsenic. Readily dissolved by nitric acid and by nitric acid plus
hydrochloric acid. Not attacked by hydrochloric acid or dilute sul-
furic acid. Hot, concentrated sulfuric acid is a good solvent.

Antimony. Converted to insoluble, hydrated oxide by nitric
acid. Dissolved by nitric acid plus tartaric acid, by hydrochlorie
acid plus nitric acid or by hot, concentrated sulfuric acid.

Bismuth. Nitric acid or nitric acid plus hydrochloric acid are
the best solvents; hot, concentrated sulfuric acid is a good solvent,
but hydrochloric acid or dilute sulfuric acid is without action.

Chromium. Readily dissolved by dilute sulfuric acid or hydro-
chloric acid but only slowly by nitric acid. Hydrochloric acid or
perchloric acid is the best solvent for chromium alloys.

Molybdenum. Not attacked by hydrochloric acid or sulfurie
acid. Converted to soluble molybdic acid by nitric acid.
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Tungsten. Not attacked by hydrochloric acid or sulfuric acid.
Converted to insoluble tungstic acid by nitric acid. Dissolved by a
mixture of phosphoric acid and perchloric acid or nitric acid prob-
ably giving tungstiphosphoric acid.

Iron. Readily dissolved by nitric acid, hydrochloric acid, or
sulfuric acid.

Cobalt. Dissolved by nitric acid, hydrochloric acid, or sulfurie
acid.

Nickel. Dissolved by nitric acid, hydrochloric acid, or sulfurie
acid.

Platinum. Dissolved by nitric acid plus hydrochloric acid or an
equivalent mixture.

Solvents for Oxides. Hydrochloric acid is the best solvent for
most oxides, nitric acid or nitric acid plus hydrochloric acid being
practically without action. In the case of silver and lead oxides,
nitric acid is, of course, better because of the insolubility of the
chlorides.

Strongly ignited oxides and some oxide minerals require a fusion
for their decomposition. Fusion with potassium pyrosulfate,
K:8,0y, is very effective. Fusion with sodium carbonate or sodium
peroxide will dissolve many oxides or render them soluble in hydro-
chloric acid.

Higher oxides, for example, lead dioxide, PbO,, dissolve in hy-
drochloric acid by virtue of the mild reducing properties of that
acid, chlorine being liberated. The addition of a reducing agent,
such as oxalic acid or ferrous sulfate, assists the solution of such
oxides in sulfuric acid.

Some very refractory oxides may be readily converted into
chlorides by heating in a current of sulfur chloride, carbon tetra-
chloride,® phosgene, or chloroform. Sulfur chloride, S;Cl,, seems
to be especially powerful and acts upon all oxides except silica and
boric oxide, B»Oj3, at varying temperatures, a bright red heat being
required in some cases.®

Decomposition of Silicates. Silicates containing a relatively
high percentage of alkali or alkaline earth metals, the so-called
basic silicates, may sometimes be dissolved by treatment with
mineral acids other than hydrofluoric acid, forming hydrated silica

2 Jannasch and Harwood, J. prakt. Chem., (2], 80, 127, 134 (1909).

8 Hall, J. Amer. Chem. Soc., 26, 1244 (1904) ; Hicks, ¢bid., 38, 1492 (1911);
Lukens, ibid., 86, 1464 (1913).
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and the salts of the metals. Those silicates not dissolved by acids
must be supplied with & basic material, generally sodium carbonate,
and fused. This process renders them soluble in acids. As much of
the silicate as possible is dissolved in acid and the remainder filtered
off and subjected to the fusion process; this decreases the amount of
flux necessary for the fusion and thus the amount of foreign material
introduced into the solution. Fusions with sodium carbonate are
carried out in platinum, but those with alkali hydroxide or peroxide
in nickel; the former avoids the introduction of any metal other
than sodium. Silver and gold are very resistant to fusions with
alkali and crucibles and dishes of these metals are frequently used
for fusions with sodium hydroxide. Gold is particularly resistant
to alkalics. Contact with air having been maintained during a
sodium carbonate fusion, the elements will generally be found in
their highest valence states; manganese is oxidized, at least in part,
to green manganate, and chromium is oxidized to chromate.

When a determination of silica is not desired, hydrofluoric acid
may be used to decompose the silicate. The hydrofluoric acid is
eliminated by evaporation with sulfuric acid leaving a residue of
metal sulfates. The last traces of fluorides are eliminated with dif-
ficulty and the evaporation to sulfuric acid fumes had best be
repeated. Spattering is likely to occur. Platinum ware must be
used in these operations, of course.

The J. Lawrence Smith method of decomposing silicates (see p.
266) is used only for the determination of the alkali metals and
never for any others.

The particular problems of decomposing silicates when a deter-
mination of silica is to be made are discussed more extensively on
p. 181.

Decomposition of Sulfides. Sulfides are best dissolved in nitric
acid or in nitric acid and hydrochloric acid. Occasionally hydro-
chloric acid alone may be used. When sulfur is being determined,
an oxidizing solution must be used which will convert the sulfur to
sulfate. Because certain metals interfere in the subsequent precipi-
tation of barium sulfate, fusion with sodium peroxide or the evolu-
tion method is more commonly used for the determination of sul-
fur. This subject is discussed in Willard and Furman, 3rd Ed., p.
363. Neither the fusion method nor the evolution method when
preceded by ignition with iron powder is suitable for the deter-
mination of the metals, because of the other metals introduced.
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Decomposition of Phosphates. Most phosphates are dissolved
by mineral acids or various mixtures of mineral acids. Thus, phos-
phate rock, CasF (PO,)s, can be dissolved in a mixture of hydro-
chloric acid and nitric acid or in hydrochloric acid, nitric acid, and
perchloric acid. In the case of those phosphates which are not solu-
ble even in fairly concentrated acids, such as the phosphates of
zirconium, hafnium, and thorium, repeated fusions with sodium car-
bonate with intervening extraction of sodium phosphate are neces-
sary. The final residue of oxides is then dissolved in acids.

Phosphoric acid solutions should not be heated with sulfuric acid
at high temperatures or subjected to prolonged pyrosulfate fusions,
for phosphoric acid may be lost by volatilization.

Decomposition of Carbonates. All carbonates are attacked by
dilute acids, at least by hot acids, but only in exceptional instances
where the carbonate is of high purity as in the case of Iceland spar
or calcite will solution be complete. The common carbonates
normally contain silicate impurities varying in amounts up to the
point where the material could be classed as a silicate. Generally,
since a basic oxide is produced on heating a carbonate, a direct,
preliminary ignition will render the small amount of silicate present
soluble in acid, but in the case of highly siliceous materials, such as
a calcareous shale, calcareous sandstone, or argillaccous limestone,
the addition of sodium carbonate before the ignition is nccessary.

Decomposition of Sulfates. The insoluble sulfates can be de-
composed by fusion with sodium carbonate. The melt is leached
with water and the sulfate separated as soluble sodium sulfate from
the insoluble metal carbonate. Depending on the amount of sulfate,
it is generally nccessary to repecat the fusion one or more times.
Ignition of barium sulfate at 1000° in a stream of hydrogen bearing
hydrogen chloride completely decomposes the sulfate giving hydro-
gen sulfide and barium chloride.*

Decomposition of Ferro Alloys. A number of the elements
which enter into steel making are marketed as alloys with iron, such
ag ferrosilicon, ferromanganese, ferrovanadium, and so on. Most
of these alloys can be dissolved in various mixtures of mineral acids,
but ferrochromium and ferrotungsten require treatment with nitrie
acid plus hydrofluoric acid or a sodium peroxide fusion. A mixture

4 Johnson, Chemical Analysis of Special Steels, 4th Ed., John Wiley &
Sons, Inc., New York, 1930, p. 122.
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of phosphoric acid, sulfuric acid, and perchloric acid has been found
to be particularly effective in attacking the latter alloys, and is now
the most rapid method of effecting their solution.

Decomposition of Chromite and Other Very Refractory Min-
erals. The mineral chromite can be decomposed by a peroxide
fusion; it can also be decomposed by a mixture of hot, concentrated
phosphoric acid, sulfuric acid, and perchloric acid,® but the material
must first be ground to 300-mesh. The mineral cassiterite, SnQs, is
also difficult to get into solution; fusion with sodium peroxide or
with a mixture of sodium and potassium carbonates followed by
hydrochloric acid will usually effect the decomposition, although
ignition in hydrogen followed by solution in hydrochloric acid may
be better in that it avoids the introduction of other metals.

CONCENTRATION METHODS FOR THE SEPARATION OF VERY
SMALL AMOUNTS OF ONE SUBSTANCE FROM
VERY LARGE AMOUNTS OF ANOTHER

In determining the minor constituents of a substance, that is,
those constituents present to only a few hundredths of one per cent,
such as the impurities of so-called “chemically pure” substances, the
usual analytical methods fail because they are not adapted to the
extreme ratios in the amounts of the materials involved. In order to
reduce the absolute error of such a determination to a small relative
error, it is necessary to use very large samples, even as much as 10-
100 g., to obtain a sufficient quantity of the minor constituents to
handle properly. The use of such large samples renders it necessary
first to apply a concentration method to separate the minor con-
stituent from all or most of the major constituent. Following the
application of the concentration method, the usual analytical meth-
ods may be applied. Many of the methods which may be classed
as concentration methods arc essentially the same as the common
analytical methods used for effecting separations, and many of the
concentration riethods discussed in this section are treated in
greater detail in the later sections devoted specifically to these sepa-
rations.

Many physico-chemical methods, notably the spectrographie,
interferometric, nephelometric, and polarographic methods are
ideally adapted to the determination of small amounts of materials,

5Smith and Getz, Ind. Eng. Chem., Anal. Ed., 9, 518 (1937).
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but a discussion of such methods lies beyond the province of this
book. In certain cases concentration methods are not required if a
delicate colorimetric, catalytic, or other suitable chemical method
is available for determining the small constituents.

The chief concentration methods fall into the following general
types.

Direct Precipitation of the Desired Minor Constituent. It is
sometimes possible to precipitate the desired minor constituents
immediately, usually precipitating at the same time a small amount
of the main constituent. Thus, the separation of a small amount
of magnesium from a large amount of calcium salts can be accom-
plished by precipitating the magnesium as magnesium hydroxide by
the addition of calcium hydroxide or sodium hydroxide. A small
amount of potassium in the presence of a large amount of sodium
salts is most expediently precipitated as potassium sodium cobalti-
nitrite, K;NaCo(NO;)g. Occasionally it is possible to carry out a
second precipitation and to free the minor constituent from all of
the major constituent. Hydrous aluminum oxide when first pre-
cipitated by phenylhydrazine invariably carries down some iron if
the precipitation was made in the presence of much iron; a repre-
cipitation eliminates the remaining iron.

Fractional Precipitation of the Desired Minor Constituent. This
method is similar to the preceding method except that in this
method the major constituent would also be completely precipitated
if sufficient reagent were added. For example, a little ammonium
sulfide added to an ammoniacal solution of a zinc salt containing a
trace of lead, copper, or cadmium will precipitate all of the latter
sulfides together with a little zinc sulfide. This separation is based
on the fact that solubility of the minor constituents is less than that
of the major constituent, but if the acidity were low and sufficient
hydrogen sulfide were introduced, obviously the zinc would also be
completely precipitated. The fractional precipitation of iodide in
the presence of chloride is similarly possible, and the determination
of the end-point in the Mohr method for the volumetric determina-
tion of chloride using the chromate indicator is based on a similar
phenomenon. It is a good general principle that fractional precipi-
tations may be made more complete if only the ion that precipitates
the minor component is present. Sometimes this is accomplished by
converting all of the material into a hydrated oxide and then dis-
solving in the proper acid.
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Extraction with an Immiscible Solvent. Extraction of the
major or minor constituents of a material by shaking the aqueous
solution of the material with an immiscible solvent may sometimes
be used to effect the separation of large amounts of material from
small amounts. The ether extraction of iron, discussed more ex-
tensively on p. 51, is a classic example of such a separation. It is
used prineipally in the analysis of iron ore and steel for the deter-
mination of aluminum, chromium, nickel, manganese, and other
metals present in only small amounts, the major part of the iron
simply being extracted and discarded. It is not often that an effort
is made to extract the major constituent completely.

Metallic ions may sometimes be treated with an organic com-
pound and converted to a complex compound which is soluble in an
immiscible organic solvent. An extremely useful example of this
is the extraction of various heavy metals as their dithizonates with
carbon tetrachloride or chloroform, a topic discussed extensively on
p. 87. Small amounts of nickel may be extracted from slightly
ammoniacal solutions as its inner complex compound with dimethyl-
glyoxime by chloroform and thus separated from large amounts of
aluminum and other metals.

Sometimes a dry residue obtained by evaporation is extracted
with an organic solvent. For example, from magnesium sulfate
containing traces of calcium sulfate the magnesium sulfate is dis-
solved by a mixture of methyl alcohol and ether, leaving the cal-
cium sulfate contaminated with a little magnesium sulfate.

Distillation or Sublimation. The subject of separation by dis-
tillation is treated extensively on p. 49. There are a few applica-
tions of distillation or sublimation which might be classed as
concentration methods. By distillation of the trichloride from a
hydrochloric acid solution, even traces of arsenic may be separated
from large amounts of foreign metals, and this may be truly termed
a concentration method.

Aluminum chloride may be sublimed at a temperature of 250-
300° and thus separated from the chlorides of magnesium, copper,
manganese, and sodium. Tungsten containing thorium dioxide may
be volatilized as tungsten oxydichloride in a stream of air saturated
with hydrogen chloride, leaving behind thorium dioxide.

Crystallization or Deposition of the Major Constituent. It is
frequently possible to remove the major constituent immediately
by depositing it in a dense compact form which will not carry with
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it any of the minor constituent. If this process is one of crystalliza-
tion, it is essential that the major and minor constituents be not
isomorphous in the form in which the major constituent is deposited.
Thus, tin may be crystallized from a strong hydrochloric acid solu-
tion as ammonium chlorostannate, (NH,)2SnCls, leaving lead
chloride, antimony chloride, other salts, and some stannic chloride
in solution. Again, from a dilute hydrochloric acid solution, lead
may be removed as lead chloride leaving in solution stannic chlo-
ride, antimony trichloride, and cupric chloride together with some
lead chloride. A continuous device taking advantage of the temper-
ature coefficient of solubility of lead chloride has been described for
carrying this out more effectively.?

The deposition of the major constituent may also be accom-
plished electrolytically. The most common uses of electrodeposition
as a concentration method are the procedures employing the mer-
cury cathode, which are discussed more extensively in a separate
section, p. 58. The mercury cathode is used extensively for the
removal of major amounts of iron from small amounts of aluminum,
magnesium, titanium, and the metals above manganese in the elec-
tromotive series. It is also widely used in the analysis of brass and
bearing metals for the removal of the major amounts of copper,
lead, and similar heavy metals for the determination of aluminum
and beryllium.

Precipitation with a Gathering Agent. It is obviously impos-
sible to collect on a filter a very small amount of a precipitate, of the
order of micrograms, distributed through a considerable volume of
an otherwise clear liquid. In such cases it is frequently possible
to carry down the precipitate mechanically by a relatively large
amount of another precipitate, which when practicable is generated
simultaneously with the small precipitate. The secondary precipi-
tate is designated as a gathering agent. The gathering agent must
be sufficiently insoluble so that only a small amount of a possibly
foreign material need be introduced. It must be amorphous and
flocculent rather than granular or crystalline. It must, of course,
also be readily filtered and subsequently dissolved without undue
difficulty.

Very small amounts of iron may be collected by such a process
using hydrous manganese dioxide as the gathering agent 2 for hy-

1 Clarke, Wooten and Struthers, Ind. Eng. Chem., Anal. Ed., 9, 349 (1937)
2 Stokes and Cain, J. Amer. Chem. Soc., 29, 425 (1907).
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drous ferric oxide. Probably the most convenient way of carrying
this out is by the addition of a small amount of permanganate to
the alkaline solution, followed by a reducing agent such as a for-
mate, sulfur dioxide, or alcohol. The flocculent precipitate of
hydrous manganese dioxide carries with it all of the hydrous ferric
oxide; it may be filtered without trouble, subsequently dissolved,
and the iron determined colorimetrically. Cadmium sulfide may
be used in a similar manner as a gathering agent for ferrous sul-
fide,? this being preferable in the presence of tartrate or other
materials which might prevent the precipitation of hydrous ferric
oxide, or where it might be desirable to separate the iron from
aluminum or chromium. Copper when present to only a few micro-
grams may be collected by the addition of about five milligrams
of lead and precipitation of the two metals as sulfides.® The isola-
tion of small amounts of lead in urine can be conveniently accom-
plished by coprecipitation with calcium phosphate and in this man-
ner the very small quantity of lead in a large volume quickly con-
centrated in a form in which it can be subsequently readily deter-
mined with dithizone.* Traces of both iron and indium may be
separated from gallium by the use of hydrous manganese dioxide.®
Traces of lead and arsenic may be separated by the usc of hydrous
ferric oxide as the gathering agent.

A very ingenious application of this principle is the recovery of
traces of gold and silver from solutions by the precipitation of
metallic mercury.® A solution of a mercury salt is added to the
solution and the mercury reduced by treatment with metallic mag-
nesium; gold and silver and other heavy metals amalgamate and
settle out with the mercury which is then separated and distilled
away leaving the noble metals.

METHODS OF EFFECTING SEPARATIONS

Preliminary Considerations. After the decomposition and solu-
tion of the sample and the application of a suitable concentration
method if necessary, there follows the problem of separating the
constituent to be determined from the other substances present.

8 Greenleaf, J. Assoc. Official Agr. Chem., 24, 340 (1941).

4 Fairhall and Keenan, J. Amer. Chem. Soc., 68, 3076 (1941).
8 Willard and Fogg, J. Amer. Chem. Soc., 69, 40 (1937).

8 Caldwell, J. Chem. Education, 16, 507 (1938).
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The form in which the constituent is separated may be the same as
that in which it is finally determined; more often, however, pre-
liminary separations must precede the actual determination, and the
form in which the constituent is separated is unsuited for its de-
termination.

Natural minerals are rarely pure, and the very chemical charac-
teristics which cause similar elements to associate in nature are
those which complicate the analyst’s problem of separating them.
Man-made materials are more frequently pure, but just as fre-
quently then, the major interest centers about the impurities. Even
many man-made materials can be complex chemically, for example,
an alloy stcel containing a half dozen alloying metals, in addition
to the elements which are invariably present, such as carbon, sul-
fur, manganese, phosphorus, silicon, and perhaps aluminum, ti-
tanium, and copper.

The process of separating one material from another is often
subject to peculiar disturbances, and the analyst must be continu-
ally on the alert to detect interferences by unusual elements or
changes in behavior of otherwise familiar substances under new con-
ditions. A substance may behave onc way when alone but in a
very different manner in the presence of another material. A cer-
tain separation of one material from another, and again of the first
material from a third, may succeed admirably, but when all three
are present at once, the separation of the first may fail completely.
Thus, nickel may be separated from iron and also from cobalt by
precipitation from an ammoniacal tartrate solution with dimethyl-
glyoxime; if, however, the cobalt and the iron are present at the
same time, a slimy, brown precipitate containing iron, cobalt, and
dimethylglyoxime contaminates the beautiful, scarlet precipitate of
nickel dimethylglyoxime.

The presence in the solution of a substance, which itself does not
form a precipitate with a reagent, may sometimes prevent the pre-
cipitation of another material until sufficient reagent has been
added to combine with all of the non-precipitating substance. In
this manner cobalt delays the precipitation of nickel by dimethyl-
glyoxime; again, when precipitating calcium as the oxalate in the
presence of magnesium, sufficient oxalate must be added to combine
with both the calcium and the magnesium.

The more specific & method, the more satisfactory it is for the
purpose of effecting separations. Many methods are quite satisfac-
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tory in this regard, while others can only be classed as group
methods. The use of organic compounds as specific and selective
precipitating agents, and the use of so-called masking reagents,
which in effect remove metals from solution by the formation of
very stable complex ions, offer promising ficlds for improvements
in the selectivity of methods of separation.

The various general methods of accomplishing the separation of
the chemical elements for analysis will be discussed separately in
the following sections. Separations by precipitation are taken up
in the order in which they are usually applied in a complete anal-
ysis, that is, the acid insoluble group first, the insoluble chloride
group second, the hydrogen sulfide group third, and so on. There
are many exceptions to this order since many specific reagents and
methods are now known, and since in a given material, members of
each group may not be present. Separation by volatilization, ex-
traction, electrodeposition, and other methods will then be consid-
ered. Necessarily, the discussions of these various methods of
separation will be general, and reference to the section dealing with
the elements individually should be made for more detailed infor-
mation on particular applications.

THE ACID INSOLUBLE GROUP. DEHYDRATION

Silicic acid and tungstic acid are precipitated from their solution
in alkaline media upon acidification. Both are hydrated, and pre-
cipitation is complete only when each is thoroughly dehydrated by
evaporation with hydrochloric acid followed by baking. Silica may
also be dehydrated by evaporation with sulfuric acid or with per-
chloric acid. Both silica and tungstic acid carry down considerable
amounts of other metals present and must be subjected to purifica-
tion processes. Details of the methods of dehydration and purifica-
tion will be found in the sections devoted to their respective
determinations, of silica on p. 180, and of tungsten on p. 216.

In the usual course of analysis, these oxides appear immediately
following the decomposition and solution of the sample. They will
be accompanied by any insoluble salts of the acids originally pres-
ent or added during the process of fusing, dissolving, or dehydrating
the sample, and the composition of the material must be borne in
mind in selecting the acids for these purposes.
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Tin and antimony appear at this point as hydrated oxides if
nitric acid or perchloric acid is used. The precipitation of antimony
is incomplete unless a large excess of tin is present. These precipi-
tates also carry down other materials and must be purified.

The earth acids, columbium and tantalum, are also precipitated
in this group, as insoluble acids, on acidification.

THE INSOLUBLE CHLORIDE GROUP

The chlorides of silver and univalent mercury are insoluble in
dilute hydrochloric acid solutions; those of lead and univalent thal-
lium are sparingly soluble. These chlorides will accompany the
insoluble oxides in the preceding group if hydrochloric acid was
used in the dehydration. Mercury and thallium can be oxidized to
their higher valence states and interference with the separation of
silver thus avoided; the separation of lead and silver is made by
taking advantage of the solubility of lead chloride in hot water, or
of the solubility of silver salts in ammonia, see p. 286.

THE HYDROGEN SULFIDE GROUP

A great many metals are precipitated by hydrogen sulfide. The
acidity of the solution from which the precipitation is made is an
important factor in the precipitation and a proper control of the
acidity makes possible certain separations.

The theoretical aspects of the precipitation of sulfides have re-
ceived considerable attention from various authors.! Calculations
based on the ionic equilibrium constants of hydrogen sulfide and
on the solubility product constants of the various metal sulfides
have not been particularly successful in predicting solubilities and
the effectiveness of separations at different acidities with hydrogen
sulfide, and in general, it is more satisfactory to rely on experi-
mental data as regards the separation of metals by precipitation of
sulfides.

In order of the increasing solubility of their sulfides in hydro-
chloric acid, the metals precipitated from acid solution by hydrogen

18Some discussion of the precipitation of sulfides will be found in Willard
and Furman, 3rd Ed., p. 379; an extensive treatment of the problem is given
in McAlpine and Soule, Qualitative Chemical Analysis, D. Van Nostrand

Company, Inc., New York, 1933, p. 100; and in Middleton and Willard,
Semimicro Qualitative Analysis, Prentice-Hall, Inc., New York, 1939, p. 107.
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sulfide are: arsenic, molybdenum, silver, copper, antimony, bismuth,
mercury, gold, platinum, tin, cadmium, and lead. These metals are
termed the acid hydrogen sulfide group. A few separations within
the group by control of the acidity of the solution are possible. For
example, antimony can be separated in this way from lead and tin.
Precipitation of the group as a whole is frequently used to remove
these metals from others.

Aluminum, chromium, titanium, magnesium, and the alkaline
earths either do not form sulfides, or if they do, the sulfides are sol-
uble. Aluminum, chromium, and titanium are precipitated as
hydroxides by alkaline sulfides unless citrate or tartrate is present.

Zinc, cobalt, and nickel are borderline cases; by a close control
of the pH of the solution they may be precipitated as sulfides and
thus separated from certain other metals. Zinc is precipitated from
a solution having a pH of about 2; several buffer combinations may
be used to obtain this pH. Zinc may be thus separated from man-
ganese, nickel, iron, aluminum, and chromium, but not from cobalt.
Cobalt and nickel may be precipitated from a solution buffered
with acctate, and in this manner separated from iron, aluminum,
chromium, manganese, but not from zine; vanadium and uranium
are partially precipitated under such conditions.

The sulfides of manganese, iron, indium, thallium, gallium, and
a great many other metals are precipitated from neutral or alkaline
solution. The addition of tartrate to the alkaline solution will pre-
vent the precipitation of many of these metals. Precipitation from
alkaline solution is used to separate copper, lead, bismuth, mercury,
and cadmium from arsenic, antimony, and tin, which form soluble
thio salts and are not precipitated; this separation is troublesome,
however.

Of particular importance among the sulfide separations is that
of cadmium from zinc, which is made in a solution 3-4 N in sulfuric
acid.

Tin is not precipitated as the sulfide from a solution containing
fluoride or oxalate with which quadrivalent tin forms stable com-
plex ions. A number of useful separations of tin are based on these
facts.

In general, metals can not be weighed satisfactorily as sulfides.
When precipitated from acid solutions, the sulfides usually carry
considerable free sulfur, and during an ignition, oxidation to the
oxide or to the sulfate occurs. Antimony sulfide is sometimes dried
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at 280-300° in an atmosphere of carbon dioxide and weighed as
antimonous sulfide. It is more common, however, to ignite a sulfide
to the oxide for weighing, as is commonly done with zine, germa-
nium, and tin, or to convert to the sulfate as is done with cadmium,
lead, and cobalt. It is also possible to precipitate the sulfide from
an alkaline solution from which sulfur will not precipitate; this is
frequently done with mercury, which is precipitated from an alka-
line solution containing tartrate as mercuric sulfide, which is then
dried at 110° and weighed directly. Two methods of eliminating
the effects of free sulfur in the determination of mercury by’ pre-
cipitation of mercuric sulfide from an acid solution have been
devised. In one of these methods 2 the precipitate is washed with
carbon disulfide which dissolves out the sulfur. In the second
method ¢ hydriodic acid is utilized, which dissolves the mercuric
sulfide but not the free sulfur; the weight of mercuric sulfide is then
found by difference. These methods might find application with
other sulfide precipitates.

THE AMMONIA PRECIPITATE. THE SEPARATION OF WEAK
BASES AND BASIC SALTS FROM STRONGER BASES

The weaker a metal as a base, the more acid the solution in
which the hydroxide of the metal is precipitated. This subject was
made the object of a series of studies by Britton * whose results are
given in Table I.

If there is a sufficient difference between the values of pH at
which two metal hydroxides are precipitated, the metals may often
be separated by maintaining the pH of the solution at such a value
that the weaker one only will be precipitated. It should be noted
that the precipitate is often a basic salt instead of a hydroxide, but
this makes no difference provided it is sufficiently insoluble. The
regulation of pH for this purpose may be accomplished in various
ways.

A buffer solution may be used to regulate the hydrolysis. The
buffers usually used are weak acids and one of their salts, and heat-

2 Tabern and Shelberg, Ind. Eng. Chem., Anal. Ed., 4, 401 (1932).

8 Caley and Burford, Ind. Eng. Chem., Anal. Ed., 8, 43 (1936).

1 This work was published in the Journal of the Chemical Society be-
tween 1925 and 1936. A summary of the work will be found in Britton,

Hydrogen Ions, D. Van Nostrand Company, Inc., New York, 2nd Ed., 1934,
pp. 295 ff.
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ing is usually required to effect the hydrolysis, which is often a rela-
tively slow process. In this manner, ferric iron is precipitated as
a basic acetate from a solution buffered with acetic acid and sodium
acetate, which give a pH of about 5.

TaBLE I. VALuEs oF pH At waHICH VARIOUS HYDROXIDES ® PRECIPITATE

Magnesium. ...... 105 Cupric... ....... 5.4
Silver®.......... 9 _Chromic.... .... .. 5.3
Manganous. . .. .. 8.5 Zinc. . ... 5.2
Mercuric®...... .. 7.4 Uranie. . . 4.2
Various rare earths..6.8-8.4 Aluminum.. . .. .. 4.1
Cobalt............ 6.8 Thorium. ....... 3.5
Cadmium. . ...... 6.7 Stannous ¢ 3
Nickel............ 6.7 Ferric®........ .. 23
Lead.............. 6.0 Zirconium.... . .. 2.8
Beryllium......... 5.7 Titanium... . .. 2
Ferrous....... .. . 5.5

*In many cases the precipitates are actually basic salts, e.g.,
3 Cd(OH)2-CdSO4-xH0.

® There appears to be some question about the value for silver; the work
reported in paper IV of the series by Britton indicates that precipitation
begins at a pH of 5.7 [J. Chem. Soc., 127, 2151 (1925)1.

°The value for mercuric hydroxide varies considerably, depending on the
anion present; this is probably due to the variable extent of ionization of
various mercuric salts in solution (J. Chem. Soc., 1982, 2550).

¢In the case of the stannous ion, a light, colloidal precipitate forms at a
pH of about 2, but a precipitate really begins to form at a pH of 3.

¢ With ferric iron a color change and the formation of a colloidal suspen-
sion precede the formation of a precipitate, paper IV, loc. cit.; see also
Lamb and Jacques, J. Amer. Chem. Soc., 60, 967, 1215 (1938).

The precipitation may also be carried out by the addition of a
weak base, strong enough to precipitate one metal but not another.
Phenylhydrazine is a weaker base than ammonia, and will precipi-
tate aluminum, but not the more basic bivalent metals such as fer-
rous iron, zine, nickel, and magnesium. Ammonia will precipitate
ferric iron and aluminum but not magnesium; ferrous iron, nickel,
zinc, and the other metals which precipitate as hydroxides in the
same pH range, may be partially precipitated. Sodium hydroxide
will precipitate magnesium but not barium or calcium unless an
excess is added.

The pH of a solution may also be regulated by the use of some
internal reactions which bring the solution to a definite pH. Vari-
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ous types of such reactions are known. Sodium thiosulfate added
to an acid solution undergoes decomposition according to

NaoS:03 + 2 HCl = 2 NaCl + S 4+ H.S803

If the solution is boiled, the sulfurous acid is driven off as sulfur
dioxide, resulting, if excess sodium thiosulfate is present, in a very
slightly acid solution, but one in which a number of metals such as
titanium and thorium arc completely precipitated. Various com-
binations of halide and halate acids react to give free halogens,
which, if boiled off, leave solutions having definite aciditi¢s.
Thus a mixture of hydrobromic acid and bromic acid gives a final
acidity of 0.002 N; a mixture of hydriodic acid and chloric acid
gives an acidity of 0.107 N; and hydrochloric acid and bromic acid
a solution of 0.048 N.

Titanium is completely precipitated from a solution having an
acid concentration of 0.05 N; hence, if excess of potassium bromate
is added to the hydrochloric acid solution, titanium hydroxide is
precipitated by boiling until the reaction is complete. Bismuth
oxychloride may be precipitated in the same way. Similarly urea,
which in a hot solution hydrolyzes to form carbon dioxide and am-
monia, is a most convenient reagent for the precipitation of hydrox-
ides and basic salts.?

In addition to the pH of the solution, an extremely important
factor in the separation of hydroxides and basic salts is the homo-
geneity of the solution with respect to pH. Complete homogeneity
can be maintained only when the increase in pH comes from a re-
action within the solution itself and not by the addition of a
reagent. This is best accomplished by the third method of control-
ling pH. For example, if urca is added, no reaction occurs until the
solution is heated; then ammonia is uniformly produced throughout
the solution and the pH rises gradually but never becomes too high
in any portion. If a buffer is added and the necessary hydrolysis
is produced by heating the solution, a similar result is obtained but
less efficiently.

A third important factor is the presence of a suitable anion
during the precipitation. The character of the precipitate varies
greatly with the anion present when the precipitation is carried out.

2Moser and Iranyi, Monatsh., 43, 673 (1922).

8 Willard and Tang, Ind. Eng. Chem., Anal. Ed., 9, 357 (1937); J. Amer.
Chem. Soc., 89, 1190 (1937); Willard and Fogg, tbid., 89, 2422 (1937).
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This is vividly illustrated by Fig. 10, which shows the effect of
several anions on the character of the precipitate formed on the
hydrolysis of aluminum salts. This is effective, however, only when
the pH is slowly and uniformly increased by the third method.
Under these conditions, a solution containing the sulfate ion always
yields a dense precipitate. In certain cases, other ions are effective;
thus, succinate forms a dense precipitate with aluminum. The

Fia. 10. The Effect of the Method of Precipitation and of the ‘Anion Present
on the Character of the Aluminum Precipitate Obtained on Hydrolysis.

error due to adsorption is thus greatly decreased. For example, the
precipitation of aluminum as basic succinate by urea results in more
complete separations from other metals than can be obtained by
any other method involving the precipitation of a basic salt.

By precipitation with ammonia, aluminum, titanium, chromium,
and iron may be separated from magnesium and the alkaline earth
metals, but not from zinc, managanese, cobalt, or nickel, unless the
amotnt of precipitate is so small that the error may be disregarded.
Separation from the latter elements may be made by precipitation
as a basic acetate (unsatisfactory for aluminum), benzoate, succi-
nate, or sulfate. Ferrous iron belongs with the bivalent metals with
respect to its strength as a base, and this fact is used in connection
with the phenylhydrazine precipitation used to separate aluminum
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from iron. The very weak base titanium may be separated from
iron and aluminum by proper control of the acidity, as is done in
the sulfur dioxide method, p. 156.

If phosphates arc present, they are precipitated quantitatively
unless their amount is more than equivalent to the weak bases pre-
cipitating, in which case phosphates of stronger bases may precipi-
tate.

Gallium, indium, beryllium, zirconium, uranium, scandium,
yttrium, and the rare earths arc also weak bases and appear with
the hydroxides just discussed.

PRECIPITATION WITH SODIUM HYDROXIDE. FUSIONS WITH
SODIUM CARBONATE AND SODIUM PEROXIDE

Advantage may often be taken of the property of certain
amphoteric elements of forming salts soluble in alkaline solution
to separate them from other elements. In general, it is best to carry
out the separation by the addition of the solution containing the
metals to the alkali rather than the reverse, in which case all of the
metals are first precipitated and the amphoteric metal redissolved,
but only rather incompletely. In this manner aluminum, beryllium,
zine, gallium, tin, lead, arsenic, antimony, vanadium, chromium,
molybdenum, tungsten, phosphorus, and sulfur may be scparated
from iron, titanium, zirconium, thorium, indium, scandium, yttrium,
and the rare earths, and other metals which remain behind as oxides
or carbonates. These separations are applied particularly to the
metals of the ammonia group. Chromium is precipitated if in the
trivalent state, but it may be oxidized by air or a peroxide to the
soluble chromate form. The separation of silica can not be made
complete, and aluminum may be precipitated if certain metals,
notably nickel and magnesium, are present. Tartarie acid, glycerol,
and other polyhydroxy organic compounds prevent the precipitation
of iron, but hydrofluoric acid does not have this effect. Phosphates
of the alkaline earths may be precipitated if much phosphate is
present.

Hot, strongly alkaline solutions attack glassware rapidly, and
the operations must be carried out in platinum if the contamination
interferes. The separations with sodium hydroxide in this manner
may often be incomplete and require repetition. The precipitates
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are never determined directly but are dissolved and converted to
other forms for weighing.

A sodium carbonate fusion accomplishes about the same results
as precipitation with sodium hydroxide. Contact with air is suffi-
cient to oxidize small amounts of chromium to chromate; manga-
nese may be oxidized to green sodium manganate, Na,MnQy, but
this is easily reduced to manganese dioxide. Sodium carbonate
fusion is particularly useful in the decomposition of silicates in-
soluble in acids, and is very useful in the analysis of the ammonia
precipitate. A silicate fused with sodium carbonate should never
be dissolved in water, always in dilute acid, and the silica separated
as usual.

Fusion with sodium peroxide is an exceptionally powerful
method of attack. Silicates, chromite and very refractory sub-
stances are decomposed by such treatment, and the elements present
are oxidized to their highest valence states. Fusion with peroxide
is also used in the decomposition of sulfide ores for the determina-
tion of sulfur (see Willard and Furman, 3rd Ed., p. 363). The
fusion is made in an iron, nickel, or silver crucible, which is less
attacked than platinum. Organic compounds are decomposed for
the determination of their sulfur content by peroxide fusion, but as
this is somewhat violent, the fusion is carried out in a steel bomb.

DISTILLATION

Separations may be often accomplished by a distillation of the
constituent being determined. The process is sometimes surpris-
ingly simple and usually gives a very complete separation. Occa-
sionally the technic is used to remove a material whose presence
interferes with another determination. This subject of separation
by volatilization has already been discussed (Willard and Furman,
3rd Ed., p. 384) and some distillation separations are very familiar.

The Kjeldahl method for the determination of nitrogen by the
distillation of ammonia from a solution containing fixed alkali is
well known. The determination of carbon dioxide in a carbonate
and sulfur in a sulfide by evolution as carbon dioxide or hydrogen
sulfide respectively are very commonly made and are good exam-
ples of this type of separation.

Moisture and combined water are commonly determined by
heating the material under examination. In some cases, such as
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the determination of moisture in coal, the amount of water is deter-
mined by the loss in weight of the sample. In others, for example,
the determination of the combined water in silicate rock by the
Penfield method, the water is condensed as liquid water and
weighed. More commonly, the water is collected on a drying agent
in a suitable tube and weighed. In some materials, such as grain
and petroleum products, the water is separated by distillation with
an immiscible liquid such as chloroform, benzene, or toluene; the
apparatus is provided with a calibrated receiver so that the volume
of water which condenses and separates from the immiscible liquid
may be found.

Fluoride may be separated from a great variety of other mate-
rials by distillation as hydrofluosilicic acid, HySiFg; this is the only
satisfactory method for separating fluoride from the substances
which interfere with its determination, and it is widely used.

Mercury may be volatilized as the metal by ignition of its com-
pounds or ores with reducing agents. This procedure is sometimes
used to determine the mercury by collecting it on gold foil, but is
more often used simply to eliminate the mercury, particularly where
it has been used as a collecting agent, as in the determination of
gold.

Boric acid may be separated from most other substances by
distillation as methyl borate by heating with methyl alcohol and
sulfuric acid or phosphoric acid.

Arsenic is distilled as arsenic trichloride, AsCl;, from a concen-
trated hydrochloric acid solution containing a reducing agent. This
is a very convenient method of separating arsenic from copper,
antimony, tin, and other mctals. Antimony and tin may also be
volatilized completely by distillation, but higher temperatures are
required. A convenient form of apparatus for this distillation is
shown on p. 342. Mercuric halides are appreciably volatile and
may partially accompany arsenic, antimony, and tin.

Osmium is distilled as the tetroxide, OsOy, from a dilute nitric
acid solution and thus separated from the other platinum metals.
Ruthenium is distilled as the tetroxide, RuO,, from a sulfuric acid
solution containing bromate.

Chromium forms a volatile compound, chromyl chloride,
CrO.Cl;, which may be used to separate chromium from iron and
the other constituents of steel. This is used principally to remove
chromium to render the determination of vanadium easier, but the
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chromyl chloride may also be collected and the chromium deter-
mined.

The volatilization of various elements from solutions containing
sulfuric acid, perchloric acid, or phosphoric acid during the gradual
addition of hydrochloric acid or hydrobromic acid has been studied *
and the conditions for distillation of certain elements established.

EXTRACTION METHODS. THE ETHER EXTRACTION OF IRON

The theoretical aspects of the separation of dissolved materialg
from aqueous solutions by extraction with an immiscible solvent is
treated in Willard and Furman, 3rd Ed., p. 382. It should be noted
particularly that concentrations rather than amounts are involved
in extraction work, and that the concentration in the aqueous phase
appears in the denominator of the cxpression defining the distribu-
tion coefficient. Thus the greater the numerical value of the dis-
tribution coefficient the more effective the separation, and the more
concentrated the aqueous solution being extracted the more efficient
the separation.?

The ether extraction of chlorides from a hydrochloric acid solu-
tion is of especial importance. The method is applied only to the
trivalent chlorides of iron, gold, gallium, and thallium, and to hexa-
valent molybdenum, although stannic, stannous, antimonie, and ar-
senious chlorides arc also quite soluble. Other metals, such as lead,
cadmium, vanadium, and the mctals of the third, fourth, and fifth
groups of qualitative analysis remain in the aqueous solution. The
table given in Willard and Furman, 3rd Ed., p. 383, shows the per
cent of the chlorides of various metals extracted by ether from a
solution 6 N in hydrochloric acid.?

The extraction of ferric chloride by cther may be very efficient,
the distribution coefficient being as high as 140 under favorable
conditions.* The concentration of the hydrochloric acid is very
important, the optimum concentration being about 6 N. The per-

1 Hoffman and Lundell, J. Research Nat. Bur. Standards, 22, 465 (1939).

1For a more extensive theoretical treatment of extraction and experi-
mental verification of the derived formula, see Griffin, Ind. Eng. Chem.,
Anal. Ed., 8, 40 (1934), and Griffin and Saaf, ibid., 8, 358 (1936).

28wift, J. Amer. Chem. Soc., 48, 2375 (1924); Hillebrand and Lundell,
Applied Inorganic Analysis, John Wiley & Sons, Inc., New York, 1929, p. 107.

8 Dodson, Forney and Swift, J. Amer. Chem. Soc., 68, 2573 (1936).
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centage of iron extracted falls off at higher and lower acid concen-
trations, as shown in Table II.

TaBLE II. TaE DIsTRIBUTION OF FERRIC IRON BETWEEN ETHYL ETHER AND
Aqueous HyprocuLoric Acip SoruTioNns

Yolume after Iron Found,

Initial HC1| Shaking, ml. mg. Iron Distribsxtion
Conen., Extracted, Ratio
Moles per Per Cent (Feether)
Liter Ether | Water | Ether Water (Fewater)

Layer | Layer | Layer Layer

0.0 23.3 26.5 trace 250 0.0 0.0
2.0 23.2 26.7 2.4 248 0.96 0.011
3.0 22.9 26.8 44.5 205 17.8 0.25
4.0 22.7 26.7 204 46.4 81.5 5.18
5.25 21.2 28.0 246 4.4 98.2 74
6.2 19.6 29.4 247 2.6 99.0 143
7.0 17.3 31.7 244 5.5 97.8 81
7.1 17.1 31.8 244 5.9 97.6 72
8.0 11.8 36.6 218 32.4 87.0 20.9
8.6¢ 8.0 40.4 169 80.6 67.7 10.6
9.3¢ 5.3 43.2 35.0 215 14.0 1.33

% Separate ether phase metastable.

Since ether also dissolves considerable hydrochloric acid, it is best
to saturate the ether with hydrochloric acid prior to use. Free
chlorine, oxides of nitrogen, and other materials which attack ether
must be absent. The iron must be in the trivalent state since fer-
rous chloride is not extracted by ether. Ether photochemically re-
duces iron, and if it is desired to remove all of the iron from solution
by repeated extraction or by a continuous mechanical extraction,
the process should be carried out in the dark.* The ether must be
free from alcohol and peroxides, which promote the reduction of
ferric chloride. The presence of sodium chloride or of potassium
chloride should be avoided, since they are insoluble in strong hydro-
chloric acid solutions saturated with ether. The solution is usually
extracted with ether twice, and the combined ether extracts shaken
with hydrochloric acid previously saturated with ether to recover

4 Ashley and Murray, Ind. Eng. Chem., Anal. Ed., 10, 367 (1938).
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any chlorides that might be entrapped in the ether. The solutions
must be kept cool to prevent the very dangerous and obnoxious
fumes of ether saturated with hydrochloric acid from escaping from
the separatory funnel. The solutions should be cooled under run-
ning tap water, or better with ice, especially during the summer
months.

The ether extraction method is used for removing the greater
part of the iron from large samples of steel or iron ore, thus making
possible the accurate determination of the elements present in small
amounts, such as copper, aluminum, chromium, titanium, vanadium,
manganese, nickel, cobalt, calcium, magnesium, and sulfur. It is
used only where iron is the principal constituent. If a large excess
of iron is present, all of the molybdenum goes into the ether layer.®
A considerable portion of any phosphate present is extracted with
the iron; the amount depends on the amount of iron and on the
amount of phosphate present, and is less if the combined cther ex-
tracts are washed with hydrochloric acid.® As much as 35 per cent
of the phosphorus present may be extracted, and this should be con-
sidered in the determination of aluminum and titanium if the oxides
of these metals are weighed and corrected for the phosphorus
pentoxide which accompanies them in the ammonia precipitate.
Copper is partially extracted by ether, and in the determination of
copper in high copper steel an appreciable amount of copper may be
lost.” The ether separation may very conveniently precede the basic
acctate separation, thus avoiding the handling of large precipitates.

The low boiling point of common or diethyl ether and its inflam-
mability make its use in extractions hazardous and inconvenient.
iso-Propy! ether and dichloroethyl cther have higher boiling points
(69° and 178°, respectively) and have been shown to have the same
properties as diethyl ether with respect to their capacity to dissolve
metal chlorides.®# Both of the ethers are available at about the
same price as that of diethyl ether. The extraction of ferric chloride
is complete with either ether over a wider range of hydrochloric acid
concentration than is permissible with ethyl ether, 6-8 N being
satisfactory. The mutual solubility of hydrochloric acid and iso-

5 Blair, J. Amer. Chem. Soc., 80, 1229 (1908).

8 Wysor, J. Ind. Eng. Chem., 2, 45 (1910).

7 Private communication from Mr. Arba Thomas, American Rolling Mill
Co., Middletown, Ohio.

8 Axelrod and Swift, J. Amer. Chem. Soc., 62, 33 (1940).
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propyl or dichloroethyl ether is very small in contrast to diethyl
‘ether, so that it is not necessary to saturate the ether or acid prior
to the extraction. iso-Propyl alcohol and di-iso-propyl peroxide do
not reduce ferric iron and so may be present in the iso-propyl ether
used for extraction. No copper is extracted by iso-propyl ether.®+
Dichloroethy! ether is more dense than water, affording the advan-
tage that repeated extractions may be carried out without transfer
from one separatory funnel. Evidence adduced by Swift and his
coworkers indicates that the iron is present in the ether solution as
HFeCly, probably associated with water and ether.8

The extraction may be made in a common separatory funnel or
in more elaborate and convenient designs of such funnels, such as
that of Rothe? or of Hillebrand and Lundell *° shown in Figs. 11
and 12. When it is desired to remove all traces of iron, it is more
convenient to use a continuous extraction apparatus,*1! such as the
one shown in Fig. 13. Considerably less ether is required for the
extraction, and if carried out in the dark, iron may be removed
completely in the course of eight or more hours. The continuous
apparatus shown will not work with dichlorocthyl ether, which is
more dense than water.

Procedure for the Removal of Iron by Ether Extraction Pre-
liminary to Other Determinations on Iron Ore, Iron, or Steel. Dis-
solve 5-10 g. of the iron ore, iron, or steel in hydrochloric acid, and
dehydrate and filter off the insoluble material as described under
the determination of silica, p. 180. Treat the insoluble matter with
hydrofluoric acid and sulfuric acid, and evaporate to dryness with-
out igniting. Dissolve in hydrochloric acid, filter off any insoluble
matter and add the filtrate to the main solution, reserving the resi-
due. Add several ml. of nitric acid to the solution to oxidize any
ferrous iron. Evaporate the solution until the liquid is syrupy and
has a volume of about 10 ml. The residue filtered off as directed
above will be very small; it is free from iron, and therefore is not
included in the ether separation. Fuse it with a little sodium car-
bonate or potassium pyrosulfate, dissolve in hydrochloric acid, and
later add it to the solution from which the iron has been extracted.

9 Rothe, Stahl u. Eisen, 12, 1052 (1892).

10 Hillebrand and Lundell, loc. cit.; see also Lundell, Hoffman and Bright,
Chemical Analysis of Iron and Steel, John Wiley & Sons, Inc., New York,
1931, p. 44.

11 McNaught, Analyst, 62, 467 (1937).
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To the syrupy ferric chloride add a few ml. of hydrochloric acid
of sp. gr. 1.13, prepared by diluting 2 volumes of hydrochloric acig'
of sp. gr. 1.19 with 1 volume of water. With a little more of this
acid, wash the solution carefully into a 150 or 200 ml. separatory
funnel, the stop-cock and stopper of which have previously been

Figs. 11, 12. Ether Extraction Funnels.

tested and found tight. The tube below the stop-cock should be
short and fairly large, not over 4 em. long. Use as little acid as
possible, so that the total volume of solution is not over 40 ml.
Cool the funnel and its contents and cautiously add 50 ml. of
ether previously saturated with hydrochloric acid, mixing the two
layers slowly and cooling at the same time, since much heat is gen-
crated and this causes reduction of some iron to the ferrous form.
Finally shake vigorously for 4-5 minutes holding the funnel under
the tap to keep it cool. Relieve any excess pressure and set aside
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until the two layers have completely separated, which may require
half an hour. Most of the iron is now contained in the green ether
layer, while the other metals remain in the aqueous solution. Draw
off the lower aqueous layer into a
250 ml. beaker, taking care to empty
the tube below the stop-cock. Add
8-10 ml. of hydrochloric acid of sp.
; gr. 1.13, saturated with ether, to the
ether layer remaining in the funnel,
shake and draw off as before to re-
move the chlorides adhering to the
ether; do this once more, taking care
to rinse off each time the stopper
and the tube below the stop-cock.
The hydrochloric acid solution should
contain less than 5 per cent of the
iron originally present and about 70
1 ’ per cent of the phosphorus; if it is
desired to remove still more of the
iron, the hydrochloric acid solution
after having been drawn off may be
\ /| again extracted with fresh ether, the
ether extracts being washed as de-
scribed.

Unite the acid solutions and add
to them the solution of the insoluble
residue mentioned above. Heat the
solution to drive off any residual
ether. Add a little nitric acid or
chlorate to oxidize the iron reduced
by the ether, evaporate to dryness,
take up with a little hydrochloric
acid, dilute to 30-40 ml, filter off

Fio. 13. Continuous Extractor. 8Ny silica and wash it with dilute

hydrochloric acid (1:100). This

residue may be titanium dioxide instead of silica and should be

tested with hydrofluoric acid and sulfuric acid. The solution is now
ready for whatever separation is desired.

.

N\
J
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ELECTRODEPOSITION

Constant Current and Controlled Cathode Potential Methods.
An extended treatment of the theoretical aspects of the subject of
electrodeposition will be found in Willard and Furman, 3rd Ed.,
Chapter XIX, p. 411. Particular attention should be paid to the
matters of overvoltage and complex ion formation. The determi-
nations most commonly made by electrodeposition are of copper,
deposited as the metal at the cathode, and of lcad, deposited as the
dioxide, PbO;, at the anode. The electrodeposition of copper is
commonly made under constant current conditions, that is, without
any attempt to control the cathode potential ; the electrolyte usually
used is a solution containing about 3 per cent of sulfuric acid plus
nitric acid and a quantity of ammonium nitrate (sece Willard and
Furman, 3rd Ed., p. 443). 1In this manner copper may be separated
from zine, aluminum, and the alkali and alkaline earth metals, but
not from silver, mercury, tin, and the metals below tin in the elec-
tromotive series. By controlling the cathode potential, it is possible
to deposit copper in the presence of tin, and by the addition of an
anodic depolarizer, such as hydroxylamine or hydrazine, to carry
out the deposition from a chloride solution.

Controlled cathode electrodeposition procedures have not been
very popular, largely because of the involved apparatus required
and the close attention which they demand. Recent simplifications
in the apparatus,' and the development of an apparatus for full
automatic control 2 should increase the use of the method.

Quite a number of separations of metals from one another may
be accomplished by controlled cathode electrodeposition. Copper,
antimony, and bismuth, individually, or as a group if present to-
gether, may be scparated from tin, lead, and cadmium; %459 tin
may be scparated from cadmium;? tin, or tin plus lead if present,
from nickel and zinc; *® copper from quinquevalent antimony;®
nickel from zinc; 7 bismuth from copper.®®* The cathode potentials

;Lindsey and Sand, Analyst, 69, 328 (1934).

2 Caldwell, Parker, and Diehl, unpublished work.

8 Schoch and Brown, J. Amer. Chem. Soc., 38, 1660 (1916)
4 Engelenburg, Z. anal. Chem., 62, 257 (1923).

8 Lindsey and Sand, Analyst, 69, 335 (1934).

6 Torrance, Analyst, 62, 719 (1937).

7 Torrance, Analyst, 68, 488 (1938).

8 Kny-Jones, Analyst, 66, 101 (1941).
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at which these various separations may be accomplished and the
electrolytes recommended may be found in the original papers or,
in many cases, in the section of this text dealing with the determi-
nation of various elements. In general, such separations are very
good and quite rapid. It is even possible to run a complete brass
analysis, with the exception of the iron and aluminum present, by
electrodeposition.®

The electrodeposition of nickel using constant current is of value
largely as a method of getting the metal into a satisfactory form for
weighing rather than for accomplishing its separation from other
metals. Ammoniacal sulfate solutions are usually used. Cobalt ac-
companies nickel when a solution containing the two metals is elec-
trolyzed. When cobalt is deposited from a solution containing no
nickel or only a small amount, sodium sulfite must be added to the
ammoniacal solution.

Zinc may be deposited electrolytically from ammoniacal chloride
or sulfate solutions &7 or from a strong sodium hydroxide solution,®
but the results are frequently disappointing. Small amounts of ni-
trate interfere.

Silver may be deposited satisfactorily from a cyanide solution
and thus scparated from copper. This is a striking example of the
use of complex ion formation to alter the molecular species present
in a solution to accomplish separations.

Of the various metals which are deposited on the anode as higher
oxides, lead alone is deposited completely and in a form satisfactory
for weighing, although even with it an empirical factor is used.
While the solution in which this deposition is made usually contains
15 per cent nitric acid, it is possible to cut this acidity down to the
point where copper and lead may be dctermined simultaneously.
From a solution containing hydrofluoric acid and nitric acid, lead
may be deposited as the dioxide and separated from tin; a certain
minimum amount of lead must be present, however, to initiate the
deposition.*

The Mercury Cathode. Electrolysis using a mercury cathode is
a convenient way of removing many metals from solution, although
not well adapted to the determination of any of the metals re-
moved, owing to the difficulty of drying and weighing the mercury.
The high overvoltage of hydrogen on mercury makes possible the

9 Nickolls and Gaskin, Analyst, 69, 391 (1934).
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deposition from a fairly acid solution of metals such as iron, nickel,
chromium, and zinc, which could not otherwise be completely de-
posited from such solutions. If a metal alloys with mercury to
form an amalgam, the electrode potential of the alloy is more posi-

+
(——

) (

Fia. 14. Apparatus for Electrodeposition with Mercury Cathode.

tive; the metal is also protected to a considerable extent from the
solvent action of the acid.

A very convenient form of apparatus® for the eclectrolysis is
shown in Fig. 14. A platinum wire, usually a spiral, is used as

10 Melavan, Ind. Eng. Chem., Anal. Ed., 3, 180 (1930). For a somewhat
better but more complicated form of the apparatus, see Evans, Analyst, 60,
389 (1935).
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anode, and contact to the mercury is made by a copper wire. A
sulfuric acid solution, about 0.1 N in concentration, is generally used
as electrolyte. The solution is best stirred mechanically with a stir-
ring rod which agitates both the solution and the mercury. When
the deposition is complete, the leveling bulb is lowered until the
mercury level just reaches the bore of the stop-cock. The latter is
then turned through 180° and the contents of the electrolyzing vessel
rinsed into a beaker for further treatment.

When contamination of the mercury by deposited metals reaches
about 1 per cent, further deposition is retarded. There is also a
possibility that metals may be redissolved. When the mercury be-
comes too badly contaminated, the mercury may be cleaned by re-
peated agitation with 10 per cent nitric acid.’

In general, all the metals below zine in the clectromotive series
are deposited on the mercury cathode. Manganese is only partially
removed, although by adding phosphoric acid to the solution before
the electrolysis, the amount of residual mangancse may be reduced
to a negligible amount.’? Aluminum is not deposited at all. The
method is used mostly for the removal of the metals below zine in
the electromotive series leaving in solution metals that can not be
deposited, such as aluminum, beryllium, magnesium, the alkaline
earths, vanadium, titanium, zirconium, the rare earths, and phos-
phorus. It is commonly applied to the determination of aluminum
and titanium in ferrous materials.

Internal Electrolysis. The term internal electrolysis was applied
by Sand ** to those electrodeposition processes in which an attack-
able anode is used, and a direct, external wire connection between
the cathode and anode made, so that the electrolysis proceeds spon-
taneously without the application of an external voltage. This is
really a species of controlled cathode potential electrodeposition, for
if the metal chosen for the anode is the samc as the metal in solu-
tion from which the separation of another metal is desired, then
automatically the cathode potential is decreased as the electrolysis
proceeds and the concentration of the metal deposited at the cathode
decreases. The method is particularly well adapted to the determi-
nation of small quantities of one metal in the presence of large

11 Scherrer and Mogerman, J. Research Nat. Bur. Standards, 21, 105
(1938).

12 Clopin, Z. anal. Chem., 107, 104 (1936).

18 Sand, Analyst, 65, 309 (1930).
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amounts of another, for example, the determination of bismuth and
copper in lead bullion.

Although the method has been known for a long time it has only
been recently that applications of it have been made in technical

NP

J
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N
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!

Fra. 15. Apparatus for Electrodeposition by Internal Electrolysis.

J/

analysis. In the apparatus of Sand,** the solutions surrounding the
anode and cathode are separated by a parchment membranc; in the
apparatus of Clarke, Wooten, and Luke,** shown in Fig. 15, they
are separated by an alundum shell, which, when new, must be
treated with acids to make it more porous. Two anodes are gen-

14 Clarke, Wooten, and Luke, Ind. Eng. Chem., Anal. Ed., 8, 411 (1936).
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erally used to speed the deposition. The solutions are stirred me-
chanically, and means are also provided for flushing the anolyte
into the catholyte in order to return any metals which may have
diffused into the anolyte during the early part of the electrolysis.
The electrodes are connected together by wire.

Obviously, the metal being deposited must be lower in the elec-
tromotive series than the metal from which it is being separated,
copper and bismuth, in the example cited, being lower than lead.
The solution surrounding the anode must have a high electrical
conductivity, and this may be secured by a high concentration of
electrolyte, usually of acids or ammonium salts. The anolyte must
also, however, contain a higher concentration of the ions of the
anode metal than does the catholyte, otherwise the anode metal
might be deposited at the cathode due to the concentration cell
effect. Chloride solutions may be used without the addition of an
anodic depolarizer, as the anode reaction is the dissolution of the
metal of the anode.

One of the most useful applications of the method is the separa-
tion of copper, and bismuth from lead.'®*¢ A lead anode surrounded
by a solution containing 3 per cent nitric acid and 5 per cent lead
nitrate is used. The copper and bismuth are plated together on a
platinum cathode from a dilute nitric acid solution and at a tem-
perature of 65-90°. The sample is best dissolved in a mixture of
nitric acid and tartaric acid. Arsenic and antimony do not interfere
if oxidized to their higher valence states by treatment with per-
manganate. Lead-tin alloys may also be handled in the same way,
but it is better to dissolve the sample in a mixture of nitric acid and
hydrofluoric acid in this case. The copper plus bismuth plate may
be weighed, and one or both metals subsequently determined by the
usual methods.

The internal electrolysis method has also been applied to the
separation of lead from antimony,!” in which case a zinc anode im-
mersed in a 10 per cent potassium cyanide solution is used. The
separation of copper and cadmium from zinc has been similarly ac-
complished,*®* and of cadmium and nickel from zinc.?**¢ Mercury

15 Collin, Analyst, 68, 312, 680 (1930).

16 Clarke and Wooten, Trans. Electrochem. Soc., 76, 63 (1939).
17 Collin and Sand, Analyst, 56, 90 (1931).

18 Collin, Analyst, 56, 495 (1930).

19 Fife, Analyst, 61, 681 (1936).
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may be separated from the metals in brass using a copper anode; 2°
copper may be separated from large amounts of iron using an iron
anode and hydrazine to keep the iron reduced to the ferrous state; 2
copper may be separated from cadmium using a cadmium anode; 22
and silver separated from lead, copper, bismuth, and other metals
present in sulfide ores, using a copper anode.??

Efforts have becn made to eliminate the porous membrane sepa-
rating the catholyte from the anolyte.?* Besides being simpler and
more convenient to assemble, electrolysis without the membrane
permits the separation of metals closer together in the clectromotive
series, since the internal resistance of the cell is lower. A great dis-
advantage with this simplified technie, however, is the possibility of
depositing the metal on the anode by local cell action on the sur-
face; this can only be circumvented by carefully maintaining the
concentration of the metal under a certain limit below which it is
not deposited on the anode, and by choosing a metal for the anode
which does not give too great a potential difference. A few separa-
tions have been made without the membrane: cadmium from zine,?*

copper and bismuth from lead,?® and copper, nickel, and ¢obalt from
iron.?®

CHEMICAL REDUCTION TO METAL

By the application of reducing agents of different strengths, cer-
tain elements may be differentially reduced to the metallic state and
thus separated from other elements. The metals which are more or
less easily reduced are those at the bottom of the electromotive
series: gold, silver, selenium, tellurium, platinum, palladium, mer-
cury, copper, antimony, and bismuth.

Hydrazine reduces all of the metals mentioned but antimony
and bismuth. Hypophosphorous acid will reduce these metals also.
Hydroquinone is a very weak reducing agent, precipitating gold
from acid solution and separating it quantitatively from all of the
other metals mentioned; silver must be removed prior to the pre-
cipitation of the gold.

20 Fife, Analyst, 68, 650 (1938).

21 Fife and Torrance, Analyst, 62, 29 (1937).

22 Fife, Analyst, 65, 562 (1940).

28 Fife, Analyst, 62, 723 (1937).

24 Lurie and Troitzkaja, Z. anal. Chem., 107, 34 (1936).

28 Lurie and Ginsburg, Ind. Eng. Chem., Anal. Ed., 9, 424 (1937).
26 Lurie and Ginsburg, Ind. Eng. Chem., Anal. Ed., 10, 201 (1938).
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Metallic reducing agents are used principally for the removal of
interfering metals from solution although they may be quite selec-
tive in action. Thus, iron precipitates antimony but not tin from a
mixture of their salts, and advantage is taken of this to separate
antimony from tin. Similarly, aluminum is used to displace copper
from solution.

THE USE OF ORGANIC PRECIPITANTS
THEORETICAL CONSIDERATIONS

Among the vast number of organic compounds are some which
have the property of yielding an insoluble precipitate with a par-
ticular metal ion or with a selected group of metal ions. The most
spectacular of these reagents is dimethylglyoxime, which yields the
characteristic, red, insoluble nickel compound familiar to all who
have studied qualitative analysis. Dimethylglyoxime is an almost
ideal reagent for analytical purposes, and a study of the structure
and behavior of this compound yields principles which may serve as
guides to the discovery and investigation of similar reagents. The
general field of organic reagents has been the subject of numerous

investigations in recent years as attested by the growing body of
literature.?

1Among the texts dealing exclusively with the application of organic
compounds to quahtative and quantitative analysis should be mentioned
the following:

Feigl, Qualitative Analyse mit Hilfe von Tiipfelreaktionen, 3rd Ed.
Akademische Verlagsgesellschaft, Leipzig, 1938; English translation of prac-
tical part: J. Matthews, Spot Tests, Nordemann Publishing Company, Inc.,
New York, 1937; English translation of theoretical part: Oesper, Specific
and Special Reactions, Elsevier Publishing Company, Inc., New York, 1940.

International Committee on New Analytical Reagents, Table of Reagents
for Inorganic Analysis, Akademische Verlagsgesellschaft, Leipzig, 1938,

Prodinger, Organische Fillungsmittel in der quantitativen Analyse, Die
Chemische Analyse, Vol. 37, Ferdmand Enke, Stuttgart, 1937; English trans-
lation: Holmes, Organic Reagents Used in Inorganic Analysis, Elsevier Pub-
lishing Company, Inc., New York, 1940.

The Staff of Hopkin & Williams, Organic Reagents for Metals, 3rd Ed.,
Hopkin & Williams, London, 1938.

Mellan, Organic Reagents in Inorganic Analysis, The Blakiston Company,
Philadelphia, 1941.

Yoe and Sarver, Organic Analytical Reagents, John Wiley & Sons, Inc.,
New York, 1941,

A few review papers dealing with the application of organic reagents have
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Differentiation is made between specific reagents, which react
with one or perhaps two metals, and selective reagents, which react
with a number of metals. Few specific reagents are known; but the
number of selective reagents is fairly large. By careful regulation
of such conditions as the acidity, the concentration range, and the
temperature, and by the use of so-called masking reagents, the
action of selective reagents may be considerably narrowed and
made practically specific. Dimethylglyoxime precipitates nickel
only from ammoniacal or very weakly acid solutions, but it precipi-
tates palladium from dilute mineral acid solutions. Thus, although
dimethylglyoxime is in a sense only a selective reagent, by the
proper control of the acidity of the solution, it is possible to deter-
mine two metals successively with but the one reagent. This is per-
haps even more striking than if the reagent had been truly specific
for only one metal.

The requirements that an organic precipitating agent should
meet are much the same as those which any gravimetric precipi-
tation process should fulfill. The reagent should be specific or at
least selective in its action. The precipitate formed should be ex-
tremely insoluble. The precipitate should be of definite composi-
tion and stable on drying and inert toward atmospheric moisture.
The precipitate should have a high molecular weight with concomi-
tant low content of metal. The precipitate should be highly colored
so as to be the more sensitive as a qualitative test. The method
should offer the possibility of being used alternatively as a volu-
metric method. The reagent should be soluble in water.

No known organic reagent fulfills all of these requirements. Di-
methylglyoxime is satisfactory on the first five points but not on
the last two. Dimethylglyoxime is insoluble in water; a solution of
the compound in aleohol is used as reagent, and its addition to
aqueous solutions in more than a slight excess causes precipitation
of the reagent itgelf. This is a source of error in the determination
of nickel by dimethylglyoxime.

The insoluble compounds of metals with organic compounds fall
into two classes, the normal salts and the inner complex compounds.
The former are derived from those organic compounds which are

&
been published, notably that of Feigl, Ind. Eng. Chem., Anal. Ed., 8, 401
(1936). Reports of recent work by Yoe and coworkers will be found in
symposia held by the Virginia Academy of Science during the years 1940 and
1942; see the Virginia J. Sci., 1, 121-167 (1940); 3, 1-33 (1942).
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purely acidic in character, that is, have no functional groups other
than those which furnish replaceable hydrogen atoms. Some fifteen
groups are capable of functioning as acids when present in organic
molecules. Many of these classes of organic compounds have not
been investigated for their use as analytical reagents, others are
known to be useless, but some are valuable as precipitating reagents.
The simple mono-, and dicarboxylic acids, formic, acetie, oxalic,
malonic, and so on, have no selectivity, yielding insoluble com-
pounds with practically all heavy metals from neutral or basic so-
lutions; variation in the acidity of the solutions will occasionally
make possible certain separations, as, for example, the separation
of thorium from a fairly acid solution as the oxalate. The sulfonic
acids are strong acids forming insoluble metallic salts, but again
without selectivity. The arsonic acids

OH
/
R—As=0 R = alkyl or aryl group
OH

are dibasic acids and exhibit a selective affinity for the metals of
the fourth group of the periodic system. Several interesting separa-
tions can be effected with such compounds, and these will be con-
sidered in detail in a later section of the text. The titanium and
zirconium derivatives of the simple arsonic acids are white; by the
introduction of a chromophore group into the molecule, the sensi-
tivity of the reagent as a qualitative test may be greatly increased.
Feigl and his students prepared p-dimethylaminobenzeneazophenyl-
arsonic acid 2

H3C \ /OH
S0 asA
H3C OH
which is purple in color and they fdund the sensitivity of the deriva-

tive as a qualitative test very greatly enhanced over that of the
original reagent. .

2 Feigl, Krumholz and Rajmann, Mikrochemie, 9, 395 (1931); see also
the increase in sensitivity of the rhodanine test for silver on the introduction
of color, Feigl, Z. anal. Chem., T4, 380 (1928).
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Rhodizonic acid and the analogous, more readily prepared, tetra-
hydroxyquinone (T.H.Q.)

0 (0]
(o) OH HO ~0OH

(o) OH HO OH
o 0

yield colored, insoluble barium salts. So far, these reagents have
found use only as indicators in the volumetric determination of
sulfate.

The inner complex compounds are non-ionic, metallic derivatives
of those organic compounds which contain two functional groups so
arranged that the metal may become implicated in a ring structure
with the organic molecule. The functional groups which react with
the metal must be so placed that the union with the metal forms a
five- or a six-membered ring, and one of the groups must be acidic
and the other coordinating in nature.* These compounds are non-

3The concept of secondary or coordinating valence was introduced by
Werner to account for the existence of the numerous metal-ammonia com-
pounds. Secondary valences are indicated by dotted lines, and the ammonia
molecules or other groups attached non-ionically to the metal atom, in the
so-called coordination sphere, are enclosed in brackets, thus tetramminocupric
chloride is represented

H NH,

sN
o
H;N/ \Nﬂa

The ammonia molecules in the coordination sphere may be replaced by acid
radicals, a corresponding decrease then occurring in the charge on the co-
ordination ion. This successive replacement results in a series of salts of
changing ionic character, for example, with bivalent platinum:

[Pt(NHg)4ICl2 Tetramminoplatinous chloride
[Pt(NHj3)sCIlICI Chlorotriamminoplatinous chloride
[Pt(NHg)2Cl:10 Dichlorodiamminoplatinum
[Pt(NH3)ClglK Potassium trichloroamminoplatinite
[PtCl41K2 Potassium tetrachloroplatinite

all of which are known. Organic amines or any other compound having
groups possessing residual valence forces may replace the ammonia and any
anion the chloride. When two functional groups occur in the same mole-

Clg
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polar in character, behaving essentially like organic compounds.
They are insoluble in water but soluble in organic solvents. Their
colors are striking and widely different from the colors of the normal
salts of the metals. They are usually crystalline, of definite com-
position, and highly stable. They have just the properties required
for the purposes of analytical chemistry, and the reagents which
form inner complex compounds are, indeed, the most useful type of
organic reagent.

The common functional groups which occur in organic com-
pounds reacting with metals are

Acid Groups Coordinating Groups
0
—Z carboxyl —NH, amino
\oH

—OH enolic hydroxyl N\ eyclic amino
=NOH oxime =0 carbonyl
—S0sH sulfonic =NOH oxime
—SH mercapto

The nickel and palladium derivatives of dimethylglyoxime are
typical inner complex compounds, having the structure

cule, if they are properly located, both may be attached to the metal, form-
ing a chelate ring of five or six members. Three kinds of ring compounds
are evidently possible, those derived from organic molecules having two
coordinating groups, those from molecules having one coordinating and one
acidic group, and those from molecules having two acidic groups:

H, H
HyG-N - N-CH, 0=0-q  9-C=0 =0
I ‘P t\ | Clg | N/P | | / Ko |

B,0N  N-CH, HC-N N-CH, oo

Hy Hs Hy Hp o
Diethylenediamino- Diglycine plati Poms“llm ti:!:: alatg-
platinous chloride iglycine platinum platini

Although these compounds are of no interest to the analytical chemist they
serve to illustrate the various types of chelate ring compounds. These com-
pounds are members of the first, third, and fifth groups of the above serics.
The glycine compound is a non-electrolyte; a solution of the compound does
not conduct the electric current and reactions for platinum ions fail. This is
a typical inner complex compound.
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n,c-c-

HyC-C= (M\mc-cn,

O—Hm-
One of the oxime groups of the dimethylglyoxime molecule first
undergoces a tautomeric change into the nitrone form:

H3C—C—C—CHg H3C—-C—C—CHg
II Il — U
\ < — \\
HG ‘oH nd E
oxime form nitrone form

The metal atom becomes attached to the nitrogen of the nitrone
group by the replacement of the hydrogen atom. The metal then
coordinates to the other oxime group forming a chelate ring struc-
ture. The metal atom is part of two such rings. Chemical and
other evidence indicates that the hydrogen atoms are shared equally
between neighboring oxygen atoms (hydrogen bonding) forming a
further ring structure. These compounds are extremely insoluble in
water but soluble in chloroform and other organic solvents. They
may be sublimed without decomposition.

If the characteristic ortho-dioxime structure is preserved, the
specificity for nickel is maintained. Among the other dioximes
which have been studied are a-furildioxime and cyclo-hexanedione-
dioxime

" I] ﬂ ll d OH
C-C H N’
o,n'l R
H OH
which yield insoluble nickel derivatives and are water soluble, but
which have not come into common use as yet.

The organic compound, 8-hydroxyquinoline, also forms typical
inner complex compounds with a number of metals

N
“oH

-3+
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N
<~/
and is finding increasing use as an analytical tool. Other inner
complex compounds used in analysis are the cobalt derivative of
a-nitroso-g-naphthol (Fig. 16, I), the metallic derivatives of phen-
ylnitrosohydroxylamine, cupferron (Fig. 16, II), and the copper de-
rivative of salicylaldoxime (Fig. 16, III). The metallic derivatives
of quinaldinic acid (Fig. 16, IV) and of thioglycollic acid-g-amino-
naphthalide (Fig. 16, V), which have been used for the determina-
tion of various metals, are also inner complex compounds.

O/s O-N O-L @[ ¢u/z

I III

NN
@jw ©©_N ot

v v
M represents an equivalent of metal

Fiq. 16.

In general the inner complex compounds are formed only in
weakly acid, neutral, or ammoniacal solutions, and the control of
pH during their precipitation is necessary, especially where a sepa-
ration of chemically similar metals is desired. Of the organic com-
pounds which might possibly yield inner complex compounds of
importance to analytical chemistry, only a small part have received
study.4

4For a detailed survey of the field of the chelate ring compounds, see
Diehl, Chem. Revs., 21, 39 (1937).
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A few organic bases have found application in analytical chem-
istry. Benzidine forms a fairly insoluble sulfate and tungstate and
has been used for separating these radicals from others. The nitrate
ion and a number of other anions are precipitated by a complex
heterocyclic nitrogen base known as nitron. Triphenyltin chloride,
(CeH;5)sSnCl, has been recommended for the gravimetric determi-
nation of fluoride. The alkaloid cinchonine yields an insoluble
tungstate and is used to precipitate the last traces of tungsten fol-
lowing its precipitation as the oxide.

DIMETHYLGLYOXIME
H;C—C—C—CH3;
L C.HgO:N;
Mol. Wt. 116.12
/ AN
HO OH

Dimethylglyoxime is probably the most widely used of the or-
ganic precipitating agents. In addition to its use in the determina-
tion of nickel gravimetrically, it has a number of other uses, in the
colorimetric determination of nickel and in the determination of
palladium, iron, copper, cobalt, and bismuth.® Dimethylglyoxime
bchaves toward the metals as a monobasic acid, a hydrogen of one
of the .oxime groups being replaced by a metal atom. The metal
then coordinates to the nitrogen atom of the second oxime group
forming a ring structure. Two such rings surround the metal atom
in the cases of the nickel and palladium compounds.

The precipitation of nickel by dimethylglyoxime as the red, in-
soluble, inner complex compound, Ni(C;H;0:N;),, may be made
from faintly acid, neutral, or slightly ammoniacal solutions. The
precipitate can be dried at 115° and weighed. The method sepa-
rates nickel from cobalt, manganese, zinc, the alkaline earths, mag-
nesium, and from iron, aluminum, and chromium if sufficient tar-
trate is present to prevent the precipitation of their hydroxides by
ammonia. Although dimethylglyoxime gives a satisfactory separa-
tion of nickel from cobalt and from iron when present singly, a
brown, amorphous compound containing iron, cobalt, and dimethyl-

8 An extensive treatment of the uses of dimethylglyoxime and the diox-
imes in general will be found in the monograph by Diehl, The Applications
of the Dioxtmes to Analytical Chemistry, The G. Frederick Smith Chemical
Co., Columbus, 1940.
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glyoxime is formed, when iron and cobalt are present together.
Ways of circumventing this difficulty as well as a discussion of a
number of minor but essential details connected with the determi-
nation of nickel by dimethylglyoxime are described in the section
devoted to the analytical chemistry of nickel, p. 383.

Palladium is precipitated from dilute mineral acid solution by
dimethylglyoxime as a yellow compound, Pd(C4H;0.N,)., which
can be dried and weighed. The composition and structure of the
precipitate are strictly analogous to the nickel compound. Since
dimethylglyoxime precipitates nickel only from a weakly acid or
ammoniacal solution, but precipitates palladium from a dilute min-
eral acid solution, it is almost a specific reagent for palladium.
Gold is reduced to the metal by the reagent, and platinum is par-
tially precipitated, either as the metal or as a greenish complex
compound, on boiling the solution. The presence of nitrates in the
solution prevents the complete precipitation of palladium.

Small amounts of nickel may escape precipitation by dimethyl-
glyoxime, probably owing to the formation of a quadrivalent nickel
compound of dimethylglyoxime. This quadrivalent nickel com-
pound is orange in color and furnishes a sensitive colorimetric
method for nickel. Like most inner complex compounds, nickel
dimethylglyoxime is soluble in organic solvents. This has been
used for the isolation of the small amounts of nickel present in sili-
cate rock. The nickel dimethylglyoxime is extracted from the aque-
ous, ammoniacal solution by shaking with chloroform, from which
it is then recovered by treatment with a dilute hydrochloric acid
solution and determined colorimetrically.

Ferrous iron yields a pink, soluble compound with dimethylgly-
oxime which has sometimes been mistaken for the nickel precipitate.
A cupric salt, dimethylglyoxime, and an oxidizing agent give an
intense reddish violet color resembling that of permanganate; this
is a very suitable colorimetric method for copper. Bismuth, as ni-
trate or chloride, when treated with dimethylglyoxime and the hot
solution made strongly alkaline with ammonia, produces an intense
yellow, voluminous precipitate; this is a quite sensitive test for bis-
muth; sulfate and tartrate interfere.

Two or three methods for the volumetric determination of di-
methylglyoxime, and thus indirectly for nickel and palladium, are
known, but they have not found much use.
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The rather low solubility of dimethylglyoxime in water, 0.40 g.
per liter, makes necessary the use of a solution of the reagent in
alcohol or acetone. Care must be exercised that only slight excess
of the reagent be added ; otherwise the reagent itself may be precipi-
tated and contaminate the nickel or palladium precipitate.

. CUPFERRON

N=0
/ NH,CoH;0,N,
O—\O Mol. Wt. 155.16
—NH,

Cupferron, the ammonium salt of phenylnitrosohydroxylamine,
yields insoluble compounds with a number of metals.%? The re-
agent is much more specific in its action in strongly acid than in
weakly acid solutions. Frém a solution containing 5 to 10 per cent
by volume of sulfuric or hydrochloric acid, cupferron precipitates
ferric iron, titanium, zirconium, vanadium and tin, separating these
elements from aluminum, chromium, manganese, nickel, cobalt, zinc,
magnesium, the alkalies and alkaline earths, and from small
amounts of phosphorus. A great many other metals are precipi-
tated from weakly acid solution: copper, mercury, bismuth, molyb-
denum, tungsten, and others. In addition, a number of less common
elements are precipitated such as gallium, columbium, and tanta-
lum. The presence of tartrate has no effect on the precipitation of
metals by cupferron.

Precipitation with cupferron is widely used to remove metals
which would interfere in the determination of other metals. Thus
the determination of aluminum is rendered easier by a preliminary
separation of ferric iron with cupferron.

Ferrous iron is not precipitated by cupferron from a strongly
acid solution, and this furnishes a convenient method of isolating

6 Cupferron was introduced as an analytical reagent by Oskar Baudisch
in 1909 (Ber., 42, 3568 (1909); Chem. Ztg., 33, 1298 (1909)). The name cup-
ferron is derived from the fact that the reagent precipitates both iron and
copper, but it should not be inferred that the reagent precipitates only these
metals.

7A complete treatment of the preparation and storage of the reagent,
the solubilities of cupferron metal compounds, the analytical applications
of the reagent, and a comprehensive bibliography may be found in the
monograph by Smith, Cupferron and Neo-Cupferron, The G. Frederick Smith
Chemical Company, Columbus, 1938.



74 OPERATIONS OF QUANTITATIVE ANALYSIS

small amounts of titanium from large amounts of iron, as in the de-
termination of titanium in steel. Zirconium accompanies titanium
in these operations.

Vanadium present in the vanadate state of oxidation is precipi-
tated by cupferron from a strongly acid solution, and in this manner
may be separated from sexavalent uranium. The uranium may be
subsequently reduced to the quadrivalent state, precipitated by cup-
ferron, and ignited to the oxide, UsQs, for weighing. The precipi-
tation of vanadium with cupferron may also be used to separate it
from tungsten, phosphate, and arsenate.

The reagent is usually used as a 6 per cent aqueous solution,
which should be made up fresh, since the aqueous solution is not
stable for periods longer than a month. Precipitation is always
made in the cold as cupferron is decomposed on heating. Sufficient
reagent is added to form completely the curdy precipitate of the
metallic derivative of cupferron and to give a precipitate of white
needles of free phenylnitrosohydroxylamine. The precipitate should
be filtered soon after its formation since excess cupferron is not very
stable in acid solution. Sulfuric acid or hydrochloric acid solutions
may be used for the precipitation, but not nitric acid solutions, as
oxidizing agents destroy the reagent. The addition of macerated
filter paper aids in the filtration and ignition. The precipitates
can not be weighed after drying but must be ignited to the oxide
for weighing. The ignition should be done cautiously with a gradual
increase in temperature to avoid mechanical loss by the gaseous
compounds which are copiously evolved.

Neo-cupferron, the ammonium salt of naphthylnitrosohydroxyl-
amine, C;oH;N(NO)ONH,, forms less soluble and more bulky pre-
cipitates and makes possible the direct separation of iron and copper
from mineral waters.

8-HyYDROXYQUINOLINE (OXINE)

CoH,ON
Mol. Wt. 145.15

:

A variety of metals may be precipitated and determined by pre-
cipitation with 8-hydroxyquinoline, and this reagent is now quite
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widely used.®® 8-Hydroxyquinoline is thus a selective rather than
a specific agent. The acidity of the solution has a great influence
on the precipitation of metals by 8-hydroxyquinoline, however, and
by proper control of pH, and by the use of complex-forming agents,
the specificity may be greatly increased so that a number of impor-
tant separations may be made by means of the reagent.

The conditions under which various metals are precipitated by
8-hydroxyquinoline arc summarized in Table III. A few metals
may be precipitated from fairly concentrated acetic acid solutions;
but many more are precipitated only from solutions well buffered
with acetate. Some precipitations are made from ammoniacal so-
lutions and others from sodium hydroxide solutions containing tar-
trate. In a number of cases precipitation is complete only over a
limited pH range, and the solubility on either side increases the
possibilities of effecting separations.

Titanium, aluminum, ferric iron, and a number of bivalent
metals such as copper, zine, cadmium, cobalt, and nickel are pre-
cipitated from solutions buffered with acetate, while beryllium,
magnesium, lead, the alkali and alkaline carth metals are not pre-
cipitated. The separation of aluminum from beryllium and from
phosphate in this manner furnishes about the only completely ac-
ceptable method of making these separations. The separation of
ferric iron from aluminum, and of the bivalent metals from one
another by careful control of pH is possible in many cases, but in
others is restricted by coprecipitation.

A few precise studies of the effect of pH on the precipitation of
metals by 8-hydroxyquinoline have been made; %112 the permis-
sible pH ranges for the precipitation of various metals is given in

8 The extensive literature dealing with the uses of 8-hydroxyquinoline has
been summarized in the monograph by Berg, Das O-Oxychinolin, Die Chem-
ische Analyse, Vol. 34, Ferdinand Enke, Stuttgart, 2nd Ed, 1938; sec also
Organic Reagents for Metals, Hopkin and Williams, London, 3rd Ed., 1938,
p. 65.

9 The common name Ozin or Ozxine, from which is derived ozinate refer-
ring to the metallic derivatives of the reagent, is found in the German
literature.

10 Fleck and Ward, Analyst, 68, 388 (1933).

11 Fleck, Analyst, 62, 378 (1937).

12Goto, J. Chem. Soc. Japan, b4, 7256 (1933), 86, 314 (1935); C.A. 27,
5674 (1933), 29, 3936 (1935).
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TaBLE 1II. THE PRECIPITATION OF METALS BY 8-HYDROXYQUINOLINE
(HOx = 8-Hydroxyquinoline)

Permissible pH o0 Composition after Dry-
Metal | for Complete (I;’(;::ilt;:::‘i:r ing; Recommended
Precipitation P Method for Determination
In 2.5-3.0 Acetic acid soln.; not | InOxg at 110°.
pptd. from alkaline
soln.
Fettt 2.8-11.2 Acetic acid soln.; not | FeOxs at 120°.
from alkaline-tartarte
soln.

MoO,~~ 3.6-7.3 A cetic acid soln. MoOsOxe at 130-140°;
vol. method impossible
due to insol. of empd.
in acids.

Al 4.2-9.8 Acetate buffered, am-| AlOx;3 at 130°.

moniacal, or ammoni-
acal-tartrate soln.

Co 4.4-14.5 Acetate buffered soln. Pptd. as CoOxz -2 Hz0 but
variable composition on
drying. Vol. method
recommended or igni-
tion to CogO4.

Ni 4.3-14.5 Acetate buffered soln. Like cobalt; best deter-
mined volumetrically
or ignited to the oxide.

Zn 6.0-13.4 Acetate buffered, am- | ZnOxs at 130-140°.

moniacal, or alkaline-
tartrate soln.

Th 4.4-8.8 Acetate buffered soln. ThOx4 at 150-160°.

Ti 4.8-8.6 Acetate buffered or am- | TiOxg at 110°.

moniacal-tartrate soln.;
not from alkaline-tar-
trate soln.
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TaBLE III. THE PRECIPITATION OF METALS BY 8-HYDROXYQUINOLINE—Cont.
(HOx = 8-Hydroxyquinoline)

Permissible pH . Composition after Dry-
Metal | for Complete (Il’orl:ciilt;::;:zr ing; Recommended
Precipitation P Method for Determination

Zr Acetate buffered soln.; | ZrOx, at 130°,
chloride and sulfate
must not be present.

Bi 4.8-10.5 Acetate buffered, or am- | BiOx; at 130-140°.
moniacal-tartrate
soln.; not from alka-
line-tartrate soln.

WO, 5.0-5.6 Acetate buffered soln. WO;0x, at 120° wvol.
method impossible due
to insol. of compd. in
acids.

Cu 5.4-14.5 Acetate buffered, am-| CuOxz at 105-110°; bro-
moniacal-, or alkaline- | mate vol. method inap-
tartrate soln. plicable.

Cd 5.6-14.5 Acetate buffered, ammo- | CdOx3 at 130°.
niacal or alkaline soln.

U0+t 5.79.8 Acetate buffered soln. UO0:0x; at 200°.

Mn 5.9-10.0 Acetate buffered soln. Difficult to dry to con-
stant weight; best ig-
nited to MngO4.

Ga 7.0-8.0 Strictly neutral soln. ; tar- | GaOx3 at 110°.

trate may be present.
Pb 8.5-9.5 Weakly alkaline soln. PbOx; at 105°.
Mg 9 5-12.6 Ammoniacal, alkaline, or [ MgOx2-2 HO at 105-

alkaline-tartarate soln.
Large amounts of am-
monium salts have no
effect.

110°.
140°.

MgOxz at 130-
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Table III, and a few are shown graphically in Fig. 17. In simple
cases, the desired pH for these precipitations may be obtained by
the addition of specified amounts of acetic acid and sodium hy-
droxide,'* but in practice, the actual measurement of pH using the
glass electrode or other system is necessary.

2004 100 per cent Magnesium
100 per cent Cobalt /
—
. 150 4
[-J
i
g 100 per cent Copper
3 é ]
% 100 -
3
k]
;)
¥ 50
_
o : < : : . . ,
2 4 6 8 10 12 19
PH

F1a. 17. Permissible pH Range for the Precipitation of Copper, Cobalt, and
Magnesium with 8-Hydroxyquinoline. Data of Fleck and Ward.10

The values of pH at which metals may be precipitated when
present in solution alone is not an entirely reliable guide to the pH
at which one may be separated from another.?* Thus, although
magne