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I. INTRODUCTION

In most cases the usual sorbents do not exhibit high
selectivity with respect to substances (ions) which do not
differ markedly in their properties. The combination of
ion-exchange or other chromatographic methods with the
phenomenon of complex-formation in solution proved ex-
tremely useful and led to the discovery of many new effici-
ent procedures for the separation of substances. This is
also the idea of precipitation chromatography, which is
based on another powerful chemical interaction, the forma-
tion of sparingly soluble compounds, in combination with
the usual chromatographic methods. The introduction into
the chromatographic medium of suitable precipitants as
well as complex-forming agents permits selective and very
rigorous control of the behaviour of the individual compo-~
nents of mixtures in their separation. The wide possibili-
ties in choice of precipitants, including complex-forming
precipitants, make precipitation chromatography one of the
most universal methods in chemistry.

A fairly large number of published studies, has accu-
mulated, in which the principles of precipitation chromato-~
graphy were used. However, the literature on this pro-
blem is widely scattered and has been little systematised,
and this retards the development and improvement of the
method which is essentially very promising. In most
monographs on chromatography, precipitation chromato-
graphy is either not mentioned at all (although a number of
studies using essentially this method is often noted ™) or
the method is described very briefly purely on the basis of
the paper by Gapon and Gapon (1948).4~¢ The textbook of
chromatography published in Poland is an exception™ in
the chapter devoted to precipitation chromatography 33
papers are quoted, and demonstrate the extremely wide
variety of applications of this method. The special mono-~
graph of Ol'shanova et al.8, the only one so far, mentions
only about 60 papers on precipitation chromatography. A
few more references are quoted in the thorough review on
hydrolytic and precipitation chromatography by Hayek®, but
the selection of papers appears somewhat one~sided, as a
result of which a number of very interesting developments
in the method are not brought to the notice of the inves-
tigator,

In view of the existing situation in this field, the author
thought it useful to include, together with a review of the

basic principles and trends in the development of precipi~
tation chromatography, a scientific and patent bibliography
as complete as possible,

II. BRIEF HISTORICAL OUTLINE

Thefirst known study involving elements of precipitation
chromatography is in all probability that of Runge 1°, With
purely decorative aims, he carried out chemicalcolour re-
actions (including reactions with formation of precipitates),
by treating with salt solutions filter paper impregnated
with various substances. Runge published his own work
in 1855 as an album of novel paper chromatograms,

Tsvet 1!, the founder of the chromatographic method,
noted in 1906 and in 1910 that in many cases of the Schon-
bein-Goppelsroeder 12 “capillary analysis”, put forward in
1861, the formation of a chromatogram on impregnating
papers with pigment solutions can be accounted for by the
precipitation of the pigment as a result of a concentration
gradient of alcohol in the solvent (due to evaporation of the
alcohol). However, since precipitation from solutions in
these experiments is not caused by the formation of a new
substance by a chemical reaction, Goppelsroeder's “capil~-
lary” chromatograms cannot be classified as precipitation
chromatograms in the generally accepted modern sense of
this term (see below). On the other hand, one would be
fully justified in classifying as precipitation-chromato-
graphic many reactions carried out in spot analysis 18,
particularly in the “fractional” method of analysis which
Tananaev proposed in 1920, ¢ There are many studies in
this field.

For a long time the application of the principles of
precipitation-chromatographic separation was only desul-
tory. A certain breakthroughtook placeinthe 1930's. At
the beginning of the 1930's Tsvet's chromatographic method
was revived, but it was used as before for the separation
of organic and biological substances. Towards the end of
the 1930's Schwab and coworkers 1516 guggested that the
method be applied also in inorganic chemistry and used
alumina extensively as sorbent for this purpose. It was
then noted 16-1° that the sorption of certain inorganic ions on
alumina exhibits the features (at least partially) of precipi~
tation sorption. Then, following Flood's suggestion??,
paper impregnated with aluminium or chromium hydroxide
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began to be used in the analysis of heavy metals21-2?, The
work of Erlenmeyer and coworkers 28-30 stimulated the use
as chemical sorbents of organic substances such as hydr-
oxyquinoline, dimethylglyoxime, etc,, which form insoluble
complexes with many metals31-36,

In 1948 precipitation chromatography was formulated as
an independent chromatographic method. The credit for
this is deservedly given to the Soviet physical chemist
Gapon. Together with his coworkers, he introduced pre-
cipitation chromatography as one of the classified varieties
of the chromatographic method 37,38, formulated the basic
principles of the precipitation-chromatographic separation
of substances?®, and began the first systematic studies in
this field40-46, Immediately after the appearance of the
first fundamental paper by Gapon and Gapon?3?, a consider-
able increase in publications on precipitation chromato-
graphy took place both in the Soviet Union and abroad.
Starting with 1953, the number of annual publications is not
less than 15~20.

III. PRECIPITATION-CHROMATOGRAPHIC MEDIA

In order to separate substances by the precipitation-
chromatographic method, a substance capable of reacting
with them (or with some of them) to form sparingly soluble
reaction products is introduced into the solid phase in the
chromatographic medium. Such a substance or ion is
called the precipitant. However, the main bulk of the
solid phase usually consists of the “carrier”. The func-
tions of the latter include imparting the necessary filtering
capacity to the system and localisation in the solid phase
both of the precipitant and the precipitates produced.

Carriers. Varioussorbents (ionexchanger, molec-
ular sorbents) are usually employed as carriers. Fre-
quently solids which are completely inert chemically and
physicochemically are also empioyed as carriers; they
serve as fillers, which are introduced mainly to improve
the hydrodynamic conditions. In this case powders of
sparingly soluble inorganic or organic substances, for
example zinc sulphide, dimethylglyoxime, and hydroxy-
quinoline are used as precipitants. The powdered carriers
and sparingly soluble precipitants usually have an average
degree of dispersion equivalent to diameters of 0.01-

0.1 mm,

The sorbent-carriers retain the precipitates in the form
of ions (on ion-exchange resins, zeolites, alumina, and
other exchangers), molecules (for example, various or-
ganic bases on activated charcoal4?), or even colloidal par-
ticles (for example, the colloidal precipitate of aluminium
hydroxide on filter paper 21-27), One of the principal re-
quirements which must be met by sorbent carriers is also
that the carriers should retain the reaction products (pre-
cipitates) as well.

In column precipitation chromatography the following
carriers are usually employed: alumina (“anhydrous” or
“activated for chromatography” and also alumina converted
into the anion-exchanger form by treatment with acid),
silica gel 34,39,40,44,45,48—57, starch29,30,82,34,35,48,49,51, Kie~
selguhr 28,20,34,58,59  olass powder 51-53,60-63  and activated
charcoal4”,64=75,  Cellulose 4?49, barium sulphate 29:3¢,44
gypsum %2, calcium and magnesium carbonates 52,7877,
bentonite 48,78:,7, certain metal oxides (zinc73,75,80-82  mag-
nesium®3,8¢  lead, lanthanum, and bismuth82-85 andothers),
and even ordinary sand 52,53,79,86,87 haye also been used.

Application of ion exchangers charged
with precipitant ions. This process is interesting
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because it is thereby possible to remove from solution ions
of both charge types at the same time, for example:

R-Agt 4 NaCl — R~Nat - AgCl | .

Gans ® suggested in 1909 that processes of this kind be
used in sorption techniques, referring to an even earlier
suggestion by Rumpler®, Subsequently this idea was em-
bodied in the so-called silver zeolites, which are widely
used for the purification of seawater under special con-
ditions®, With the introduction of the synthesis of ion-
exchange resins, the application of a cation exchanger in
the silver-form was suggested®! for this purpose, by ana-
logy with the silver zeolite. Somewhat later Gaddis®? used
a weakly basic anion exchanger in the sulphide form instead
of gaseous hydrogen sulphides in systematic qualitative
analysis. Gaddis's idea was supported and developed fur-
ther by Kunin®3»%4 jn 1949, and this was followed by other
suggestions concerning the application of ion-exchange resins
in the precipitation-chromatographic method: by Aleskov~
skii and Kheifets®5-98, Glueckauf %:1%° and Kielczewski 191,
Recently ion-exchange resins have been increasingly used
in studies on precipitation chromatography (Refs, 102-113
and others).

However, a drawback of such ion-exchange precipitation
systems should be noted. This concerns those cases
where the solution contains a mixture of ions not all of
which form precipitates with the precipitant. In such
cases, exchange with the counterions in the solution causes
more of precipitant ionsto be displaced from the resin than
can be consumed in precipitation in the “working” part of
the column bed. This can be made clearer by means of an
example: suppose that a resin is charged with silver and
that the solution contains sodium chloride and nitrate.
Sodium displaces from the resin an equivalent amount of
silver ions which precipitate chloride ions. Since the
ionic concentrations are linked by the relation[Ag*]+[Na*] =
[C17] + [NO7], it follows that [Ag*] > [C17]. The excess of
the unreacted precipitant is washed out of the column with
the stream of solvent. Thus the higher is the amount of
non-precipitable and non-exchangeable ions (in this example
nitrate) the lower is the efficiency of the precipitation-
chromatographic column. Ion exchangers are therefore
completely ineffective for trapping (precipitating) micro-
impurities, for example in the purification of salt solutions.
For this purpose, sparingly soluble precipitants are em-
ployed.

Sparingly soluble precipitants. Inthe practi-
cal application of precipitation chromatography sparingly
soluble precipitants are most frequently used, particularly
in paper chromatography. To obtain a precipitate on filter
paper, the latter is usually impregnated initially with a
solution of one of the reactants, containing as a rule the
cation of the precipitate to be formed (since the paper ex-
hibits a higher sorption capacity with respect to cations
than with respect to anions). Then the paper is immersed
in the solution of the other reactant, whose anion forms the
required sparingly soluble compound with the cation present
on the paper. It is desirable to wash out the excess of the
unreacted salts with pure solvents20,27,114¢,  Sometimes the
the paper is immediately immersed in a suspension of the
previously prepared precipitate 2227, Paper is impreg-
nated with sparingly soluble organic precipitants in alco-
holic etc. solutions with subsequent drying to remove the
solvent 1157118,

Powders of sparingly soluble precipitants are sometimes
introduced into the column in a pure form 33,36,76,77,119-125
but most often they are introduced in a mixture with a
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filler 28,34-36,60,68  In most cases the mixture of powders
is loaded into the columns in a dry form only (“dry col-
umns”). A homogeneous material can be loaded into col-
umns also in the form of an aqueous suspension (with
heterogeneous mixtures there is a risk of layer formation
in the preparation of suspensions). An advantage of “wet”
columns over “dry” columns is that in the former thereare
no trapped air bubbles which prevent the operation of part
of the charge.

In some cases more than one precipitant is introduced
into the chromatographic medium in order to increase the
number of absorbing substances??>48, On the other hand,
certain properties of the chromatographic medium are
sometimes improved by using a carrier of more complex
composition, For example, Hopf 32 initially impregnated
paper with starch and then with the precipitant (violuric
acid), probably in order to increase the concentration of the
precipitant on the paper. In another study!?® a mixture
of finely ground alumina and cellulose pulp, obtained by
boiling cotton wool in dilute nitric acid, was used to pro-
duce a sorbent with the highest possible surface area and a
good filtering capacity, Thealuminaadhered satisfactorily
to the cellulose pulp, the combined carriers being subse-
quently charged with the precipitant (phosphate).

The carrier (filler) can also take a more active part in
the precipitation absorption process. Thus, according to
Napol'skii 87127, the addition of magnesium or calcium oxide
to dimethylglyoxime helped maintain in the column the
optimum acidity of the medium for the precipitation of
nickel (pH > 6);

{ NiSO, -+ 2 H,Dm 2 Ni (HDm), | -+H,S0, ,
H,S0; + MgO — MgSO, - H,O .

In some cases columns consisting of several beds with dif~
ferent precipitants were used?39,87,87,128-131 {5 ensure selec-
tivity of absorption and a clear-cut separation of a number
of substances 32,

Itisnoteworthy that a fairly widely used method of prep-
aration of the precipitation-chromatographic medium, in
which a readily soluble precipitant is introduced into the
carrier, is erroneous. For example, columns with mech-
anical mixtures of a carrier and a readily soluble precipi-
tant are used fairly frequently, the fraction of the precipi-
tant amounting sometimes to 10-50% of the charge %,40,44,
48,108,133~137  or paper is impregnated with a solution of a
readily soluble salt and then dried without washing 138-145,
In experiments with the usual carriers having low sorption
capacity (paper, alumina, etc,) such a technique is un-
desirable, since soon after the start of filtration of the
solution the excess of the precipitant, not fixed on the
carrier by sorption forces, is washed out of the latter.
Only in rapid processes (for example in spot reactions)can
the substance react more or less completely with the pre-
cipitant. On the other hand, under the usual conditions of
the chromatographic process, such technique is ineffective.
It is even less applicable in quantitative analysis based on
the size of the precipitation bands, which requires uniform
distribution of the precipitant in the chromatographic
medium (see below). The advantages of sparingly soluble
precipitants in systems resembling those used in precipi~
tation chromatography were pointed out by Clarke 146,147 a5
early as 1937. Investigators who used the precipitation-
chromatographic method for quantitative analysis arrived
at the same conclusion 82,114,

Among other principles of carrier and precipitant selec~
tion, one may note the tendency (in those cases where it is
possible) to choose white or pale coloured carriers and
precipitants, which form coloured precipitates with the
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ions evolved. In most real cases this can be fairly readily
achieved and the investigator then secures the valuable
advantage of being able to follow the process during the
separation period and to correct the operation as required.
To make observations on precipitates whose colour does
not differ from that of the background, a phosphor may be
introduced into the column before the experiment 3,

IV. PRECIPITATION -CHROMATOGRAPHIC METHODS OF
SEPARATION

A fairly wide variety of procedures for the separation,
purification, and concentration of' substances is already
used in precipitation chromatography. However, the pos-
sibilities of precipitation chromatography are still far from
being exhausted and eventually the number of methods
should probably increase considerably. The present situa-
tion in this field must be regarded as merely the initial
stage of development.

One of the simplest chromatographic procedures based
on precipitation chromatography consists in selective ab-
sorption of one of several substances in a solution passed
through a suitably prepared column or impregnated paper.
This method is widely used both in the concentration of sub-
stances from dilute solutions 62,87,146-148 apd for the removal
from solutions of specific interfering impurities 64-68, 7 -7, 0,
104,105,149,150,  Tn both cases precipitation chromatography
has significant advantages over other methods used for the
same purposes. In the first case (concentration) the mini~
mum concentration at which a given substance can be
absorbed from solution is usually very low as a result of
the very low solubility products of the precipitates formed.
This permits virtually quantitative isolation from solutions
of components present even at microconcentrations 193,151,
On the other hand, ion-exchange resins and the usual sor-
bents are not very suitable for the removal of microimpuri-
ties from salt solutions at high concentrations because of
insufficient differences in sorbabilities?, while precipita-
tion systems readily overcome this difficulty.

The advantages of precipitation under chromatographic
conditions compared with static conditions are evident: the
technique is simpler, the number of operations required
is smaller, the time needed is shorter, the efficiency of
separation is higher, and the risk of losses and contamina-
tion during the separation process is lower. We may quote
the following examples of the significant simplification of
technique. It has been suggested that in partition paper
chromatography of alkali and alkaline earth metals the
interference of polyvalent ions be eliminated as follows 152,
Polyvalent anions are precipitated from the solution as
sparingly soluble lead salts at the beginning of the chromato-
graphic band (not far from the start), where two drops of
lead acetate solution are deposited before the start of the
experiment; at the same time the test cations pass freely
through the lead spot and move further along the paper in
the usual order. Precipitation in chromatographic columns
and not under static conditions is particularly desirable in
those by no means rare cases %3154 where colloidal precip-
itates are formed, since precipitation-chromatographic
media quite often show a satisfactory capacity for the
retention of colloids.

Many studies have beendescribedin the literature on the
separation of two and more substances by the selective ab~
sorption of some and the free passage of other mixture
components 47,101,112,155,156;  in thig way it is possibleto sepa-~

rate ions and substances with similar properties #4,47,54,59,76,
77,87, 127, 157 =161
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Adequate selectivity of absorption under real conditions
can be ensured both by the selection of the appropriate pre-
cipitant and, in the case of ion-exchange carriers, by the
choice of an ion exchanger with the required acidity or
basicity 92,99,100,  For this purpose (to ensure the specifi-~
city of absorption), Hesford4’ suggested that activated
charcoal be saturated with bases differing in their dissocia-
tion constants: aqueous ammonia, methylamine, diethyl-
amine, urea, ethanolamines, alkylamines, hexamines,
pyridine, and others. Strong bases were used to separate
most of the cations, forming insoluble hydroxides, from
alkali and alkaline earth metals, while weak or complex-
forming bases were used for the isolation or separation of
particular cations.

Substances retained in the columns are then eluted with
solutions of acids, alkalies, or complex~-forming agents.
Another separation procedure is based on the choice of a
selective solvent, which elutes only one or some of the
components to be separated which are retained in the
column47,83,111,  For example, on the alumina and cellulose
pulp columns *® mentioned above, silver and iron(II) ions
were absorbed in the form of the phosphates and then
eluted successively with 0.1 N acetic acid (silver) and hot
2 N hydrochloric acid (iron). The separation was quantita-
tive. Kielczewski used an unusual procedure 119 for the
separation of silver and copper (II) on an anion-exchange
resin saturated with arsenate. After both silver and cop-
per had been absorbed on the resin, hydrochloric acid was
passed through the column. This resulted in the elution
of copper, while the silver arsenate precipitate was con-
verted into silver chloride, so that silver remained in the
column. Subsequently silver was eluted with aqueous
ammonia (complex-forming solvent),

Precipitation-chromatographic methods on paper differ
little from the usual paper chromatographic procedures.
Both linear and circular chromatograms are produced. A
definite volume of the test solution is usually deposited with
a capillary on impregnated paper and the chromatogram is
then eluted with a pure solvent until the stabilisation of the
zone boundaries. Sometimes dilute solutions can be ap-
plied to the paper continuously, i.e. by simple impregna-
tion of the paper with solution at one end %263,  The thin~
layer precipitation chromatographic technique 3~%7 is in
many ways similar to paper chromatography.

Whena clear-cut detection of all the zones is required on
paper or ina column, the primary chromatogram obtained
(as a result of the passage of the initial solution) is washed
with water or weak aqueous solutions of mineral salts;
sometimes it is washed also with organic solvents ,118,164-168
If necessary the zones can be revealed by means of solu-
tions or vapours of the usual reagents 22~24,109,139~145,167  op,
especially in columns, by means of adsorption indicators
introduced with the test solution 187,168=171,

When the primary precipitation chromatogram is washed
with organic solvents, the components of the mixture on im-
pregnated paper are frequently separated by elution**57117
172,173 Pogsibly, it is more correct to regard these as
cases of partition rather than precipitation chromatography.

One of the varieties of precipitation chromatography is a
separation procedure in which absorption in the solid phase
is due to an oxidation-reduction reaction with formation of
a sparingly soluble reaction product8-1®, An example of
the application of this method is the use of manganese zeo-
lites 17 for the removal of iron(II) and manganese(II) from
water (in cases where the possibility of the preliminary
aeration of water is limited and in certain others). The
manganese zeolite is a source of oxygen which oxidises the
divalent iron and manganese ions to the trivalent state, this
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being accompanied by the precipitation of the hydroxides.
Oxidant additives (sodium permanganate) were used earlier
in 175 gas mask filters. A small amount of the oxidant in
the gas mask (about 3%) served to oxidise certain gases,
for example arsine, which are poorly sorbed by activated
charcoal and soda lime (the principal components of the
gas mask filter). It has recently been suggested 1¢ that
precipiation-chromatographic columns with a silver precip-
itant be used to trap arsine (from the gas phase):

AsHy + Ag* — AgsAs | + Ag® 4 AsO} .

The reducing properties of certain ion exchangers, in-
cluding electron-exchange resins, have found application in
the extraction (concentration) of noble metals from solu-
tions 106,107,177,

We may mention yet another method—the procedure for
the preparation of stable sols with the aid of precipitation-
chromatographic columns 43,44,24,178,1%  In general this
method cannot be regarded entirely as precipitation chro-
matography, since for this purpose one selects a special
carrier, which, while retaining the precipitant, should not
retain in the column the resulting colloidal precipitate.
For example, the following processes have been achieved
on ion exchangers17:

R (OH)y + AICly — RClg + A1 (OH), | ,
R'H, -+ Na,Si0g — R'Na, -+ H,SiOy | .

The sols obtained are very pure.

Yet another application of precipitation chromatography
is the procedure for the quantitative determination of
organic acids on paper impregnated with a hydroxide *80,181,
The quantitative analysis is based on the measurement of
the area (or weight) of the section of the paper freed from
the hydroxide precipitate as a result of dissolution by the
test acid.

V. DIFFUSIONAL PRECIPITATION CHROMATOGRAPHY

The difference between the unusual variety of precipita-
tion chromatography and the normal procedure is that here
the principal mass-transfer mechanism is diffusion and
not filtration of the solution. The specificity of the reac-
tion medium consists in the fact that the latter does not
permit the filtration of the solution and convective mixing
of the substances. Such media include moisture-saturated
porous materials44,130,282,183  golutions in capillaries 184-186,
and gels. The last are used most often, and therefore such
chromatograms are also called “precipitation chromato-~
grams in gels” 185-188, The brief, accurate, and general
name given in the heading of this section was proposed by
Olenovich et al, 189,

The technique of this method is very simple. A fused
gel of gelatin, agar-agar, or a similar substance, towhich
the precipitant had been introduced earlier in the form of a
solution, is poured into test tubes or Petri dishes. When
the gel has set, the test solution is poured onto its surface
(in Petri dishes in the form of individual drops). The
diffusion of the components of the solution into the gel is
accompanied by the precipitation of the various deposits,
which results in the continucus development of the chro-
matogram 1857196,

Some investigators have used paper impregnated with
gel together with the precipitant17,!%8,  Diffusional precip-
itation chromatograms can also be obtained in capillary
tubes sealed at one end and filled with a precipitant solution
(without gel) 185,186,199, Such capillaries are simply im=-
mersed in the test solution with their open ends downwards.
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A modified technique is used for special purposes:

counter~diffusion of reacting substances in a pure gel me-
dium 182, 183,200~202

VI. THEORY OF PRECIPITATION CHROMATOGRAPHY

1. Problems of Precipitation Sorption

The term “precipitation sorption” includes any proces-
ses where the absorption of a substance in an already exist-
ing solid phase involves the formation of a new solid phase
due to the production of a sparingly soluble compound by a
chemical reaction. This precipitation sorption is a com~
plex process. In one of its stages the solute reacts with
the precipitant which leads to the precipitation of a sparing-
ly soluble compound. The following, no less important
stage is the fixation of the newly formed precipitant in the
solid phase. The nature of this fixation can be extremely
varied—ranging from mechanical retention to adhesion or
molecular fixation. The successful absorption of a sub-
stance in a precipitation~chromatographic system depends
not only on the correct choice of the precipitant but also on
the choice of the carrier which is capable of firm retention
of the precipitates formed.

The present author 203 derived an equation for the iso~
therm of ionic precipitation absorption taking into account
only the solubility of the precipitate (i.e. assuming that the
precipitate is completely and firmly retained in the solid
phase). It was found that the isotherm exhibits virtually
maximum convexity. According to the familiar postulates
of chromatographic theory, a number of important con-
clusions follow from this finding. When the isotherm is
convex, dynamic precipitation sorption takes place with the
formation of the so-called steady-state front, i.e. under
conditions of parallel transfer of the sorption front. In
those cases where the influence of the sorption kinetics or
various longitudinal flow perturbations is weak, the effect
of the convexity of the isotherm (tending to sharpen the
front of the sorption wave) is particularly pronounced, As
aresult, exceptionally distinct zone boundaries are partic-
ularly frequently observed in precipitation chromato-
graphy8;39)44.

Precipitation sorption on sparingly solu-
ble precipitants. Earlier it was noted that in the
practical application of precipitation chromatography, sub-
stances which are sparingly soluble in the solvents used
but can react with the ions subjected to chromatography,
forming even less soluble products, are employed very
often as precipitants (the present author suggests that such
precipitants be referred to as sparingly soluble). For
example, zinc sulphide can absorb copper, cadmium,
silver, and other ions, since the sulphides of these metals
are even less soluble in water than zinc sulphide. The
inclusion of such heterogeneous displacement reactions in
precipitation-sorption processes is consistent with the
generally accepted definition of a bulk~phase chemisorption
reaction: “the absorption process due to a heterogeneous
chemical reaction gradually spreads throughout the bulk of
the solid, ... producing a new substance in the form of a
new phase” (Lepin’ 204),

The absorption of ions on sparingly soluble precipitants is
sometimes difficult to distinguish formally from ion exchange.
Hayek® suggested that two varieties of formal ion exchange
be distinguished: ion exchange on relatively high-molec-
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ular weight substances without appreciable change of struc-
ture, for example:

Cag (PO,),0OH + F~ 22 Ca, (PO,)sF + OH™ ,

and with change of structure of the initial substance, for
example:

AgCl + Br~— AgBr +CI— .

The present author believes that the inclusion only of
reactions of the second kind (with change of structure, i.e.
with formation of a new solid phase) among precipitation
processes is quite acceptable. For example, on the basis
of the same considerations, one is quite justified in includ-
ing among precipitation chemisorbents also the large class
of sparingly soluble complex~-forming precipitants (of the
type of dimethylglyoxime and hydroxyquinoline), despite
the apparent complexity of their molecules.

Precipitation sorption on ion exchangers.
The application of ion exchangers in precipitation chroma-~
tography is based on a three-stage process?205,206; (1) dis-
placement of the precipitant ion from the resin by ion
‘exchange; (2) its reaction with the ion undergoing chroma-
tography leading to the formation of sparingly soluble com~
pounds; (3) fixation of the precipitate on the resin. It has
been established 25,20 that on synthetic resins with a high
exchange capacity, the ion exchange and formation of a
sparingly soluble compound can be clearly distinguished
both in time and in space. The ion-exchange displacement
of the precipitant ion A linked to the resin matrix R:

RTA* - B~ - M+ Z (RPM* - AY) +B

results in the binding of the ion B in the precipitate,
A* 4 B-—AB}

only after the liberated ions A have diffused to the surface
of the resin grain. The explanation is that, as a result of
the Donnan potential, the free electrolyte BM virtually does
not enter the resin phase?®%207, Helfferich2%, who con-
sideredthe problem of the kinetics of ion-exchange processes
accompanied by any chemical reaction, recently arrived at
similar conclusions. Thus the view that the precipitates
are formed and fixed within resin grains 103,105,110 must be
regarded as erroneous.

The problems of the equilibrium in the system ion
exchanger-—sparingly soluble electrolyte—water have been
examined in a number of studies207,210-215,  Grigorov and
Tarshis 2® demonstrated the equivalence and the reversibi-
lity of ion exchange accompanied by a chemical precipita-
tion reaction. To show this, three successive ion-ex-
change cycles, including the reaction of barium chloride
(or potassium sulphate) solution with the ion exchanger in
the silver (or barium) form and the regeneration of the
resin with a solution of silver nitrate (or barium chloride),
were carried out. Despite the increasing amount of the
precipitate (silver chloride or barium sulphate), the amounts
of the ions undergoing exchange remained virtually constant
in all three cycles. In general the possibility of the re-
generation of the column without eluting the absorbed sub-
stance 106,107,118 jg one of the valuable features of precipita-
tion chromatography. For example, after a number of
repetitions of the absorption~regeneration cycles on an
electron-exchange resin, it is possible to accumulate
reduced silver in amounts up to 300-400% of the weight of
the resin 107,

Koblyanskii and Kameneva ?1¢ observed higher rates of
ion exchange in a cation-exchange column if the exchange
was accompanied by the formation of a precipitate; this is
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explained by the displacement of the ion-exchange equili-
brium to the right. On the other hand, the general form
of the elution curves revealed a dependence both on the
solubility product of the precipitate formed and on the con-
stant for the exchange of the corresponding pair of ions.
The present author 2°5:217 showed that conditions of parallel
transfer are established in the motion of the precipitation-
sorption wave in cation-exchange and anion-exchange
columns regardless of the constants for the exchange of
the corresponding ions, He also developed a mathematical
theory of dynamic precipitation sorption on ion exchangers.

Elsewhere 205,206 he discussed the problem of the mech-
anism of the fixation of the precipitate on the surface of the
resin grains. The following probable mechanism of the
fixation by adhesion of the peptised precipitate AB on the
resin R was proposed:

R-A* -+ B~ 4 M* — R"M#- (B} - AB) + nM*,

where part of the ions M remain in the diffusion layer atthe
precipitate particles.

Precipitation sorption on alumina and
certain other inorganic sorbents. Because of
its wide use in the chromatography of inorganic ions,
alumina has attracted the attention of many investigators
who attempted to elucidate the sorption mechanism,

Gapon 38,218,218 pheljeved that the absorption of cations on
basic alumina and the absorption of anions on acid (treated
with acid) alumina is due to ion exchange at the aluminate
group:

(A1,0;),,A10,-Na - A*+ 4 B~ 2 (AL,03) ,AlO, - A + Na* +B~,
(A1,05),,AI0 - NOg + A* + B~ 22 (A1,04),,A10 - B4 A* + NO; .

The sorption of polyvalent anions on basic alumina and
polyvalent cations on acid alumina was explained in the
same papers 218,212 hy the reversal of the charge on the sor-
bent surface by the polyvalent ions.

Without rejecting the possibility of the absorption of ions
by ion exchange on alumina, most investigators nowadays
believe that a hydrolytic absorption mechanism %17-19,84,8,
220,221 jg more likely for heavy metal salts on basic alumina,
for example8!:

[ >San N\Al—0H
o SO+HO = o(
S SAI—OH
o o
>Al—-0H >A1——X
m 0L + (m + 1) MX, —— m 0L -+ mM(OH), - n MX, .
0 AI—CH o JAIX
l N AN

Heavy metals are sorbed as precipitates of hydroxides or
basic salts, for example Cu,(OH),Cl from CuCl, solu-
tions 83,84,222,223  Co, (OH),Cl1 from CoCl, solutions®, and
Cu,(OH),SO, from CuSO, solutions .

The capacity for hydration, which determines the ab-
sorption capacity of alumina, depends on the heat-treat-
ment of the latter in its preparation from the hydrox-
ide223-225, This capacity is a maximum for y-alumina
(the cubic form) obtained by heat treatment at about 600°C
and is absent in the @ -form (the rhombohedral form)
formed on heating above 1200°C.

It has been noted®-85 that the same hydrolytic mechan-
ism accounts for the absorption of heavy metals on certain
other basic substances, for example on magnesium or
lanthanum oxides (as well as on anion exchangers in the
hydroxide-form). The absorption of strong electrolytes
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from aqueous solutions on charcoals is regarded as hydro-
lytic 176,226-228,  This is indicated by the similarity (with
certain unimportant exceptions) of the sorption series for
heavy metals on basic alumina 15,16,19,85,183,221,22,230 ]Jan-
thanum oxide 85, partially dehydrated ferric hydroxide 25,
and on charcoal 281, both to one another and to the series of
the solubility products of the hydroxides of these metals 232,

The sorption of heavy metals on alkaline silica gel is
attributed to the formation of sparingly soluble polysili~
cates %, Here the polysilicate macroion of silica gel
serves as a precipitant ion for certain metals. The same
sorption series was obtained as for the solubilities of the
silicates 233,234,

Certain anions are also sorbed on alumina by a precipi-
tation mechanism?®2, . In those cases where alumina is used
as a carrier with a sorbed precipitant it is not always pos-
sible to observe the fixation of the newly formed precipi~
tatesonthe carrier 34344, Ifthe precipitate was neverthe-
less retained inthe column, it was found 295,208 that the indi-
vidual crystals ofthe precipitate are fixed onthe surface of
the grains of alumina (both basic andacid). Sincethenature
ofthese adhesion forcesisnot entirely clear, itis sofarnec-
essary to choose empirically the conditions under which the
precipitation-chromatographic process can be successfully
taken to completion (without loss of the precipitates).

2. Conditions for the Formation of Precipitation Chromato-
grams

The main factor which determines the separation of
substances in precipitation chromatography is the differ-~
ence between the solubilities of the precipitates formed .
Being a variety of the chromatographic method, precipita-
tion chromatography is a dynamic process with multiple
repetition of the fundamental step®5, Schematically the
formation of precipitation chromatograms can be described
as follows 235, When fresh portions of solutions enter a
given element of the column (or impregnated paper), the
component which reacts with the precipitant to yield the
least soluble precipitate displaces the appropriate compo-
nents from the previously formed more soluble precipi-
tates. The displaced components move further with the
solvent stream and are again precipitated in those layers
of the column where there is either the free precipitant or
a more soluble precipitate with other components. Fre-
quent repetition of such redistribution of material in the
direction of the stream leads to the formation of a developed
precipitation chromatogram,

Two evident conditions must be satisfied for the forma-~
tion of a precipitation chromatogram. In the first place
the precipitate must be fixed in some way in the solid phase
of the chromatographic medium and should not be eluted
with the solvent stream 54,78,1%,236 and in the second place
the precipitates formed must be retained at the site of their
precipitation 8,40,53,147,236-238

3. Structure of Precipitation Chromatograms

The sequence of the zones in precipitation chromato-
grams depends on the order of precipitation of the corres~
ponding substances® In the determination of the sequence
of the zones one examines in the first place the relative
solubility products of the precipitates and in addition the
relative concentrations in the initial solution of the sub-
stances being separated®:2%®, The present author has
given a rigorous mathematical derivation of the general
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relations whereby the sequence of the zones in precipitation
chromatograms can be predicted 24°,

Gapon4$»% proposed an approximate method for the
determination of the zone sequence from reduced solubility
products. Although this method is not quite rigorous (for
this reason certain exceptions to the rule are observed)%,
in the majority of cases it gives a qualitatively correct
picture. In Gapon's method the solubility products of the
precipitates are compared after being raised to a power
equal to the smallest common multiple of the number of
precipitant jons in the precipitate molecule [the factor by
which the number of precipitant ions in the precipitate
molecule has to be multiplied to give the smallest integral
common product (Ed.of Translation)]. For example, in
the comparison of the solubilities of iron(Ill), copper(II),
and silver (I) their solubility products are raised to the
second, third, and sixth power respectively. The zone
sequence (beginning at the start) should correspond to the
sequence of increasing values of the quantities thus ob-
tained.

In contrast to the other varieties of chromatography
(molecular, ion-exchange), for precipitation chromato-
graphy with considerable differences between the solubili-
ties of the resulting precipitates, theory predicts 205,239,241
a simple structure of the chromatogram with virtually only
one component of the initial mixture (see Figure) in the
solid phase of each zone. In the primary chromatogram
some zones, in particular the first (at the start), may still
contain admixtures of other components of the initial mix-
ture in the form of a free solution, but in the washed chro-
matogram every zone contains only one component each.
The zones follow one after another without discontinuities,
usually with very distinct zone boundaries.

N
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In the ideal case the ratios of the concentrations of the
precipitant in the carrier (N,) and the densities of preci-
pitation (N,, N,, Nj,...) should be equivalent. TUnder real
conditions this requirement is satisfactorily met on finely
dispersed sorbent-carriers 52,53,62,205,236,

The washing of the primary chromatogram with an in-
different solvent leads to the widening of the primary zones
(particularly those further removed from the start), but
only up to a certain limit, beyond which further washing
virtually does not change the chromatogram 238,242, This
limit is determined by the amount of substance introduced
and the precipitating capacity of the medium 235,

The distribution of the precipitates in the washed chro-~
matogram has been little investigated by direct analysis.
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In some cases ™ insufficiently complete separation was ob-
served in zones close to the start, although the zones were
clearly distinguished by colour., The present author
investigated 295,241 the reasons for the incomplete separation
in certain specific systems. It was established that in
highly dispersed inorganic ion exchangers charged with a
precipitant ion, the contamination of initial zones by other
components of the initial mixture can be accounted for by
the adsorption coprecipitation of ions on the precipitates of
the main substance; this occurs to a small extent. On
sparingly soluble precipitants and in particular on ion-
exchange resins charged with precipitants there is also a
poor separation of mixtures in the chromatographic medium
due to kinetic causes (continuing precipitation of impurity
components from the free solution after formation of the
primary chromatogram, when there is not sufficient time
for the complete consumption of the precipitant during the
brief period when the primary chromatogram is formed).
To improve the separation in this last case, it is recom-
mended that the primary chromatograms be washed imme-
diately when the filtration of the initial solution is com-
pleted.

4, Quantitative Analysis by Precipitation Chromatography

In view of the very great simplicity of precipitation
chromatograms (see Figure), simple quantitative deter-
mination of the components from the size of their zones in
the chromatograms is possible. One of the conditions for
quantitative analysis by precipitation chromatography,
together with those enumerated above (see Section VI, Sub-
section 2), is the uniformity of distribution of the precipi-
tant in the chromatographic medium 8,82,205,236,238

Washed chromatograms. When washed chroma~
tograms, which virtually do not contain the substances
being analysed ina free form (see Figure), areused, asim-
ple linear relation between the quantity of the component
introduced and the size of its zone is obtained. The size
of the zone is defined as follows: in column chromato-
graphy the volume or height of the zone 34,35,50,123,243 ' jp
paper or thin-layer linear chromatography the length 21,2426,
55,57,162,244-256  the area 166,257~273 or the weight of the
zone 274-277 after the latter has been cut out, and in circular
chromatography the area of the circular and annular
zZones 114,278,279‘

Quantitative analysis by precipitation chromatography
has proved so simple and convenient that in certain cases
it has been used as a simple final step in analytical deter-~
minations. For example, it has been suggested 255,262 that
partition and precipitation chromatography be combined,
the first method being used to separate the ions and the
second for their quantitative analysis, after the individual
components have been transferred with the aid of appro-
priate solvents from the chromatograms where they had
been separated to paper impregnated with the precipitants.

Although usually quantitative analysis by precipitation
chromatography is used for the analysis of a single precip-
itable substance, there have also been studies on the quan-
titative determination of components in complex chromato-
grams 34,35,128,244,248,251,254,258,272,278 The present author's
investigation in this field 205,241 showed that, despite the
partial retention of certain mixture components in zones
other than their intrinsic zones (see above), the relations
between the sizes of washed zones in complex chromato-
grams and the concentrations of the corresponding compo-
nents in the initial solutions (for a constant sample volume)
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remain linear or nearly so., As a result, quantitative
analysis of complex mixtures by frontal precipitation chro-
matography is possible without preliminary separation.

In the chromatography of various ions on media with
sparingly soluble precipitants a steady increase in the
length (or area) of the zones with increasing solubility pro-
ducts of the precipitates was observeds2,78,114, Kulaev !4\
148,144 relates the velocity of the precipitation front directly
to the solubility product, which of course is unjustified.
The present author believes 205,241 that the above relation is
due to differences in the rates of the reactions of the solu-
tion components with the precipitant, The rate of the
displacement reaction is higher the greater is the differ-
ence betweenthe solubility products of the starting material
and the final product.

Primary chromatograms. Some investigators
have used primary unwashed chromatograms for the quan-
titative analysis of a single precipitable component. 558,135
137,168,170,280-285,  The zone size-concentration calibration
graphs are then curves concave towards the zone size
axis. The reason for the non-linearity of the calibration
graphs is that part of the solution does not react with the
precipitant, since it is retained by capillary forces bhe-
hind the precipitation front in the free volume of the
column 25:236, Thus Stefkin 28¢ obtained a linear calibration
graph over a fairly wide range of concentrations (0.016—
0.5 M) even though he used unwashed chromatograms, but
the latter were obtained by filtration at a reduced pres-
sure: the solution was then drawn downwards in its
entirety, without begin retained in the free volume of the
column.

An equation for the relation between the size of the pre-
cipitate zone and the concentration of the initial solution
and certain other factors was derived by Cetini and
Ricca 2 and more rigorously by the present author 205,236,
The present author used this equation 205,236 a5 a basis for
a more accurate and simpler method of quantitative deter-
mination of a single precipitable substance from the pri-
mary precipitation zone using linear calibration graphs in
transformed coordinates (the reciprocal of zone size
plotted against the reciprocal of concentration),

The present author 205 has also proposed a method of
quantitative determination of a single precipitable sub-
stance from a primary circular zone, in which a very sim~
ple technique is employed. To determine the concentra-
tion of the solution, it is necessary to immerse a “wick”
of impregnated paper into the test solution and then ter-
minate the impregnation with solution at any convenient
time: after drying the paper, it is necessary to measure
the ratio of the radii of the solvent front and the precipita-
tion zone (or the ratio of the areas of the corresponding
circles). Mathematical analysis showed that linear cali-
bration graphs are obtained when the square of the ratio of
the radii or [the ratio of (Ed.of Translation)] the areas of
the circles are plotted against the reciprocal of concentra-
tion. However, it should be noted that the use of primary
chromatograms for quantitative analysis becomes ineffec~
tive at relatively high concentrations, and therefore in the
general case it is more desirable to employ washed chro-
matograms.

The maximum dilution method. This method,
proposed by Shemyakin and coworkers® is used in some
cases for the quantitative determination of single precipi-
table Substances 109,111, 141,144,169,287-292' The method con~
sists in a number of successive dilutions of the test solu-
tion until the latter gives a negative qualitative response
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with respect to the ion being determined when tested on a
precipitation-chromatographic medium. In preliminary
experiments it is necessary to determine the minimum
detectable amount and also an empirical “correction for
losses”, which is about 3-10%.8 The method has very
little accuracy 41, is laborious (particularly in the column
version), and is suitable only for approximate determina-
tions of microconcentrations 2,

5. Secondary Phenomena

The various processes involving changes in precipitation
chromatograms after formation are combined under the
common name “secondary phenomena in precipitation
chromatography” 84l ~44,183,203=296 |p lapboratory practice
secondary phenomena are encountered very rarely (only in
special cases) when washed chromatograms are obtained.
However, in unwashed (primary) chromatograms, where
the chromatographic layer contains free solutions at fairly
high concentrations in addition to the precipitate, there is
an extremely wide variety of secondary phenomena. In
contrast to the requirements of analytical practice, where
usually only washed chromatograms are dealt with, the
study of secondary phenomena in precipitation-chromato-
graphic processes under natural conditions (for example,
in the investigation of certain ore-formation and soil-for-
mation processes) is of exceptional importance.

The major proportion of secondary phenomena in pre-
cipitation chromatography consist in the effects of diffu-
sion processes 24,25, which are frequently accompanied by
various chemical reactions. In the precipitation chroma~
tograms of the iodides of mercury, bismuth, and lead
secondary complex-formation reactions combined with dif-
fusion processes have been noted43,44,295,

Very frequently (and both in washed and unwashed chro-
matograms) recrystallisation of the precipitates is ob-
served, leading to the growth of bigger crystals at the
expense of a large amount of small crystals 4205206,  The
recrystallisation of precipitates is a favourable process
from the standpoint of the firm fixation of the precipitate
in the chromatographic media. Both the solubility and the
extent to which the precipitates are dislodged are greatly
reduced. However, the subsequent elution of the absorbed
substance from the column becomes more difficult,

The disruptive effect of precipitates in porous media
noted in some cases deserves attention 41,27,

6. Theory of Diffusional Precipitation Chromatography

In diffusional-precipitation systems the velocity of the
precipitation front depends on a number of factors: the
ratio of the diffusional capacities of the outer and inner elec-
trolytes 2%, the concentrations of the outer electrolyte 185,186
190,205,299,300  the inner electrolyte (precipitant)205:300 and
the gel 85, and also the solubility of the precipitate
formed 8, The relative contributions of all these factors
in fact determine the form of the diffusional-precipitation
chromatogram.

It has been shown 205,298,300 that analytical solutions avail-
able from the theory of diffusion3! and thermal conduc-
tivity 302 cannot be applied directly to diffusional-precipita-
tion systems, At the same time an adequate mathematical
description of diffusion complicated by precipitation is so
far lacking.

The simplest theoretical examination of precipitation
diffusion, postulating a linear process?20%:303  Jeads to the
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conclusion that the ratio of the square of the depth of the
precipitation zone to the time elapsed is constant if the
concentration of the outer electrolyte remains constant.
The validity of this hypothesis has been firmly established
by numerous experimental investigations 303,304,

Diffusional precipitation with a non-constant source was
investigated by Watanabe 3°5 and Mofdvek 3°®, The equa-
tions obtained by Mofavek describe the process more
accurately 205,300,

Krishnamurti and Dhareshwar #8 observed empirically a
relation between the height of the precipitation zone x and
the solubility of the precipitate S. Using the diffusional
precipitation (in an agar gel) of silver salts with ten anions
of different valence types as an example, the relation was
found to be of the form

x=k+Fkigs

3

where %k and %’ are constants characterising a number of
precipitation systems with a common precipitant ion.

In his study of the rate of penetration into the gel of the
precipitation front for different (constant in time) concen-
trations of the outer solution ¢, the present author ob-
served the following relation 205,300;

x=(a+b1gc°)1/t_ ,

where a and b are constants which depend on the concen-
tration of the precipitant in the gel and ¢ is the time.
Using this equation, it is possible to improve the accuracy
of, and make more convenient the quantitative analysis of
solutions by the diffusional-precipitation method 196,299,
which is simple and not at all laborious 205,300,

It has been noted!® that the change in the density of the
gel has little effect on the velocity of the precipitation
front. Probably the Traube-Shikata rule 37, first estab-
lished for the diffusion of dyes in gels, namely S\ICgD =
const. (cg is the concentration of the gel and D the diffusion
coefficient), holds in diffusional~precipitation systems.

Since a washed chromatogram cannot be obtained in
diffusional-precipitation systems, one cannot expect the
separation of the mixture components into individual zones:
the liquid phase of the gel will contain all other initial-
solution components, which form with the precipitant more
soluble reaction products. Here we have the same situa-
tion as in the usual primary chromatograms: the visual
separation of the chromatogram into zones (according to
the colour of the precipitates) is not by itself evidence of
sufficiently complete separation of the mixture.

The distribution of concentrations in diffusional-precipi-
tation chromatograms is much more complex than in the
usual chromatograms. The distribution along the column
of precipitate of even a single substance is fairly complex,
the chromatogram including bands of different colour and
degree of transparency (depending on the size and amount
of the precipitate crystals39), The zones of adjacent
precipitates are sometimes separated by a region of the
gel free from precipitate 1857187,192,185  The effect of the
precipitant concentration and the concentrations in the
outer solutions, and the gel on the size of this region was
investigated by Milone et al. ¥2,

Various repetitive structures, the so-called Liesegang
rings 30,310 are fairly frequently superimposed onto the
general pattern. However, it has been shown 205,298,311,312
that the presence or form of such structures in no way
affect the principal features of the motion of the diffusional~
precipitation zone front.
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VII. APPLICATIONS OF THE METHOD

Examples of various applications of precipitation chro-~
matography have already been noted above. Certain
common precipitates for the separation of inorganic ions
are indicated in the bibliography $27-355,

Among the traditional ways of using the precipitation-
chromatographic method, one of the most important is
qualitative chemical analysis 13,14,92,102, 117, 133, 136, 142, 146, 147,
195,313,314, A classical example of sensitivity and specifi-
city is the qualitative test for nickel, which is carried out
on a dimethylglyoxime column: the minimum detectable
amount is 0.2 pg in the presence of a ten thousand-fold
excess of cobalt 76,77,

Quantitative analysis by precipitation chromatography is
used mainly for inorganic ions. The method has been
employed for the analysis of metals and alloys 34,35,86,119,
120, 140,245,245,249,250,271, minerals 119, 120,!95, natural waters 163’
various biological materials®-152, and food products and
materials used in the food industry 109,134,168, 166,287-200,315,
Apart from inorganic ions, the substances separated and
analysed have included organic acids 165, lower aliphatic
amines %, phenols 267,273, reducing sugars?6!, and various
pharmaceutical preparations 8,187,188,318,

Precipitation chromatography has found wide application
in the thorough purification of salt solutions (removal of
microimpurities), for example in the purification of salts
for the preparation of phosphors 64-66,68,72,73,80, 104, 105, 149,
150,317~319  The residual content of heavy metals in the
products does not exceed 1075~10"%%. The methods pro~
posed are very economical, simple, and convenient. For
example, it is possible to purify hundreds of kilograms of
zinc or cadmium sulphates, giving “chemically pure”
materials, by simple filtration through 1 kg of sorbent
containing about 48 g of dimethylglyoxime 75,

James and Welch 1% used successfully anion-exchange
resin columns charged with precipitant ions for trapping
fragment elements from solutions without carriers, and
they have noted that the method is superior to the usual
coprecipitation procedure as regards efficiency and selec-
tivity. Golovatyi and coworkers % demonstrated the possi-
bility of the quantitative concentration of inorganic ions
from solutions diluted by a factor of 75-100 relative to the
minimum detectable amount (as shown by the colour reac-
tion). The principles of precipitation chromatography
have been used for a long time in the purification of
water 90,81, 174‘

Precipitation and diffusional-precipitation chromato-~
graphy are used to elucidate and model ore-formation
processes 182,188, 180,297,320-326

After this article had been submitted to the editors,
new papers have been published on precipitation chromato-
graphy in the column version3%-3%3  in particular in ion-
exchange resin columns 364-371  and also on paper precipi~
tation chromatography 872-3¢1, The above publications
include also certain earlier papers, which the present
author missed previously.

As before, the greatest number of publications deal with
the quantitative analysis of inorganic ions on impregnated
paper 578-384,389~391  Sma]l amounts of substances can be
detected with the aid of columng 358,361,364 Precipitation
chromatography is used for quantitative inorganic analy~
sis %8 purification of salts 3%, quantitative separation of
inorganic ions 366-368,386  and radiochemical separation on
ion-exchange resins39-371 jincluding the separation of
genetic isotope pairs (for example, °°Sr + 20y, 140Ba +
140T,3), Some papers also deal with the problem of the
theory of precipitation sorption 3%,360,362,363,365
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Structure Formation in Disperse Systems in an Electric Field

L.G.Gindin and A.E.Vol’pyan

The application of an electric field to disperse systems
usually results in the aggregation of the particles of the
dispersed phase and their organisation into characteristic
structures oriented along the lines of force. Processes of
this kind are observed both in finely dispersed colloidal
systems and in coarsely dispersed systems-—emulsions,
suspensions, powders. Despite the extremely varied
phenomenological picture of the structure-formation pro-
cesses, which in many respects is due to the nature of dis-
perse systems, the mechanisms and dynamics of their
development also have much in common. Analysis of the
fundamental mechanism and the kinetics of these processes
constitute the theoretical aspect of the problem of structure
formation in disperse systems in an electric field.

Apart from the purely theoretical interest, the problem
does not lack practical importance. 1t is sufficient to say
that structure-formation processes underlie phenomena
such as, for example, the breakdown of liquid dielectrics
and the dehydration of petroleum in an electric field.

In this review an attempt is made to give a brief outline
of the historical development of the problem, to charac-
terise its present state, and to suggest the possible ways
in which it may develop further. As far as we are aware,
the structure~-forming effect of an electric field on disperse
systems was first described by Rafinesque* and Hohlfeld 2,
who observed the formation on the surface of a charged
object of thread-like structures made up of smoke parti-

cles.
The investigations of Munk af Rosensch6ld$», who

must be regarded as the original discoverer of the coherer
and who anticipated Branly by half a century, were carried
out in the 1830's. In his experiments a tube filled with
wood charcoal powder in an electric circuit completed the
circuit under the influence of electric discharges occurring
in its vicinity; when the tube was shaken, the circuit was
reopened. In the 1880's studies on the electrical conduc-
tivity of metallic powders were renewed and led to the dis-
covery of coherers or fritter-detectors of electromagnetic



