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1. APPLICATIONS OF AMPHOTERIC OXIDES AND
HYDROXIDES AS INORGANIC ION EXCHANGERS AND
SORBENTS

The study of the sorption of electrolytes on oxides and
hydroxides is of considerable importance in various fields
of science: ion exchange, radiochemistry, chromatography,
catalysis, inorganic chemistry, geochemistry, and soil
science. The majority of amphoteric oxides and hydroxides
are amphoteric ion exchangers (ampholytes) exhibiting both
cation- and anion-exchange properties. The oxides and
hydroxides of aluminium, iron, zirconium, tin, uranium,
and other metals have been extensively used as ion exchan-
gers and sorbents.

Considerable interest has recently been shown in the
problems of sorption on amphoteric oxides and hydroxides
in connection with study of the behaviour of fission frag-
ments1, isolation of radioactive isotopes2, deactivation of
effluents from radiochemical plants3~e, studies in radio-
chromatography7"8, and concentration of microquantities
of radioelements9.

Inorganic ion exchangers have a number of advantages
over synthetic resins. In most cases the latter are decom-
posed in solution at temperatures over 150° and their capa-
city, selectivity, and rate of exchange are affected by high
doses of ionising radiation (over 10" r 10"12), whereas inor-
ganic ion exchangers, particularly amphoteric oxides and
hydroxides, are in most cases stable to high temperatures
and ionising radiations13.

Synthesis of inorganic ion exchangers of the amphoteric
oxide and hydroxide type is extremely simple14"16 and the
cost per unit of capacity is in most cases much lower than
that for organic resins. When inorganic ion exchangers
are used to purify and deactivate various industrial solu-
tions and effluents, regeneration of the ion exchanger is
often unnecessary and it is effective when used once only.
Some inorganic ion exchangers, such as zirconium and
uranium hydroxides and zirconium phosphate, have high
selectivity7 and make possible a sharp separation of ele-
ments in the same group of the Periodic System on a column
only a few centimetres long.

In addition to ion-exchange sorption, amphoteric oxides
and hydroxides can be used for chemical17"19 and mole-
cular20 sorption. The properties of ampholytes are also
shown by some oxides and hydroxides which normally do
not exhibit amphoteric properties, for example nickel
oxide21.

The chief, disadvantage of these ion exchangers is that in
most cases their capacity is lower than that of synthetic

resins. Also, many amphoteric oxides and hydroxides dis-
solve in concentrated solutions of acid or alkali, making it
impossible to use them when there is a marked change in
hydrogen ion concentration. If, however, the ion exchanger
is a polymer with a network structure, it is practically
stable over any pH range22.

Other possible uses of the sorptive and ion-exchange
properties of amphoteric oxides and hydroxides should be
mentioned. The ion-exchange sorption of cations and anions
and also chemisorption on amphoteric oxides and hydroxides
can be used as methods for changing the microchemical
composition of the surface of oxide catalysts and for con-
trolling catalytic properties. Zhabrova, Vladimirova, and
Egorov23 established that Na+ and Cl~ ions introduced into
zinc oxide by ion exchange increased the activity of the zinc
oxide catalyst in the dehydrogenation of isopropyl alcohol.
The sorption of zinc sulphate on zinc oxide, however, con-
siderably decreased the rate of dehydrogenation and in-
creased the rate of dehydration of the alcohol. Boreskov,
Dzis'ko, and Borisova24 found a decrease in the rate of
dehydration of ethyl alcohol on aluminium oxide after sorp-
tion of sodium hydroxide. This is attributed to displace-
ment, by sodium ions, of hydrogen atoms of the hydroxide
groups on the catalyst surface.

The influence of sodium ions sorbed by the surface of
oxide catalysts of more complex composition has been con-
sidered by many workers, but we shall refer to only a few
examples. Bitepazh25 showed that the aluminosilicate cata-
lyst used for cracking is poisoned by sodium and other
alkali metal ions sorbed by cation exchange on the catalyst
surface. Topchieva26 showed that it is possible to alter the
activity of aluminosilicate catalysts (for various reactions)
by means of sodium ions, introduced either from sodium
chloride or acetate solutions or from sodium hydroxide
solution.

The use of ion exchange to prepare sorbents with dif-
ferent sorptive properties, for example silica gels in which
the exchanger hydroxide ions are replaced by fluoride
ions27, has also been proposed. It appears that by the
rational use of the anion- and cation-exchange properties
of oxides and hydroxides from which catalysts and sorbents
are prepared, it is possible to introduce controlled quanti-
ties of impurities on to the surface; this is of considerable
importance for controlling catalytic activity and sorptive
properties. The irreversible chemisorption of electrolytes
can be used as an effective method for controlling the micro-
chemical composition of the surface of many amphoteric
hydroxides used for the preparation of catalysts and sor-
bents.

2. SORPTIVE PROPERTIES OF VARIOUS OXIDES AND
HYDROXIDES

A. Aluminium Oxide and Hydroxide

Aluminium oxide and hydroxide have been studied by
many workers28"32. Nikol'skii33 showed that the hydroxide
ions or protons of aluminium hydroxide are replaced by
anions or cations from the solution. This exchange is due
to dissociation of A1(OH)3 in two ways:

A1(OH)3 —A1(OH)2
+ + OH",

A1(OH)3 ^A1(OH)2O" + H+.

Thus aluminium hydroxide may be either a cation exchanger
(in alkaline medium) or an anion exchanger (in acid medium),
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and within a certain pH range can act as an amphoteric ion
exchanger.

Various chromatographic processes on aluminium oxide
have been studied34"39, and cations and anions have been
arranged4 0"4 1 in order of their sorbability on aluminium
oxide standardised by Brokmann's method42. The same
has been done by Gapon and Shuvaeva43. The authors
regard exchange on aluminate aluminium oxide as one of
cations with Na* and exchange on acidic aluminium oxide as
one of anions with NOg . In aluminium oxide cation-ex-
changer the functional groups are the Na* groups in
(A^OgJjf.AlOj.Na*; when the aluminium oxide cation-ex-
changer is washed with nitric acid the product is aluminium
oxide anion-exchanger whose exchange groups are theNO3"
groups in (ALO^AlCPNO

The interesting phenomenon of the combined sorption of
anions with highly-charged cations and of cations with
highly-charged anions, established by Schwab28"29, was
attributed by Gapon and Shuvaeva43 to a change in the sign
of the surface charge. The sorption of anions withsingly-
-charged cations and of cations with singly-charged anions
was not observed by the authors.

Fischer4 4 and Umland45 classified the sorption of elec-
trolytes on aluminium oxide as equivalent or nonequiva-
lentt.

In the first case more cations than anions are sorbed
(from CuCl2 solution) and the solution becomes acidic.
Equivalent quantities of cations and anions are readily
washed off with water but an excess of sorbed cations can-
not be washed off. This excess was attributed to exchange
with aluminium ions or sodium ions present as an impurity
in the A^Og, being equivalent to the quantity of Na* or
Al3+ passing into solution. The replacement of Al3* by H*
in the surface layer by treating the A^Og with 0.1 Ν hydro-
chloric acid solution decreases the sorption and makes it
equivalent. This phenomenon is related to the order of the
cations in Schwab's series. In the second case more anions
than cations are sorbed; this is attributed to exchange of
anions with NOg" or OH" ions, and has been observed for
NiCla and KC1. Excess sorption of anions or cations is
attributed to a relatively strong bond (the sorbability)
between cation or anion and the ion exchanger. Umland45

and Hayek et al.*6 point out, however, that in many cases
the separation of ions cannot be due entirely to processes
of ion exchange or molecular sorption. The observed devia-
tions from equivalence and the non-reproducibility of the
series may be due to precipitation of sparingly soluble
bases and basic salts.

Fischer4 4 and Umland45 observed sorption of anions and
cations on pure aluminium oxide although Gapon43 con-
siders that it does not exhibit ion-exchange properties.
Sorption was attributed to production on the surface of the
oxide of H* and OH" groups capable of exchange.

Voznesenskii et al.1*, using radioactive caesium, stron-
tium, cerium, and ruthenium, showed that sorption of
cerium and ruthenium takes place at a positively charged
aluminium oxide surface by exchange with the potential-
-determining aluminium ions in the primary layer, while

sorption of strontium takes place at a negatively charged
surface as a result of the formation of aluminate at highpH
values (Fig.l). Almost no caesium is sorbed.

The structure and sorptive properties of aluminium
oxide and hydroxide are greatly influenced by the conditions
of their preparation. At the moment of formation alumin-
ium hydroxide consists of amorphous particles and is an
extremely active sorbent. During aging the gel becomes
more compact and crystallises, with a decrease in active
surface area and sorptive capacity47"50. By varying the
conditions of preparation it is possible to obtain aluminium
oxide with cation- or anion-exchange and also amphoteric
ion-exchange properties 14> 1 5>4 2>^.

too

I so
δ
- is

o-2
0-3

s 10 η pH

Fig.l. Sorption isotherms for strontium,
ruthenium, and cerium on aluminium hydroxide18:
1) Ce; 2) Ru; 3) Sr.

t The term " nonequivalent sorption" denotes sorption of the
cations and anions from an electrolyte solution in nonequivalent
quantities. Electrical neutrality of the solution and sorbent is
maintained by sorption or desorption of foreign ions.

B. Ferric Oxide and Hydroxide

Much has been done on the sorption of ions on ferric
oxide and hydroxide, and the work of Kurbatov and co-
workers5 1"8 1 must be mentioned first. From their results,
they attempt a quantitative estimation of the sorption of
doubly-charged cations. They consider that ferric hydrox-
ide acts as a chemisorbent towards strontium, calcium,
and barium, and assume that the process is reversible and
obeys the law of mass action, but the regular features they
observed can hardly express the general rules of sorption
on hydroxides62.

Ratner63»84 established that the sorption of cobalt, zinc,
and radium on ferric hydroxide exhibits the characteristics
of secondary exchange (ion exchange in the outer layer of
the electrical double layer). Sorption is negligible at low
pH values but increases sharply at pH 7.

According to the data of Voznesenskii et al.3, the
nature and mechanism of the sorption of highly-charged
ions on ferric hydroxide differ from those for alkali and
alkaline-earth metal ions. Sorption of highly-charged
cations (yttrium, cerium, promethium and ruthenium)
takes place to a considerable extent throughout the whole
volume of the precipitate (internal sorption), whereas
alkali and alkaline-earth metal ions (strontium and calcium)
are sorbed only on the surface of the precipitate (adsorp-
tion). Desorption of alkaline-earth elements from ferric
hydroxide is comparatively easy, but desorption of poly-
valent elements is difficult. Highly-charged cations can
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be regarded as sorbed in the internal micro-cracks and
micro-capillaries65, or it is possible that solid solutions
are formed. It is difficult to establish the nature and type
of sorption on ferric hydroxide, however, since the struc-
ture of the sorbent itself is still disputed. The conditions
of its precipitation and preparation have a decisive in-
fluence on its structure and sorptive capacity47»66"69.
According to Krause7 0, the ferric hydroxide particles ini-
tially have the structure

Fe(OH) 2-O-Fe(OH)-O-Fe(OH)-Fe=O.

Polymerisation of these molecules yields complexes con-
taining 40-50 iron atoms. These amorphous spherical
particles of ferric hydroxide subsequently pack together and
crystallise4 7.

Pushkarev19, in a study of the sorption of radioactive
caesium, strontium, cerium, and ruthenium on ferric
hydroxide, showed that the sorption of ruthenium and
cerium is maximal at pH 3-6.5 and takes place at a posi-
tively charged surface by exchange with the potential-deter-
mining iron ions in the primary layer. The sorption of
strontium takes place at fairly high pH values on a nega-
tively charged surface with the formation of ferrites. Al-
most no cerium is sorbed. The shape of the sorption iso-
therms is similar to that for aluminium hydroxide (Fig. 1).
Although this mechanism of the sorption of ruthenium and
cerium (exchange with the potential-determining iron ions)
is probably correct, there are some experimental data
which made Pushkarev's conclusions doubtful. A negative
charge may appear71 on ferric hydroxide at pH > 3 and
sorption of ruthenium and cerium as potential-determining
ions becomes improbable. It is also necessary to take
account of the state (ionic or colloidal) of the microquanti-
ties of radioelements which were used in the work72.
Moreover, the nature of the potential-determining ions in
ferric hydroxide is still disputed; different authors have
assumed them to be Fe3*, FeO* 7 3-7 5, or hydrogen ions76»77.

Kargin et a/.76»78 studied the processes taking place
when an Fe2O3 sol is treated with electrolytes and establi-
shed that they involve complete or partial replacement of
the peptising acid (HC1) by the acid (H2SO4) formed in the
reaction between HC1 and the added salt (Na-jSOj. It was
also found that the sorbed acids do not react with Fe2O3 to
form iron salts down to pH 3. At low initial HC1 concentra-
tion, the sorption of SC^" and the displacement of Cl~ are
approximately equivalent. With increase in the concentra-
tion of one or other of the acids, deviation from equivalent
exchange takes place. The deviation is greater, the lower
the equilibrium pH values.

Others have studied the sorption of cations on ferric
hydroxide79"82. The results show that ferric oxide and hy-
droxide may exhibit either cation- or anion-exchange pro-
perties, depending on the presence of various impurities,
the concentration of electrolyte, and the pH of the solution.

C. Titanium Dioxide

Titanium dioxide has been shown to exhibit amphoteric
ion-exchange properties. According to Amphlett et al.*3,
titanium dioxide exhibits anion-exchange properties in acid
and neutral solutions, and cation-exchange properties in
alkaline solutions. Amphlett attributes the amphoteric ion-
-exchange properties of titanium dioxide to hydrolysis of
the oxide with formation of a surface layer of hydroxide and
dissociation of the latter in two ways to form H* and OH"

functional groups capable of exchange, i£., the mechanism
proposed by Nikol'skii for aluminium oxide33.

Kargin84 regards colloidal titanium dioxide as a sorbent
capable of molecular sorption of salts and acids, and
points out that sorption of neutral salts is negligible com-
pared with the sorption of acids. It was found that with a
mixture of sulphuric and hydrochloric acids, sorption of
sulphuric acid predominates. At a fairly high equilibrium
concentration of Na2SO4 (sulphuric acid is formed by reac-
tion between HC1 in the sol and the Na2SO4 added), the rela-
tion between sorption of SO2," ions and solution pH is linear.
Sorption of SO "̂ stops almost completely at pH 6.5-7.

According to Maidanovskaya85, titanium dioxide exhibits
cation-exchange properties. It hydrolyses in water accord-
ing to

TiO2 + 2H2O ̂ TiO2(OH)2~ + 2H*.

The H* ions are functional groups capable of cation exchange.

D. Zirconium Oxide and Hydroxide and Derived Ion
Exchangers

Ion exchangers based on zirconium are of particular
interest. They have a high capacity, of the order of one mil-
ligramme-equivalent per gramme, corresponding to two mil-
ligramme-equivalents per cubic centimetre of dry material.
They exhibit exceptional selective sorption, which makes it
possible to separate elements in the same group of the
Periodic System on a column only afew centimetres long.
These ion exchangers have a three-dimensional polymeric
network structure and are in most cases stable to acids,
alkalies, high temperatures, and radiation. Much work has
been done on them recently.

Zirconium oxide and hydroxide dissociate, in aqueous
solution, as a weak base or weak acid8 3. The H+ and OH"
functional groups produced on dissociation are capable of
exchanging with cations and anions of the solution. In neu-
tral and acid media, pure zirconium hydroxide acts chiefly
as an anion exchanger. In alkaline solution, zirconium
oxide and hydroxide are capable of exhibiting cation ex-
change86. Typical ion-exchange curves for zirconium hy-
droxide are given in Fig. 2

mg-equiv. g

β /0pH

Fig. 2. Dependence of ion-exchange capacity
of zirconium and stannic hydroxides on hydrogen
ion concentration in solution7'86:
1) and 2) Zr(OH)4; 3) and 4) SnO2.2H2O.
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The cation-exchange capacity of zirconium hydroxide is
increased when the sorbent is treated with phosphoric
acid13»87»88. This is shown in Fig.3, which also gives the
dependence of the cation-exchange sorption by zirconyl
chromate on the pH of the solution 8 9 . Zirconium phosphate
possesses a strongly acidic ionogenic group. The ion-
-exchange properties of the sorbent remain unchanged at
200° and it is extremely selective towards singly-charged
ions. For example, rubidium and caesium ions are readily
separated using zirconium phosphate.

Polymeric chains of the type

I I I
-Zr-O-Zr-O-Zr-

I I I
have been shown to exist in zirconyl perchlorate solutions.
When such a solution is treated with a polybasic acid or its
salt, the polymeric chains are linked by acid anionic
bridges, and part of the acid or salt, by attaching itself to
the free valencies, forms functional groups capable of
exchange 8 9. If the acid is strong, the products are
strong ion exchangers; if the acid is weakly dissociated,
titration of zirconium ion exchangers containing this acid
as functional group shows that the ion-exchange sorption
is very dependent on the pH of the solution. This depen-
dence is similar to that for weakly acidic carboxylic or
phenolic organic ion exchangers.

There are two viewpoints on the nature of ion exchange
on zirconium exchangers. Bresler 8 9 considers that it takes
place throughout the whole volume of the ion exchanger and
is, within limits, independent of the particle size. The capa-
city of the ion exchanger will thus be directly proportional
to its weight, but in contrast to a synthetic resin, the swel-
ling is negligible. On the other hand, Kraus^^^suggests
that exchange on zirconium ion exchangers takes place at
the surface of the sorbent and the exceptional selectivity is
attributed to differences in accessibility of the pores of the
sorbent to different ions. Increase in the temperature of
drying and ignition leads to partial sintering of the pores
and to a decrease in the working surface and ion-exchange
capacity of the sorbents.

Two possible mechanism of ion exchange on pure zircon-
ium oxide and hydroxide may be put forward. According to
the first, exchange is due to dissociation of zirconium hy-
droxide as an acid or base β . According to the second,
reaction takes place in acid medium between the acid and

Fig. 3. Dependence of cation-exchange capacity
of zirconium ion-exchangers on hydrogen ion con-
centration in solution1 3 '8 9.
1) zirconyl phosphate; 2) zirconyl chromate.

the hydroxide7, leading to formation of water from the pro-
ton of the acid and the hydroxide ion. According to Kraus
and coworkers, this water remains fixed in the lattice or
on its surface. The zirconium hydroxide lattice is posi-
tively charged, and the anion of the acid is attracted to it,
so that both sorbent and solution attain electrical neutrality.
If the anion of the acid does not diffuse into the depth of the
lattice but remains on the surface, it can exchange with
other ions of the solution and thus determine the ion-ex-
change capacity of the zirconium hydroxide. A similar phe-
nomenon is shown in alkaline solution, but then the lattice
is negatively charged and cations sorbed on the surface are
responsible forthe cation-exchange capacity. These schemes
can be represented as follows:

Zr(OH)4 + HC1 -[Zr(OH)3H2O]* Cl"

Zr(OH)4 + NaOH ^[Zr(OH)3(O)HaO] " Na+ .

With lower pH, there is a higher positive charge on the
lattice and greater anion-exchange capacity; with higher
pH, higher negative charge on the lattice and greater cat-
ion-exchange capacity. Within a certain range of hydrogen
ion concentration, both reactions are possible.

The frontal method has been used with zirconium ion
exchangers to separate cations, and fairly high enrichment
coefficients have been obtained89; the elution method has
been used to separate alkali and alkaline-earth elements
and to carry out separations within each group of the Perio-
dic System. Zirconium oxide, hydroxide, tungstate, moly-
bdate, and phosphate have been used for this purpose13.

Ε. Zinc Oxide and Hydroxide

Less work has been done on ion exchange and sorption
on zinc oxide and hydroxide than on typical inorganic sor-
bents and ion exchangers such as the hydroxides of iron,
aluminium, zirconium. This is due firstly to the low ion-
-exchange capacity of zinc oxide and hydroxide and secondly
to the solubility of zinc oxide sorbents in both acid and
alkali solutions. Maidanovskaya85 has shown that zinc
oxide sorbs potassium and barium cations from neutral,
weakly acidic, and weakly alkaline solutions, the sorption
being of the electrochemical type. Sorption of anions from
solution was not observed.

Tewari92 studied sorption of hydroxide ions and protons
on zinc hydroxide. The zinc hydroxide was prepared by
reaction of a zinc salt (ZnCLj) with alkali (NaOH), and its
sorptive properties were found to depend on the presence of
excess of one or other of these components. When prepared
with excess NaOH it sorbed H* ions most strongly, and with
excess zinc salt OH" ions most strongly. Zhabrova and co-
workers17»23 established that zinc oxide is an amphoteric
ion exchanger with functional groups of the weak acid type
in alkaline solution and of the weak base type in acid solu-
tion (Fig. 4). In the neutral range, zinc oxide may exhibit
both cation- and anion-exchange properties. Ion exchange
on zinc oxide is limited to the narrow pH range 6.5-9.5.
At pH s?9.5 various zincatesare formed, and in the acid
range (pH < 6.5) basic salts of varying composition may
exist. Molecular sorption from fairly concentrated solu-
tions of neutral salts, for example zinc sulphate23, has been
observed.
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Fig. 4. Dependence of cation- and anion-exchange
capacities of zinc oxide on hydrogen ion concentration
in solution:
1) anionic exchange (Cl~); 2) cationic exchange (Na+).1 7 '2 3

F. Stannic Hydroxide; Oxides and Hydroxides of Some Other
Metals

According to Merz, stannic hydroxide exhibits anion-
-exchange properties in acid media86. Stannic hydroxide
contains mobile hydroxide ions which are replaced by an
equivalent quantity of anions from the solution. AtpH > 7,
stannic hydroxide exhibits chiefly cation-exchange proper-
ties (Fig. 2). Kraus et al.7 consider that stannic hydroxide
starts to operate as a cation exchanger at pH > 3 (Fig. 2).
The ion-exchange properties of uranium oxide and hydroxide,
thorium and tungsten oxides, and various other oxides and
hydroxides have also been described?>83.

3. SOME FEATURES OF THE MECHANISM OF ION
EXCHANGE ON OXIDES AND HYDROXIDES

The ion-exchange properties of amphoteric oxides and
hydroxides are as a rule determined by two factors.
Firstly, they depend on the composition and structure of the
sorbent. The presence of impurities may produce a sharp
change in the capacity and selectivity of the ion exchanger.
The structure of the sorbent may also have a marked in-
fluence on the selectivity of sorption. Thus crystalline sor-
bents are more selective than amorphous sorbents.
Secondly, the ion-exchange properties of amphoteric oxides
and hydroxides depend on the solution conditions, especially

the hydrogen ion concentration. Since most of the ion
exchangers we have considered are weak bases and weak
acids, this dependence is particularly marked.

The regular features of ion exchange on hydroxides and
oxides can be explained qualitatively in terms of two pos-
sible ion exchange mechanisms. According to the first,
the functional groups capable of exchange are H* and OH"
groups on the surface or in the bulk of the oxide and hy-
droxide ",33,83 A S a rule, the exchange sorption is
markedly dependent on the pH of the solution. Whether
dissociation is acidic or basic, with transfer of protons or
hydroxide ions to the outer layer of the electrical double
layer, is determined primarily by the pH.

The second mechanism of ion exchange is applicable to
oxides and hydroxides with a high capacity for impuri-
ties 4 3" 4 5, which maybe introduced beforehand or on contact
between the sorbent and solution. The amphoteric oxide or
hydroxide acts as a rigid insoluble or sparingly soluble
skeleton (often a three-dimensional polymeric network) on
which functional groups capable of exchange are situated.
These sorbents may be weak or strong ion exchangers,
depending on the nature of the functional groups. In a num-
ber of cases these ion exchangers have a capacity greater
than that of the pure oxides and hydroxides. When the func-
tional groups are highly dissociated, the quantity of sorbed
ions depends only to a slight extent on the pH of the solution.

Although the theory of ion exchange on oxides
and hydroxides satisfactorily explains and confirms the
experimental results qualitatively, there is as yet no clear
quantitative theory of ion exchange on these sorbents. The
isolated attempts to develop such a theory for individual
sorbents can hardly reflect the general relationship62.

The lack of a theory of ion exchange on oxides and hy-
droxides is due chiefly to the difficulty of systematising the
experimental material and separating ion exchange distinctly
from other sorption processes (this is not always possible).
Molecular and chemical sorption may take place on these
sorbents in addition to ion-exchange processes.

The results obtained by different authors for the same
oxides and hydroxides and the same range of pH and elec-
trolyte concentration often differ considerably. This is
evidently due to differences in the conditions of preparation
of the sorbents, uptake of impurities, etc. Data for ion
exchange on stannic hydroxide and the hydroxides of zircon-
ium, zinc, and other metals are given in the Table.

TABLE. Cation- and anion-exchange capacities of amphoteric oxides and hydroxides.

Sorbent

Zr(OH)4

Zr(OHU

ZrO»

SnOj-2HjO

SnOa-2HtO

ThOj

Fe(OH),

Zn(OH),

pH 1

0

0

—

0

0.05

_

—

0

Cation excha

pH 3

0.25

0

—

0

0.35

—

—

0

pH 5

0.4

0.03
_

0.15

0.5

_

_

0

nge (capacity in mg-equiv. g J )

pH 7 | pH 9

0.6

0.1
_

0.3

0.7

. _

—

pH 8
2-5-10-'

0.9

0.25

_

0.65

0.8

—

—

pH 9.55
2.7. ΙΟ"

pH 11 | pH 13

_

0.5

—

—

—

_

—

—

_

—

—

—

—

—

—

—

pH 1

1

1

1.15

0.8

0.5

—

—

—

\nion exchange

P H 3

0.9

0.8

0.8

0.25

0.4

1

—

—

pH 5

0.8

0.4

0.6

0.1

0 3

0.75

0.07

—

(capacity in mg>equiv. g"1

pH 7

0.6

0.1

0.4

0.05

0.2

0.5

0.13

8-10-»

p H 9

0

0

0.2

0

0

0.15

pH 9.4 0 077

pH 7.75
2·10-»

pH 11

0

0

0.1

0

0

0

—

0

pH 13

0

0

0

0

0

0

—

0

Reference

86

7

88

7

86

88

93

17
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For a quantitative consideration of ion exchange on ara-
photeric oxides and hydroxides, the following points must
be noted. The ion-exchange capacity of the pure sorbent
is determined chiefly by the degree of its acidic or basic
dissociation. Let us assume that ax and a2 are the degrees
of acidic or basic dissociation of the hydroxide at the
hydroxide - solution boundary. The functional H* or OH"
groups responsible for the ion-exchange properties lie in
the outer layer of the electrical double layer. The degree
of dissociation ax or a2 is a function of the solution pH,
concentration of ions, the ionic strength, nature of the sol-
vent, temperature, etc. If exchange takes place only at
the surface of the sorbent, the total ion-exchange capacity
under a given set of conditions (pH, concentration of ions,
temperature, etc.) will be

T=aNS (1)

where Γ is the exchange capacity of 1 g of sorbent, a the
degree of dissociation, Ν the number of hydroxide mole-
cules per unit surface area, and S the specific surface of
the sorbent.

If exchange takes place throughout the whole volume of
the sorbent, Eqn. (1) becomes

Γ = aMV (2)

where Mis the number of hydroxide molecules in unit
volume and V the specific volume of the sorbent.

When dealing with Eqns. (1) and (2) it is assumed that
the volume of sorbent, the number of molecules of hy-
droxide per unit volume or specific surface, and the actual
specific surface and specific volume are constant quantities
independent of the pH of the solution, concentration of ions,
ionic strength, temperature, etc. The variable a in
Eqns. (1) and (2) which is a function of many parameters
cannot at present be calculated.

It appears possible to determine the degree of dissocia-
tion experimentally by measuring the capacity of the elec-
trical double layer under various initial conditions.
Although the capacity of the double layer and the degree of
dissociation are not related unambiguously to one another,
to a first approximation this method may give useful
results for moderate values of electrolyte concentration
and pH close to 7.

Ion exchange on amphoteric oxides and hydroxides
exhibits the features of a heterogeneous chemical reaction
at the boundary of the electrical double layer, andNikol'-
skii, on the basis of the law of mass action, put forward
an equation for the exchange of two ions of equal valency 9 4>9 5

.Vf 2 8 M,

Μ*' flMZ

=-- Λ'
(3)

where g is the concentration of the ion in the solid phase,
c the concentration of the ion in solution, f the activity
coefficient of the ion in the solid phase, f the activity co-
efficient of the ion in solution, ζ the valency of the ion, Μ
its index, and Κ the ion- exchange constant. Experiment
has shown96 that Κ is constant over a wide range of con-
centration of the sorbed ions.

Determination of the activity coefficients of ions in the
solid phase is not at present possible. For ion exchangers
such as pure oxides and hydroxides, however, the concen-
tration of ions in the solid phase is generally small and the
activity coefficients can, to a first approximation, betaken
as unity.

The participation of H+ and OH" ions in an ion-exchange
process often makes it difficult to treat the experimental
results by means of any ion-exchange equation. The energy
of the bond formed by a proton and a hydroxide ion with the
sorbent is very much greater than that of bonds formed by
other ions. The proton and hydroxide ion penetrate into the
depth of the sorbent and may be held very strongly97.
Moreover, when a proton or hydroxide ion takes part in
ion exchange, there is a change in the pH of the solution
before and after exchange, leading to a change in the con-
stant in ion-exchange equations [for example Kin Eqn. (3)].

Published data indicate that the following sorption pro-
cesses are possible on amphoteric oxides and hydroxides:
(1) ion exchange in the primary layer with potential-deter-
mining ions (cationic in acid, anionic in alkaline medium);
(2) ion exchange in the outer (secondary) layer (anionic in
acid, cationic in alkaline medium); (3) combined anionic
and cationic exchange in the outer layer (close to the iso-
electric point); (4) chemical sorption in acid medium with
formation of basic salts and other surface compounds;
(5) chemical sorption in alkaline medium with formation
of aluminates, ferrites, zincates, and other compounds;
(6) molecular sorption at high electrolyte concentrations
and pH close to 7;(7) exchange between cations and anions
in molecules sorbed by molecular sorption and cations
and anions in solution; (8) combined sorption of anions
with polyvalent cations and of cations with polyvalent
anions, associated with a change in the sign of the surface
charge.
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