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The experimental data on the sorption properties of hydrogels of Felfl, TilV ZrV gplv,
Intt Crlll smill, Co™t, and Znft oxide hydroxides are summarized. The data were obtained
by the point of zero-charge method and by measuring the rates of the indicator reaction, viz.,
heterogencous hydrolysis of the chloro complexes of platinum group metats. The composi-
tions of the oxide hydroxides, the pH of the point of zero charge in various ionic media, and
the rate constants of the indicator reactions were determined. The values obtained were
analyzed in terms of their correlation with the charge, the radius, and the electronic structure
of the central ion and with the composition and the preparation conditions of the oxide
hydroxide. A data base that allows one to choose an appropriate oxide hydroxide sorbent for
extraction of particular complex-forming metals from complexing media is presented. The
data obtained confirm the model of the mechanism of heterogeneous hydrolysis and extend
its predicting ability. The model was tested experimentally in relation to tin{(iv) oxide
hydroxide.
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Introduction

Inorganic sorbents are used in industrial technologies
and environment protection technology, in those cases
where contamination of solutions with organic com-
pounds should be avoided and/or radiation-resistant sor-
bents are required. Freshly prepared gel-like iron, zirco-
nium and titanium oxide hydroxides used as sorbents
possess substantial advantages over dry granulated oxides;!

therefore, at present, wide use of crystalline or granu-
lated inorganic sorbents is no longer justified.? Gel-like
oxide hydroxide sorbents are highly efficient regarding
bath the sorption capacity and the rate of sorption; they
even permit fairly selective and complete extraction of
platinum mectals, gold, mercury and copper from
complexing media. Since iron and titanium are wide-
spread in nature, gel-like sorbents based on them are
cheap and environmentally clean. The synthesis of gel-
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fike oxide hydroxides is simple, quick, and cheap. Simi-
lar sorbents based on zirconium, aluminum, and other
metals are less versatile, but certainly, they can also find
application in some cases.

As a result of numerous studies, we discovered and
investigated a specific type of chemisorption, which
applies to the sorption of complex ions; we called it
"heterogeneous hydrolysis."3--8

Heterogeneous hydrolysis, which has been described
in detai! previously,23 occurs as aquation* of the com-
plex ions adsorbed on the surface of oxide hydroxides
followed by the transformation of the resulting aqua
complex into the hydroxide of the central ion of the
complex, for example:3 '

[PICI 1,02 + {Ln,05- H 0} + 2 H0 ——

——= {PHOH),* Ln,0,-xH,0 - 2H*} ,y + 4 CI_.
The new hydroxide phase is firmly bound to the surface
of the oxide hydroxide sorbent. The rate of heteroge-
neous hydrolysis is determined by the basic properties of
the surface (i.e., the pH at the point of zero charge), by
the supporting electrolyte, and the nature of the com-
plex subjected to heterogeneous hydrolysis itself.2-3

In relation to ferrogels, we observed effects that had
not been reported previously, namely, the change of the
sorption properties of the gel induced by the short-term
or prolonged interaction with an ionic medium.3~? In
order to find out whether this type of behavior is typical
of all hydrogels formed by poorly soluble metal oxide
hydroxides or it is a specific feature of ferrogels, we
studied the sorption properties of titanium and
zirconium(rv) oxide hydroxides.!®!} Since these oxide
hydroxides were found to exhibit many specific features,
the problem was formulated as follows. Based on-inves-
tigation of a wider range of gels, a theoretical model
suitable for predicting the sorption properties of oxide
hydroxides in relation to extraction of complexing met-
als from complex-forming media (aqueous solutions of
electrolytes) should be developed. As additional objects
of investigation, we chose In'!l, Crlll) Colt, Znl!, and
Sm'!" oxide hydroxides.}2—15 For the latter compound,
extensive investigations dealing with the crystalline ox-
ide have been reported.3:16

We attempted to elucidate how the fundamental
properties of the metal cation forming the oxide hydrox-
ide sorbent, conditions of the oxide hydroxide synthesis,
and its surface properties (the surface and volume charge,
and the pH of the point of zero charge on its surface)
affect the rate of heterogeneous hydrolysis in the pres-
ence of these oxide hydroxides. As the primary funda-
mental properties that apparently determine the proper-
ties of oxide hydroxides, we recognized the charge, the
radius, and the electronic structure of the central atom
(Table 1). Tentative analysis of some of the available
data on the kinetics of heterogeneous hydrolysis from

* Replacement of the ligands in the complex by water mol-
ecules.

Table 1. Fundamental characteristics of the central atoms in
oxide hydroxides

Metal Goldschmidt lonic Electronic
radius patential, structure
JA I=gr of the outer layer
TilY 0.64 6.25 3s23pb
ZtY 0.87 4.60 4s24pb
SalY 0.67 5.97 4p84410
cil 0.65 461 3p53d3
Smill 0.96* 312 3535p0
Felll 0.67 4.48 3pb3dS
Iniit 0.92 3.26 4p54d10
Znl! 0.83 2.41 3p63d!0
Coll 0.83 2.41 3p63d7?

* Templeton and Dauben radins.2?

this viewpoint has been carried out in our previous
study;1? however, these characteristics seem to be inad-
equate to provide explanation of all the phenomena
observed. A similar approach (except for the electronic
structure) has also been used by other researchers.18

The oxide hydroxide sorbents were prepared by alka-
line hydrolysis of the corresponding metal salts in aque-
ous solutions at room temperature. The data on the
composition of oxide hydroxides characterize the fast
precipitation process. To prepare the sorbent sampies,
the alkaline hydrolysis was carried out for 510 min at a
controlled pH of precipitation; then the samples were
washed from the mother liquor by decanting and cen-
trifugation for 40 min. The samples obtained in this way
were gel-like; they contained the primary water that had
pot been removed during the gel preparation. These
samples were used in the experiments on the determina-
tion of the surface charge and on the study of heteroge-
neous hydrolysis. The pH of precipitation (pH)) served
as the main independent parameter determining the
properties of oxide hydroxides.

The composition of hydrogels was determined from
the curves of drop titration** of solutions of metal
salts, used to prepare the hydrogels of oxide hydrox-
ides, with a base. The titration curves were recorded
over a period of ~2 h. The samples prepared at specific
precipitation pH values (three points, one located in
the beginning, one in the middle, and one at the end of
the titration curve, were normally chosen) were thor-
oughly washed, dried in a vacuum desiccator over
strong suifuric acid, and studied by thermal and X-ray
diffraction analyses.

The pH value at the point of zero charge (pHyp,e)
characterizes the pH of an electrolyte solution (in this
particular case, an aqueous solution) such that a solid
(gel) phase contacting with this solution adsorbs equal
numbers of protons and hydroxy! groups. The pHpze
was determined by potentiometric titration in a quartz

** A method of homogeneous titrations,!® which ensures in-
stantaneous preparation of a solution orx suspension, homoge-
neous regarding the composition and pH, is also known.
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celf in a flow of an inert gas, according to the procedure
reported by Parks.2® The titration procedure has been
described in detail previously.3-5:10=16 [t has been noted?
that pHp, - characterizes the acid-base properties of the
oxide hydroxide surface in a given jonic medium and
can be used in a comparative study of oxide hydroxides
with different structural groups (different crystalline
modifications; crystalline and amorphous; dry and "wet"),
because pH, g is an intensive property of the material,
which does not depend on the specific surface area.! In
addition, the Parks titratjon allows determination of the
surface charge of oxide hydroxides at any pH of the
medium; this, by itself, is an adsorption characteristic
(pseudo-equilibrium adsorption of protous or hydroxyl
groups).

In the study of heterogeneous hydrolysis, we were
interested primarily in its kinetics. The procedure of the
kinetic measurements has been described in detait.3
Since hydrogels of oxide hydroxides are highly dispersed
phases and their state is far from equilibrium, we believe
that their sorption properties can be described most
adequately in terms of kinetic parameters.

All the samples were characterized by the following
values: (1) composition, (2) pHPZC, and (3) rate con-
stants for the indicator reactious of heterogeneous hy-
drolysis of platinum metal chlioro complexes .

OH/0.25Mc

%
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Fig. 1. Drop titration curves of solutions of metal salts (0.024
mol) with a solution of NaOH: [, Fe(NO,);; 2, In(NO,)q;
3, CrCly; 4, Sm(NOy),; 5, CoCly; 6, TlCl4, 7, ZrO(’\JOJ)q
8, Zr‘Cl,, 9, SnCl,.

Composition of oxide hydroxide hydrogels

All the cases of formation of metal oxide hydroxides
upon the titration of a solution of a metal salt with

Table 2. Composition of hydrogels of metal oxide hydroxides, determined from the

drop titration data

Metal pH,

4—6 7-9 10--13
Ti'VI TiO, 1,(OH); 4, TiO g(OH); o5 TiO, 37(OH')3 2%
Zeh Zr(OH),%(NO3), 04 Zr0y 15(OH); ¢ 20y 13(0H);3 o
SnlV Sn(OH), Sn(OH}, - 0.2NaOH Sn(OH), - 0.4NaOH
il Cfoo.z(OH)z.e CrO, ((OH), 4 Cr0, 5(0H), 5
Smtl Sm(OH), ,(N03)0 ; Sm(OH), 4(NOy),
Felll Fe(OH), 9s(NO3)4 o4 Fe(O H), Fe(OH),-0.1NaOH
In" [n(OH);- 0.2NaOH In(OH);-0.22NaOH  [n(OH), - 0.25NaOH
Znl! — ZnOHCI Zn(Of'l)l +3C1 47
Coll - Co(OH), ;6Cl; 54 Co }a
Table 3. Composition of xerogels of metal oxide hydroxides
Metal pH,

4—6 7—9 10—13
TitY TiO 4(OH); 5 Tiol.lS(OH)IJ -
ZeY Zr(OH), Zr0| 4(OH), , Zr0, s0H
Salv Sn0, ((OH)y 4 SnO, ((OH)y 4 -
Crllt — CrQ ,(OH), ¢ CrO, |(OH), ¢
Smill — Sm(OH)2 5{NOj)y 5 Sm(OH), +(NO;), 4
Cofl — CoQ, ;OH
Znl! — Zn(OH), (Cly , Zn0
Felll Fe(OH), Fe(OH), Fe(OH), - 0.1NaOH
In!ll In(OH), * 0.2NaOH in(OH), - 0.2NaCH In(OH), - 0.2NaOH
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Fig. 2. Surface charge (g) of a chromogel with pH, equal to 7
vs pH, of the suspension with Cy c/mol L7 = 0.01(7); 0.1
(2; 1O (3.

i

NaOH that we studied can be classified into two types.
The first type is characterized by a more or less sharp
break of the titration curve at an OH : Me ratio far from
the equivalence point, followed by a slow increase in
this ratio accompanted by a sharp increase in the pH of
the suspension (Fig. 1). This type comprises TilV, Zr!V,
and Cri'l. The second type is characterized by a sharper
break of the titration curve at an OH : Me ratio close to
the equivalence point followed by a very slow increase in
the OH : Me ratio (see Fig. 1). This type includes Felll,
Zn!l and Coll; the most typical representative is In!ll,
Smil occupies an intermediate position between these
two types. The compositions of hydrogels, found from
the titration curves, are presented in Table 2; the com-
positions of the samples prepared by careful drying of
hydrogels (xerogels) are listed in Table 3.

It can be seen that the oxide hydroxides of the first
type are highly susceptible to oxolation,* which occurs
even directly during precipitation from the solution; this
is defined most clearly in the case of Ti'Y. Upon drying,
the effect becomes more pronounced. For the second
type of oxide hydroxides and for Sm!'!!, the stoichiomet-
ric composition is retained even upon drying. Interest-
ingly, numerous studies (see, for example, Refs. 22—27)
have shown that Fe!ll is extremely prone to hydrolytic
polymerization, but it occurs only in solution and with
time. Previously,4 we reported that fast precipitation
from acidic solutions affords Fe(OH),.

An X-ray diffraction study of the xerogels showed
that, after the careful drying procedure, TilV, ZrY, and
Crl!! oxide hydroxides remain amorphous to X-rays and
exhibit no signs of crystallization; Fe!l! oxide hydroxides
are low crystalline according to the pattern of cubic
Fe(OH), or akaganeite; the In!!! oxide hydroxide is 2

* The formation of oxo (oxygen) bridges between the metal
atoms in oxide hydroxide.

Table 4. pHp,,~ values of hydrogels for metal oxide hydroxides
in NaCl

Initial pH,
salt 6 74 8 9 10 11
FeCly 4.48 6.32 - 9.73 - —
5.47 7.28 — 9.12 — —
6.27 7.72 8.10 8.76 9.00 9.335
Fe(NO3)3"6.30 7.48 — 8.84 — —
TiCl, 7.49 — — 10.64 — -
6.97 8.17 8.80 9.97 10.85 -
6.62 —_ - 9.46 - —
ZrO(NO;) 4.10 5.10 6.70 7.70 10,30 11.20
5.20 6.20 7.30 8.60 9.80 10.90
6.20 7.30 8.20 9.00 9.40 10.30
In(NOy, ~— 5.10 6.80 8.10 9.90 —
— 5.90 7.60 8.80 10.20  10.40
- 6.70 7.90 9.10 9.70 10.60
CrCl, — 5.55 7.00 9.30 10.60 —
— 6.40 7.35 8.60 9.80 10.50

~ 69 780 850 930 9.5

Sm(NO;), — 760 789 780 820  —
— 784 792 802 887 9.8

— 778 825 8358 947  —

ZaCl, — 768 735 770 780  1.73
"~ 814 780 837 850 830

—~ 867 850 920 935  9.98

SnCl,  6.00¢ 870  — - - -
550  8.00 - — - -
475 710 — — - —

Note. The values are given for electrolyte concentrations of
0.01, 0.1, and [.0 mol L™! and written in order of increasing
concentration.

 For ferrogels, the pH, was 7.5.

4 The concentration of NaCl was 1.0 mo} L.

¢ For stannogels, pH, was 5.0.

low-crystalline In(OH),. Samarium oxide hydroxide is a
low-crystalline product; its X-ray diffraction pattern could
not be identified (apparently, it corresponds to
Sm(OH), (NO;)g5); Coll oxide hydroxide is a low-
crystalline material related to «- and B-Co(OH),. Zinc
oxide hydroxide is the only compound that is com-
pletely converted into crystalline ZnO following drying.

Acid-base properties of the oxide hydroxide surface

In the series of studies cited,3:6:10—15 two significant
facts were established, namely: (1) the pH of the point
of zero charge determined by the Parks method depends
on the supporting electrolyte concentration (Fig. 2) for
all the hydrogels studied except for the cobalt hydrogels,
and (2) the dependences of the experimental pHp, e
values on pH, plotted for different electrolyte concen-
trations intersect at one point, which, as we have sug-
gested,!” is the true point of zero charge for an oxide
hydroxide prepared from a particular salt in a particular
ionic medium. An exception to this rule is zinc oxide
hydroxide.
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The pHpy value found for a hydrogel by the Parks
method is the pH of an electrolyte solution occurring in
pseudo-equilibrium with an unstable gel phase, and the
change in the pH following the introduction of a hydro-
gel in an electrolyte solution is due to the fact that the
gel tends to reach a composition corresponding to the
point of zero charge.3 Thus, the acid-base properties of
a hydrogel should be characterized by its true point of
zero-charge. The higher the true pHpy- value, the
stronger the intrinsic basic properties of the hydroget
surface, and vice versa. However, hydrogels show a
unique ability to sorb excess hydroxyl groups during
precipitation at relatively high pH values; these groups
increase the surface basicity and can be’ consumed dur-
ing heterogeneous hydrolysis. The excess OH groups are
firmly bound and washed out with difficulty and incom-
pletely. Theretore, the pHp, - values found for hydrogels
by the Parks method characterize the basicity of hydrogels
obtained by precipitation at a particular pH and contact-
ing with a particular electrolyte of a definite concentra-
tion (Table 4). Since these pHp,o values depend lin-
early on the electrolyte concentration, they can be de-
termined for any electrolyte concentration over a fairly
broad range: at least, from 0.001 to 2—3 mol L™\ All
the objects that we studied including zinc oxide hydrox-
ide are hydrogels of amorphous oxide hydroxides for at
least 3—4 h after the onset of precipitation, as indicated
by the dependence of pHyz - on the supporting electro-
lyte concentration, which is typical of gels (see Table 4).

Table 5. pHPZC values of hydrogels of metal oxide hydroxides
in Na,SO,

[nitial pH,
salt 6 7 75 8 9 10
FeCly 6.70 — 7.82 - 9.87 —
7.10 — 8.20 - 9.46 —
7.52 — 8.35 - 9.13 -
ZrO(NO;) 6.60 7.50 - 8.30 930 1070
7.20 8.10 - 8.60 9.50  10.00
7.70 8.30 — 8.90 — 9.90
CrCly - 7.25 - 7.95 9.00  10.55
6.95 — — 8.30 9.15 —
- 7.55 - 845 9.15 9.50
[0{NO3); — — — 7.70 8.60 10.10
- 7.40 — 8.20 9.30 9.90
- — - 8.40 9.30  10.00
Sm(NQ3); — — - — 7.974 -
— — - - 10.75% —
SuClsf  6.20 8.20 — - — —_
5.50 7.85 — - - -
5.10 7.5 — - - -

Note. The values are given for electrolyte concentrations of
0.005, 0.05, and 0.5 mol L.™! and written in order of increasing
concentration.

7 The electrolyte concentration was 0.005 mot L.

b The electrolyte concentration was 0.5 mot L™\

¢ For stannogels, pH  was 5 and 7.

The data presented in Tables 4—7 demonstrate that
by varying the pH of precipitation, one can prepare
sorbents highly active in heterogeneons hvdrolysis even
when the true pHp, - value is relatively low, as for the
Ti!V oxide hydroxide.

We found the following true pHpz values for the
metal oxide hydroxides studied in solutions of NaCl at
the following pH,:

Felll TtV ZiVv Intil  cdft Smil Snlv
pHpse 81 47 92 102 79 76 41
pHl 8.1 4.5 9.4 10.0 B.4 7.0 4.0

On going to solutions of Na,SO,, the pHpy o values
for oxide hydroxides substantially change; this is true for
both the values measured experimentally and the true
pHpyc value (see Table 5). The true pHp, in N2,50,
solutions are the following:

Felll Zriv Inlit Clt Salv
pHpzc 8.6 93 100 9.1 4.1
pH, 795 88 100 9.1 4.0

It can be seen that the true pH,, . values in sulfate
media are somewhat higher than those in chloride media.
It is of interest that (see Tabjes 3, 4) when pH, is
lower than the true pHp,~ value for the hydrogel, the

Table 6. Rate constants (kobs-l()"'/s“l) of heterogeneous
hydrolysis of erlﬁz" {a 1| M solation of NaCl, 60 °C) as a
function of pH, of hydrogels

Mectal pH|

I 7 8 9 10 11 12
Felll 1.6 23 4.1 89 13.0 13.0 13.0
TitY — 0.8 1.0 48 41 166 -
Y — 14 27 47 150 137 153
miae — - 1.0 1.3 — —
Smilta  _ 29 32 43 60 850 —
ZnH 7.4 5.6 4.4 2.5 2.7 2.9

@ Found by extrapolation from the £, values and dependence
of k,, on the concentration of NaCl,
% For pH, of 10.5.

Table 7. Rate constants (kg - 104/s7!) of heterogeneous
hydrolysis of PtCl>~ (a | M solution of NaCl, 60 °C) as a
function of pH,; of hydrogels

Meml le

6 7 8 9 10 11
zrty — — 4.3 8.5 12.0 11.5
o 2.2 2.6 3.2 2.9 2.6 2.7
Inle ~7 4.5 4.0 3.0 3.8
Smile — — - 6.6 8.6
TiVe — 0.8 39 12.6 -

4 Found by extrapolation from dependence of k&, on the
concentration of NaCl.
b AL 80 °C.
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experimental pHp, - values for different electrolyte con-
centrations (g-equiv L™!) vary as follows: 0.01 < 0.1 <
1.0, and vice versa. This is observed for all oxide hydrox-
ides capable of binding excess OH groups; for the Smill
oxide hydroxide, which contains unsubstituted nitrate
jons, the opposite situation is observed. It can be as-
sumed that the point of intersection of the curves pHp,
= f{[pH,) that we found corresponds to a basic salt, while
a pure hydroxide should possess one more intersection
point at pH, > 12.

The rate of heterogeneous hydrolysis in the presence of
oxide hydroxides

Previously™-8:10—15 we studied the indicator reactions
of octahedral Ir!Y and Rh!!! complexes and a square-
planar Pt!! complex. The rates of these indicator reac-
tions on the surface of almost .al} the oxide hydroxides
studied follow pseudo-first order kinetics with respect to
the complex concentration. The indicator reaction with
a rhodium complex is less suitable for measurements
because its rate is too high; therefore, the sorption
properties of the oxide hydroxides were mainly charac-
terized by the reaction rate constants for the indicator
reactions with IrfY and Pt!! complexes (see Tabies 6, 7),
except for the Cr' oxide hydroxide. Since the latter
compound possesses reductive properties, we did not use
IelY, which is an oxidant, in order to avoid superposition
of hydrolysis and redox reactions. It follows from Table

kobs'lo“/s_'
151
1oy
5 -
3.7
- oo
-~
6 7 PHpzc

Fig. 3. Rate constants for heterogeneous hydrolysis of IIC162'"
{60 °C, a | M solution of NaCl) vs their pHp,( in the presence
of hydrogels of TitY (); ZrtV (2); Felll (3y; Inl!! (4); Smi!! (in
2 M NaCl) (5); and Zn!! (in 0.5 M NaCl) (6) oxide hydroxides.

6 that as the pH, increases, the rate of the sorption-
hydrolytic precipitation of iridium from solutions in-
creases in the presence of any oxide hydroxide, except
for zinc oxide hydroxide.

We have noted that the behavior of square-planar
Pd! and Ptll complexes is very specific and that charac-
teristic features of heterogeneous hydrolysis on the sur-
face of ferrogels found for these compounds differ sub-
stantially from those found for octahedral compiexes.?
This is also true for other hydrogels. The data on the
kinetics of heterogeneous hydrolysis of PtCl42‘ on the
surface of oxide hydroxides (see Table 7) indicate that
the dependence of the rate constants on pH, found for
the reaction on the surface of Zr!Y, TilV, and Sm!l
oxide hydroxides differs from the dependence, or, more
precisely, from the absence of any dependence observed
for the Cr!l and In'™ compounds. It should also be
noted that the variation of the rate of precipitation of
Pt!l as a function of pH, in the presence of Zr!Y, TilV,
and Sm'! oxide hydroxides is similar to that found for
octahedral complexes, whereas in the case of Crill or
In"!, no similarity is observed.

It can be seen from Figs. 3 and 4 that the samples of
hydrogels with pHp,o values close to the true pHpyc
value show the maximum rate of sorption among octa-
hedral complexes. The sorption activity toward erlﬁz"
in this region depends on the nature of the central
cation in the oxide hydroxide: ZrlY = Fel!, Sm'! > TitV,
Zn!l > In!'. Since the iridium complex is among the
most stable and, simultaneously, most inert complexes,

Kops - 10%/571
10} 1
4/
,
S
/ /
/ 7
-
/
5t
N
\—o-*__,.a’z
6 7 8 9 10 pHpzc

Fig. 4. Rate constants for heterogeneous hydrolysis of PtCi 2
(60 °C, a 1 M solution of NaCl) vs their pHpo - In the presence
of hydrogels of ZriY (N); In!!! (in 0.1 M NaCl) (2; Crll (3);
and Sml! (4 oxide hydroxides.
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these data are very illustrative from the viewpoint of
predicting the possibility of extracting complex-forming
metals from complexing media.

For the square-ptanar Pt!! complex, the sorption ac-
tivity of Zr!V oxide hydroxide markedly exceeds that of
any other oxide hvdroxide studied; this is followed by
Felll and Sm!!! oxide hydroxides, whereas the Cri!! com-
pound is the least reactive toward PtCl,2~. It follows from
Table 8 that the activation energies for the sorption-
hydrolytic precipitation of iridium on all of the oxide
hydroxides studied, except for zinc oxide hydroxide, are
close to (110+10) kJ mol™!; those for the precipitation of
Pt are (80+10) kJ mol™! (except for Cri! oxide hydr-
oxide). The magnitude of the rate constant points to an
effect of the properties of the sorbent surface. A large
deviation of the activation energy from the above-men-
tioned average values can imply a different mechanism of
the process, for example, an increased contribution of
physical (electrostatic) sorption or participation of water
molecules and surface OH groups in addition to the
complex (this has been noted in sulfate media!1).

The relationship between the nature of the central jon
of oxide hydroxide and its sorption properties

The central ions in the oxide hydroxides are similar
regarding the following parameters. The Ti**, Cr3*, and
Fed*: z¥+ Zn®*, and Co?*; and Sm3* and In’* ions
have close radii. The Zr**, Cr’*, and Fe3*; Sm3* and
In**; and Zn?* and Co?" ions possess close ion poten-
tials. The Ti*t and Zr*t and Sn?*, In3*, and Zn?* ions
are electronic analogs. The Cr2*, Fe3*, and Co?* ions
have no electronic analogs. Sm3* can be considered to
be an analog of Ti*t and Zr**, because 4f electrons are
located at a substantially lower electronic level than 5s
and 5p electrons.

In terms of the ion radius, the central ions can be
arranged in the following sequence: Sm3* > In3* > Zr#*
> Zn?2t, Co¥t > Spt > Fe3*, Cr3*, Ti**; the ionic
potential varies in the order Ti** > Sn** > Zr#*, CrlY,
Fed* > In3* > Sm3* > Zn?", Co?* (see Table 1).

Table 8. Average activation energies (£,) of indicator reactions
of heterogeneous hydrolysis in the presence of oxide hydroxide
hydrogels in chloride solutions

The central E,/kJ mol™!

cation of the IrCle2/IrClg3 ™ PtCly?™ RhCig3~
oxide hydroxide

Felll 119.5+8.6 76.8+16.9 112.8+10.8
Ln!(REE") 110.2+10.8  87.8+11.8 94.0%6.4
TitV 112.7+11.9 ~46* —
vAL 103.8%£7.5 78.0+11.0 —
Inl7 109.8+£7.6 87.0t4.4 -
critt — 55.7+£5.2 96.6x17.7
Znl! 63.9+10.1 — -

Note. The average absolute errors, Ag = 2Aa/n, are given.
* For pH, of 10.

The sorption activity of the oxide hydroxides formed
by cations, which are electronic analogs, is correlated
with their basic properties (true PZC) and with the ionic
potential of the cation.!” Thus for the cations with the
s2p® electronic structure, the sorption activity of the
oxide hydroxides varies in the order Smilt » ZIV > TilV,
Similarly, for sorption activity of cations with the pd!®
electronic structure, we have Zn!! > InlHl, The Fe3™,
Cr*, and Co?* cations have no electronic analogs
among the other cations that we studied, but each of
them contains a partially occupied 3d level. The sorp-
tion activity of Cril! oxide hydroxides is the least among
these three compounds. Ti?Y and Cr!!! oxide hydroxides
possess high tendency to oxolation. According to the
model of the mechanism of heterogeneous hydrolysis
developed previously,3 hydroxyl groups act as the sorp-
tion sites on the hydrogel surface and the rate of the
process is proportional to the concentration of surface
OH groups in unit weight of the hydrogel.

We determined the pseudo-equilibrium sorption ca-
pacity (@) of oxide hydroxide samples with pH; 9 in
relation to RhClg*™ at 50 °C.

Central ion Felll  TilV  ziv  cdll  plll
Q/mol 10% g=! of M(OH), 4.2 3.6 6.0 5.4 42

Since three OH groups are needed to bind the RhfH
aqua complex, we found the concentrations of the OH
groups in oxide hydroxides to be 1.26, 1.08, 1.8, 1.62,
and 1.26 (g-ion 103) g~!, respectively, i.e., these values
are of the same order of magnitude.

Two extreme cases arc possible, namely, highly de-
veloped surface with a low concentration of OH groups
and a poorly developed surface with a high concentra-
tion of OH groups; this would have the same influence
on the rate of the process. The fact that the sorption
properties of ferro- and chromogels are substantially
different, afthough not only the radii and charges of the
central cations but the concentrations of the OH groups
are equal, requires special consideration. The hydrogels
discussed here seem to differ only in the tendency to
oxolation. It can be suggested that the basicity of the
OH groups in oxide hydroxides decreases upon oxolation;
this might be the reason for the observed differences.
However, the reason for the different tendencies of Cril!
and Fe!ll oxide hydroxides to oxolation is unknown.
Some role might be played by the reductive properties of
Crill; je., by the relatively high energy of the 3d3
electrons and the asymmetry of this electronic level.

The model of the mechanism of heterogeneous hy-
drolysis on oxide hydroxides and its predicting ability

The model of the mechanism of sorption-hydrolytic
precipitation of some metals from solutions of their
complexes on the surface of poorly soluble oxide hy-
droxides of other metals®3 (heterogeneous hydrolysis),
proposed previously, represents this process as consist-
ing of three successive steps (1) fast reversible sorption
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of the complex species predominating in the solution on
the surface of the gel phase of the oxide hydroxide
sorbent; (2) slow reversible aquation of the sorbed com-
plex; and (3) fast irreversible acid dissociation of the
aqua complex of the metal being precipitated, formed
on the sorbent surface, as a result of interaction with the
surface basic OH groups and the formation of "ol"
(hydroxyl) and oxo bridges between the new (sorbate)
and old (sorbent) hydrokide phases.

According to this model, activity in heterogeneous
hydrolysis should be exhibited by poorly soluble amor-
phous oxide hydroxides aquated during the preparation
(primary water) and formed by metal cations for which
the ratio between the charge and the radius (the so-
called ionic potential) ranges from 2.5 to 5.0. Moreover,
the oxide hydroxide sorbents should be relatively resis-
tant to crystallization and oxolation and capable of
sorbing and retaining excess OH groups for some period

pHpzc PHpzc
a b
9} ! 9t ! 5
2
3
3
6F 6F
3r 3T
O 1 I Il 1 Il |
3 6 9 pH, O 3 6 9 pH,
Fig. 5. Determination of the “true pHp," of stannogels in NaCl (a) and Na,SO, (8) at the electrolyte C/g-equiv. L=t = 1.0 (1)
0.1 (2; 0.01 ().
A a A b
100 100
3
1
. *
50r 30
° LJ
4 2
2
®
0 " :
30 100 I1/°C 50 1/°C

Fig. 6. Kinetic curves of sorption of IrClﬁ2~ (a) and PtCl42‘ (b) on stannogels at T/°C = 80 (J, I’, 2°), 70 (2—~4), 50 (3") and pH,
7 (13, 1'). 9 (4, 2°); A (%) is the degree of extraction; jonic medium is 0.5 M NaCl; for 3, | M NaClO,. For comparison: 3° is
a typical kinetic curve for heterogeneous hydrolysis of PtClGZ' in the presence of an Sm gel with pH | 11.
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of time, which would extend the scope of their applica-
tion. Heterogeneous hydrolysis occurs for acido com-
plexes with stability constants of K < 104%; in addition,
this process is more efficient for octahedral complexes
and less efficient for square-planar and tetrahedral com-
plexes.? If the above conditions are not fulfilled, sorp-
tion occurs by a different mechanism, which requires
lesser changes in the initial composition of the sorbate
and, hence, provides a lower selectivity and extent of the
sorption extraction.

To test the predicting power of this model, we esti-
mated tentatively the sorption behavior of Sn'v oxide
hydroxide and then verified the prediction experimen-
tally.

The electronic structure of Sn** is p8di0; it is an
electronic analog of In?* and Zn2*. Its ionic potential is
close to that of Ti** (see Table 1). Taking into account
analogies, the data obtained suggest that SnlY oxide
hydroxide should show low tendency to oxolation, and,
like Inf! oxide hydroxide, it should be retatively inactive
in heterogeneous hydrolysis; its truec PZC should lie in
the pH range 3—4.

The results of the experimental investigation of SniV
oxide hydroxide are presented in Tables 2—5 and in
Figs. 1. 5, and 6. Samples prepared by alkaline hydroly-
sis of SnCl, according to the above-described procedure
were studied by the method of the point of zero-charge
and by measuring the kinetics of indicator reactions; the
curve for the drop titration of SnCl, and thermograms of
xerogels were recorded. It was found that during alkaline
hvdrolysis, the hydroxide does not undergo oxolation,
but it loses almost all the structural water when dried;
like indium hydroxide, Sn!Y hydroxide strongly binds
excess alkali, whose content reaches 0.4 g-equiv. mol™!
of the hydroxide. In the pH range 3—9, tin completely
precipitates (the residual tin concentration is below the
limit of detection attainable by the atomic-absorption
method); the dependence of the pHpz- on pH, for
stannogels is normal for gels; the true pHpzc is 3.8 ina
chloride solution at pH, 4.0; in a suifate solution, this
value is 4.1 at pH, 4.0 (see Fig. 5). The shape of the
Kinetic curves for sorption of IrCl62” and PtCl42‘ is not
typical of heterogeneous hydrolysis (see Fig. 6); they
rather resemble the kinetic curves for physical sorption
by a sorbent with a very low sorption capacity. The rate
of sorption barely depends on temperature. Special ex-
periments on the determination of the degree of ligand
elimination during sorption on a stannogel with pH, 7
(in a solution of NaClQ,) demonstrated that when
sorption is complete, the degree of elimination of chlo-
ride ions from PtCl,%~ is not higher than 40%, and that
from IrCl?" does not exceed 70%.

Thus, the obtained experimental characteristics and
the assumptions regarding the mechanism of sorption on
stannogel are in good agreement with the predicted pa-
rameters and, hence, our prediction has been confirmed.

It remains unknown why sorption on stannogel dif-
fers so crucially from sorption on titanogel with the

same pH; value, although all the other characteristics of
both materials are very close. Presumably, the electronic
structure of the central cation is more significant than
the ionic potential. Perhaps, at higher pH, the behavior
of stannogels would be more similar to the hydrogels of
other metals, but it is impossible to carry out this
comparison, because stannogels with pH, > 9 are pep-
tized to complete dissolution during washing.

Conclusion

The results of studies!®—1317 considered in this re-
view made it possible to confirm the model of the
mechanism of heterogencous hydrolysis, to obtain more
detailed information on this process, and to supplement
the data base composed previously. This data base al-
lows one to predict with confidence what sorbent and
what conditions are needed for extracting a particular
complex-forming metal from a particular complexing
medium.

The utility of the concept considered here and the
composed data base can be illustrated by a work?8 in
which an attempt was made to design an inorganic ion
exchanger based on Sn!Y oxide hydroxide for separation
of the nuclear fission products (Cs, Ba, Ru, Celll| Nd,
La, Y, Pm, Zr, Nb). If data on the dependence of the
sorption properties of oxide hydroxides on their nature
and preparation conditions had been available, a more
efficient sorbent could have been chosen. The same is
true for another work?? in which zirconium and manga-
nese oxide hydroxides were used without allowance for
the data on the pHp,- values.

Whereas the properties of Felll oxide hydroxides
have been the subject of numerous publications, the
majority of which, inctuding voluminous reviews,25~27
deal with amorphous gel-like modifications, published
data on the amorphous. modifications of Ti'V, ZrIY,
Crl¥ InM! Zn!l) and lanthanide oxide hydroxides are
rather scarce; moreover, this tendency does not change
with passing vears. Qur studies!®—1517 extend the infor-
mation available in this field.

The data that we obtained confirm the previously
stated"-Z principles of the extraction of complex-forming
metals from complexing media.

This work was financially supported by the Russian
Foundation for Basic Research (Project No. 95-03-
08037).
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