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The experimental data on the sorption properties of hydrogels of Fe 1|1, Ti IV, Zr TM, Sn TM, 
[fl Ill, Cr llI, Sm Ill, Co 11, and Zn II 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., 
heterogeneous hydrolysis of the chloro complexes of platinum group metals. The composi- 
tions of lhe 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 tin0v) oxide 
hydroxide. 
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Introduction 

Inorganic  sorbents  are used in industrial technologies  
and e n v i r o n m e n t  p ro tec t ion  technology,  in those cases 
where c o n t a m i n a t i o n  o f  solutions with organic com-  
pounds should  be avo ided  a n d / o r  radiation-resistant  sot- 
beats are required .  Freshly  prepared gel- l ike iron, zirco- 
n ium and t i t an ium oxide hydroxides used as sorbents 
possess substantial advantages over dry granulated oxides;l 

therefore,  at present,  wide use of  crystal l ine or  granu-  
lated inorganic sorbents is no longer justified. 2 Ge l - l ike  
oxide hydroxide sorbents are highly eff icient  regarding 
both the sorption capacity and the rate o f  sorption; they 
even permit  fairly select ive and comple te  extract ion of  
p la t inum meta ls ,  gold,  m e r c u r y  and c o p p e r  f rom 
complexing media.  Since iron and t i t an ium are wide-  
spread in nature,  gel- l ike sorbents based on them are 
cheap and envi ronmenta l ly  clean. The  synthesis o f  gel- 
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like 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 
" " ~ 3  in detail prevmusly,-, 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 

[PtCI4]aq2- + {Ln203-nH2Olsorl + 2 H20 R_ 
- {Pt(OH)2-Ln203-xH2O-2H+}sur f + 4 Claq. 

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 

tn 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. 3-9 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 sorpt ion p rope r t i e s  of t i t an ium and 
zirconium0v) oxide hydroxides, t~ 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 II1, Cr Ill, Co II, Zn II, and 
Sm Ill oxide hydroxides)  2-1s For  the latter compound, 
extensive investigations dealing with the crystalline ox- 
ide have been reported. 3,~6 

We at tempted 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 i). 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 Gotdschmidt Ionic Electronic 
radius potential, structure 

/A 1 = Z/r of the outer ~ayer 

Ti Iv 0.64 6.25 3s23p 6 
Zr iv 0.87 4.60 4s24p 6 
Sn fv 0.67 5.97 4p64d t0 
Cr 111 0.65 4.61 3p63d 3 
Sm III 0.96* 3.12 5s25p 6 
Fe ttl 0.67 4.48 3p63d 5 
In lll 0.92 3.26 4p64d I~ 
Zn n 0.83 2.41 3p63d I0 
Co Il 0.83 2.41 3p63d 7 

* Templeton and Dauben radius, z2 

this viewpoint has been carried ou t  in our previous 
study; l'/ however, these characterist ics  seem to be inad- 
equate to provide explanat iou of all the phenomena 
observed. A similar approach (except  for the electronic 
structure) has also been used by o ther  researchers, is 

The oxide hydroxide sorbents were prepared by alka- 
line hydrolysis of the corresponding metal  salts in aque- 
ous solutions at room tempera ture .  The data on the 
composition of oxide hydroxides character ize  the fast 
precipitation process. To prepare the  sorbent samples, 
the alkaline hydrolysis was carried ou t  for 5--10 rain at a 
controlled pH of precipitat ion;  then  the samples were 
washed from the mother  l iquor by decanting and cen- 
trifugation for 40 min. The samples obtained in this way 
were gel-like; they contained the p r imary  water that had 
not been removed during the gel preparation.  These 
samples were used in the exper iments  on the determina- 
tion of the surface charge and Oll t he  study of heteroge- 
neous hydrolysis. The pH of  precipi ta t ion (pHt)  served 
as the main independent  pa ramete r  determining the 
properties of oxide hydroxides.  

The composi t ion 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 t i t rat ion curves  were recorded 
over a period o f - 2  h. The samples prepared at specific 
precipi tat ion pH values ( three poin ts ,  one located in 
the beginning, one in the middle ,  a n d  one at the end of  
the t i trat ion curve, were normal ly  chosen) were thor- 
oughly washed, dried in a vacuum desiccator  over 
strong sulfuric acid, and s tudied b y  thermal  and X-ray 
diffraction analyses. 

The pH value at the point  of  ze ro  charge (pHpzc)  
characterizes the pH of an e lectrolyte  solution (in this 
particular case, an aqueous solut ion)  such that a solid 
(gel) phase contacting with this solut ion adsorbs equal 
numbers of protons and hydroxyl groups. The pHpz c 
was determined by potent iometr ic  t i t rat ion in a quartz 

** A. method of homogeneous titratiort, t9 which ensures in- 
stantaneous preparation of a solution or  suspension, homoge- 
neous regarding the composition and plq, is also known. 
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cell in a flow of an inert  gas, according to the procedure 
reported by Parks. 2~ Tile titration procedure has been 
described in detail previously. 3,5"1~ It has been noted 2 
that pHpz C characterizes the acid-base properties of the 
oxide hydroxide surface in a given ionic med ium and 
can be used in a comparat ive study of  oxide hydroxides 
with different s tructural  groups (different crystall ine 
modifications; crystalline and amorphous; dry and "wet"), 
because p H z c  B is an intensive property of the material ,  
which does no t  depend  on the specific surface area. 21 In  
addition, the Parks ti tration allows de terminat ion  of the 
surface charge of  oxide hydroxides at any pH of the 
medium; this, by itself, is an adsorption characteristic 
(pseudo-equi l ibr ium adsorption of protons or hydroxyl 
groups). 

In the study of  heterogeneous hydrolysis, we were 
interested primari ly in its kinetics. The procedure of the 
kinetic measurements  has been described in d e t a i l )  
Since hydrogels of oxide hydroxides are highly dispersed 
phases and their  state is far from equil ibrium, we believe 
that their sorpt ion properties can be described most 
adequately in terms of  kinetic parameters. 

All the samples were characterized by the following 
values: ( 1 ) c o m p o s i t i o n ,  ( 2 ) p H p z  o and (3 ) r a t e  con-  
stants for the indicator  reactions of heterogeneous hy- 
drolysis of p la t inunl  metal chtoro complexes . 

OH ;Me OH '0.25Me 

"~ 4 'l::)j 
jl ! < 7 --"-e=~"t 

o.s ~ t 
s 8 [  

�9 . / , ) , 
4 10 )H 4 10 

Fig. !. Drop titration curves of solutions of metal salts (0.024 
tool) with a solution of NaOH: l, Fe(NO3)3; ~, "~ lrt(NO3)3; 
3, CrCI3; 4, SIn(NO3)3; 5, CoC12; 6, TiCl4; 7, ZrO(NO3)2; 
8, ZnCI2; 9, SnCI 4. 

Composition of oxide hydroxide hydrogels 

All the cases of formation of metal oxide hydroxides 
upon the t i tration 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 1 
4--6 7--9 10--13 

Ti TM TiOo.14(OH)3 .72  TiOo.08(OH)3.s3 TiOo.37(OH)3.26 
Zr TM Zr(OH)2.96(NO3)I.04 ZrOo.16(OH)3.68 ZrOo.03(OH)3.94 
Sn TM Srt(OH)4 Sn(OH)4 �9 0.2NaOH Srt(OH) a �9 0.4NaOtt 
Cr Ill CrOo.2(OH)2. 6 CrO0.1 (OH)2.8 CrOo.ts(OH)2.7 
smtll __ Sm(OH)2.7(NO3)o. 3 Sm(OH)2.86(NO3)o.I 
Fe ll| Fe(OH)2.96(NO3)o.oa Fe(OH)3 Fe(OH) 3 �9 0.1NaOH 
In II! In(OH)3 �9 0.2NaOH In(OH)3 �9 0.22NaOH In(OH)3 �9 0.25NaOH 
Zn II -- ZnOHCI Zn(OH)l.93Clo.07 
CO ll -- Co(OH) 1.76CI0.24 Co(OH )2 

Table 3. Composition of xerogels of metal oxide hydroxides 

Metal pH 1 
4--6 7--9 10--13 

Ti Iv TiOo.4(O H)3.2 TiO 1,15(OH) 1,7 - -  
Zr TM Zr(OH)4 ZrOI.3(OH)I. 4 ZrOI.5OH 
Sn TM SrtOt.6(OH)o.8 SnOl.s(OH)o.8 -- 
Crlll _ CrOo.7(OH)I. 6 CrOI.I(OH)o. 8 
Smllt _ Sm(OH)2.5(NO3)o. 5 Sm(OH)2.7(NO3)o. 3 
C o l l  _ _ C o O 0 . 5 0 H  

Zn II - -  Zn(OH)t.6CIo.4 ZnO 
FelII Fe(OH)3 Fe(OH)3 Fe(OH)3 �9 0.1NaOH 
In Ill ln(OH)3 �9 0.2NaOH In(OH)3 �9 0.2NaOH In(OH)3 �9 0.2NaOH 
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Fig.  2. Surface charge (q) o f a  chromogel with pH l equal to 7 
vs pH s of the suspension with CNacl/mol L -1 = 0.01(1); 0.1 
(,~; 1.o (3). 

N a O H  tha t  we s tudied  can  be classif ied in to  two types. 
The  first type is cha rac t e r i zed  by a m o r e  or less sharp  
break of  the  t i t ra t ion  curve at an O H  : M e  rat io far f rom 
the  equ iva lence  point ,  fo l lowed by a s low increase  in 
this rat io  a c c o m p a n i e d  by a sha rp  inc rease  in the  pH of  
the suspens ion  (Fig. I). Th i s  type  c o m p r i s e s  Ti TM, Zr  TM, 
and Cr  TM. T h e  second  type is c h a r a c t e r i z e d  by a sha rpe r  
break of  the t i t ra t ion  curve  at  an  O H  " M e  rat io close to 
the  equ iva lence  point  fol lowed by a very slow increase  in 
the  OH : Me  rat io (see Fig. I).  This  type  inc ludes  Fe hI, 
Zn 11, and Co11; the  mos t  typical  r ep re sen ta t ive  is hfl  n. 
Sm 111 occupies  an  i n t e r m e d i a t e  pos i t ion  be t w een  these  
two types. T h e  compos i t i ons  o f  hydroge ls ,  found  f rom 
the  t i t ra t ion  curves,  are p r e sen t ed  in T a b l e  2; the  c o m -  
posi t ions  of  the  samples  p r e p a r e d  by careful  drying of  
hydrogets  (xerogels)  are l isted in Tab le  3. 

It can  be seen  tha t  the  oxide  hydrox ides  o f  the  first 
type are h ighly  suscept ib le  to oxo la t ion ,*  wh ich  occurs  
even direct ly  dur ing  p r ec ip i t a t i on  f rom t he  so lu t ion;  this  
is def ined mos t  clearly in the  case  o f  Ti TM. U p o n  drying,  
the  effect  b e c o m e s  more  p r o n o u n c e d .  F o r  the  second  
type of  oxide hydroxides  and  for  Sm lll, t h e  s t o i c h i o m e t -  
ric c o m p o s i t i o n  is re ta ined  even  u p o n  drying.  In te res t -  
ingly, n u m e r o u s  studies (see,  for  e x a m p l e ,  Refs. 22 - -27 )  
have  s h o w n  t h a t  Fe lu is e x t r e m e l y  p r o n e  to hydroly t ic  
po lymer iza t ion ,  but  it occurs  on ly  in so lu t i on  and  wi th  
t ime.  Previously,  4 we r epo r t ed  t h a t  fast  p rec ip i t a t ion  
from acidic  so lu t ions  affords Fe (OH)3 .  

An X- ray  diffract ion s tudy  o f  t he  xerogels  showed 
tha t ,  af ter  the  careful  dry ing  p r o c e d u r e ,  Ti  TM, Z r  TM, and 
Cr  lti oxide hydroxides  r e m a i n  a m o r p h o u s  to  X-rays  and  
exhibi t  no  signs of  c rys ta l l iza t ion;  Fe 111 ox ide  hydrox ides  
are low crysta l l ine  acco rd ing  to the  p a t t e r n  of  cub ic  
F e ( O H )  3 or akaganei te ;  the  In 1II oxide  hydrox ide  is a 

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

Table  4. pHpz C values of hydrogels for metal oxide hydroxides 
in NaCI 

Initial p i t  I 

salt 6 7" 8 9 10 I 1 

FeCI 3 4.48 6.32 -- 9.73 --  - -  
5.47 7.28 --  9.12 -- - -  
6.27 7.72 8.10 8.76 9_00 9.35 

Fe(NO3)3b 6.30 7.48 --  8.84 --  --  
TiC14 7.49 -- -- 10.64 -- -- 

6.97 8.17 8.80 9.97 10.85 -- 
6.62 --  --  9.46 -- -- 

ZrO(NO 3) 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(NO3) 3 --  5.10 6.80 8.10 9.90 -- 
--  5.90 7.60 8.80 10.20 10.40 
-- 6.70 7.90 9. t0 9.70 10.60 

CrCI 3 --  5.55 7.00 9.30 10.60 -- 
- -  6.40 7.35 8.60 9.80 10.50 
- -  6.90 7.80 8.50 9.30 9.85 

SIn(NO3) 3 --  7.60 7.89 7.80 8.20 -- 
- -  7.84 7.92 8.02 8.87 9.68 
- -  7.78 8.25 8.58 9.47 -- 

ZnCI 2 --  7.68 7.35 7.70 7.80 7.73 
- -  8.14 7.80 8.37 8.50 8.30 
- -  8.67 8.50 9.20 9.35 9.98 

SnCl 4 6.00 c 8.70 . . . .  
5.50 8.00 . . . .  
4.75 7.10 . . . .  

Note. The values are given for electrolyte concentrations of 
0.01, 0.1, and 1.0 tool L -I and written in order of increasing 
concentration. 

For ferrogels, the pH I was 7.5. 
The concentration of NaCI was 1.0 mot L -I .  

c For smnnogels, pHI was 5.0. 

low-crys ta l l ine  I n ( O H ) y  S a m a r i u m  oxide  hydrox ide  is a 
low-crystal l ine product ;  its X- ray  d i f f rac t ion  pat tern  could 
no t  be i d e n t i f i e d  ( a p p a r e n t l y ,  i t  c o r r e s p o n d s  to 
Sm(OH)2.5(NO3)0.5);  Co li oxide h y d r o x i d e  is a low- 
crysta l l ine  mater ia l  re la ted  to 0~- a n d  [3-Co(OH)2. Z inc  
oxide hydrox ide  is the  only  c o m p o u n d  tha t  is c o m -  
pletely conve r t ed  in to  crys ta l l ine  Z n O  fol lowing drying.  

A c i d - b a s e  p r o p e r t i e s  o f  t h e  o x i d e  h y d r o x i d e  s u r f a c e  

In the  series of  s tudies  c i ted ,  5 , s , l ~  two s ignif icant  
facts were es tabl i shed,  namely :  (1) the  p H  of  the  po in t  
of  zero  cha rge  d e t e r m i n e d  by the  P a r k s  m e t h o d  depends  
on  the  suppor t ing  e lect rolyte  c o n c e n t r a t i o n  (Fig. 2) for 
all t h e  hydrogels  s tudied excep t  for t h e  coba l t  hydrogels ,  
and  ( 2 ) t h e  d e p e n d e n c e s  o f  the  e x p e r i m e n t a l  pHr,  z c  
values on  p H t  p lo t ted  for d i f f e ren t  e lec t ro ly te  c o n c e n -  
t ra t ions  in te rsec t  at  one  po in t ,  w h i c h ,  as we have  sug- 
gested,  t7 is the  t rue  po in t  o f  ze ro  cha rge  for an  oxide 
hydroxide  p repared  f rom a p a r t i c u l a r  sal t  in a pa r t i cu la r  
ionic  m e d i u m .  An  excep t ion  to t h i s  rule is z inc  oxide 
hydroxide .  
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The  p H p z  c va lue  found  for a hydrogel  by the  Parks  
m e t h o d  is the  p H  o f  an  e lec t ro ly te  so lu t ion  occur r ing  in 
p s e t t d o - e q u i l i b r i u m  wi th  an  t, ns table  gel phase,  and  the  
change  in the  p H  fol lowing the  in t roduc t ion  of  a hydro-  
gel in an e lec t ro ly te  so lu t ion  is due to the  fact tha t  the  
gel t ends  to r e a c h  a c o m p o s i t i o n  co r re spond ing  to the  
po in t  of  ze ro  charge .  5 Thus ,  the  ac id-base  proper t ies  of  
a hydrogel  s h o u l d  be  cha rac t e r i zed  by its t rue point  of  
ze ro-charge .  T h e  h i g h e r  the  t rne p H p z  c value,  the 
s t ronger  the  in t r in s i c  basic proper t ies  o f  the  hydrogel  
surface,  and  vice versa. However ,  hydrogels  show a 
un ique  abi l i ty  to  sorb  excess hydroxyl groups dur ing  
p rec ip i t a t ion  at  re la t ive ly  high pH values;  these groups  
increase  the  sur face  basici ty  and  can  be'  c o n s u m e d  dur -  
ing h e t e r o g e n e o u s  hydrolysis .  T he  excess OH groups  are 
f iml ly  b o u n d  and  washed  out  with difficulty and  i n c o m -  
pletely. T h e r e t b r e ,  the  p H p z  c values found for hydrogels  
by the  Parks m e t h o d  charac te r ize  the  basicity of  hydrogels  
ob ta ined  by p r e c i p i t a t i o n  at a par t icu lar  pH and  c o n t a c t -  
ing with a p a r t i c u l a r  etectrol.vte o f  a def in i te  c o n c e n t r a -  
t ion (Table  4). S i n c e  these  pHpz  c values depend  l in-  
early on  the  e l ec t ro ly te  c o n c e n t r a t i o n ,  they  can be de-  
t e r m i n e d  for a n y  e lec t ro ly te  c o n c e n t r a t i o n  over  a fairly 
broad range: at  least ,  f rom 0.001 to 2- -3  mol L - l .  All 
the  objects  t ha t  we s tud ied  inch,  ding zinc oxide hydrox-  
ide are hydroge t s  o f  a m o r p h o u s  oxide hydroxides  lbr  at 
least  3 - -4  h af t ra  t he  onse t  of  prec ip i ta t ion ,  as ind ica ted  
by the  d e p e n d e n c e  of  pHr, z c  on the  suppor t ing  e lec t ro-  
lyte c o n c e n t r a t i o n ,  w h i c h  is typical o f  gels (see Tab le  4). 

T a b l e  5 .  pHpz c values of hydrogels of metal oxide hydroxides 
in Na2SO r 

Initial pH i 

salt 6 7 7.5 8 9 10 

FeCI 3 6.70 --  7.82 --  9.87 --  
7. t0 --  8.20 -- 9.46 --  
7.52 --  8.35 --  9.13 -- 

ZrO(NO;)  6.60 7.50 -- 8.30 9.30 10.70 
7.20 8.10 -- 8.60 9.50 10.00 
7.70 8.30 -- 8.90 -- 9.90 

C r C l  3 - -  7.25 -- 7.95 9.00 10.55 
6.95 - -  - -  8.30 9.15 --  

--  7.55 --  8.45 9.15 9.50 
In(NO3) 3 . . . .  7.70 8.60 10.10 

- -  7.40 -- 8.20 9.30 9.90 
- -  --  -- 8.40 9.30 10.00 

Sn-~(NO3) 3 . . . .  7.97 a --  
. . . .  10.75 b --  

SnCI4 c 6.20 8.20 . . . .  
5.50 7.85 . . . .  
5.10 7.15 . . . .  

.Note. The values are given /br electrolyte concentrations of  
0.005, 0.05, and 0.5 tool L - i  and written in order of increasing 
concentration. 
a The electrolyte concentrat ion was 0.005 rnol L - l .  
t~ The electrolyte concentrat ion was 0.5 mol L - l .  
c For stannogels, pHt  was 5 and 7. 

The  data  p resen ted  in Tables  4 - -7  d e m o n s t r a t e  tha t  
by varying the  pH of  p rec ip i t a t ion ,  one  can prepare  
sorbents  highly active in h e t e r o g e n e o u s  hydrolysis  even 
when  the  true p H p z  c value  is relatively low, as for the  
Ti iv oxide hydroxide.  

We found the  fo l lowing t rue p H e z  c values  for the 
meta l  oxide hydroxides  s tud ied  in so lu t ions  of  NaC1 at 
the fol lowing pHI:  

Felll Ti TM ZrlV Inlll Crlll Smlll Sn TM 

pHpz c 8.1 4.7 9.2 10.2 7.9 7.6 4.1 
pH r 8.1 4.5 9.4 10.0 8.4 7.0 4.0 

On going to so lu t ions  o f  Na2SO4, the  p H p z  r values 
for oxide hydroxides  subs tan t ia l ly  change ;  th is  is t rue for 
bo th  the  values m e a s u r e d  exper imen ta l ly  and  the  t rue 
p H e z  c value (see Table  5). T h e  t rue p H p z  c in Na2SO 4 
solut ions are the following: 

Felll Zr TM [hill CrllI SnlV 

pHez c 8_6 9.3 I0.0 9.1 4.1 
pH ! 7_95 8.8 I0.0 9.1 4.0 

It can be seen that  the  t rue  pHpz  C values in sulfate 
media  are somewha t  h igher  t han  those  in chlor ide  media.  

It is of  in teres t  t ha t  (see Tables  3, 4) when  p i t  I is 
lower than  the  t rue p H p z  c value  for the  hydrogel ,  the 

Table 6. Rate constants (kob s. 104/s - t )  of heterogeneous 
hydrolysis of 1tC162- (a 1 M solution of NaCI, 60 ~ as a 
function of pi l l  of hydrogels 

Metal pH I 

6 7 8 9 10 11 12 

Fe Ill 1.6 2.3 4.1 8.9 13.0 13.0 13.0 
Ti TM --  0.8 1.0 4 8 4. t 16.6 --  
Zr TM --  1.4 2.7 4.7 15.0 13.7 15.3 
inlll a _ _  __ __ 1.0 1.3 --  --  
Sm m ~ -- 2.9 3.2 4.3 6.0 8.5 b --  
Zn II --  7.4 5.6 4.4 2.5 2.7 2.9 

a Found by extrapolation from tim E a values and dependence 
of kot ~ on the concentration of NaCI. 
0 For pH i of 10.5. 

Table 7. Rate constants (kob s" 104/s - t )  of heterogeneous 
hydrolysis of PtCI42- (a 1 M solution of NaCI, 60 ~ as a 
function of pHI of hydrogets 

Metal pHI 

6 7 8 9 I0 1t 

Zr TM --  - -  4.8 8.5 12.0 11.5 
Cr tn 2.2 2.6 3.2 2.9 2.6 2.7 
In in " -- -7 4.5 4.0 3.0 3.8 
Sm m a . . . .  6.6 8.6 
TitV a _ --  0.8 3.9 13.6 --  

a Found by extrapolation from dependence of ]Cob s on the 
concentration of NaCI. 
b At 80 ~ 
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experimental pHpz C valnes for different electrolyte con- 
centrations (g-equiv L - 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 Sm Ill 
oxide hydroxide, which contains unsubstituted nitrate 
ions, the opposite situation is observed. It can be as- 
sumed that the point of intersection of the curves pHpz c 
=J(pH i) that we found corresponds to a basic salt, while 
a pure hydroxide should possess one more intersection 
point at pH 1 > 12. 

The rate of heterogeneous hydrolysis in the presence of 
oxide hydroxides , 

Previously 5,6,1~ we studied the indicator reactions 
of octahedral lr TM and Rh m complexes and a square- 
planar Pt II complex. The rates of these indicator reac- 
tions on the surface of almost a l l  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 Ir TM and Pt II complexes (see Tables 6, 7), 
except for the Cr nl oxide hydroxide. Since the latter 
compound possesses reductive properties, we did not use 
Ir TM, which is an oxidant, in order to avoid superposition 
of hydrolysis and redox reactions. It follows from Table 

6 that as the pH l increases, the rate of the sorption- 
hydrolytic precipitation of i r idium 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 II and Pt I1 complexes is very specific and that charac- 
teristic features of heterogeneous hydrolysis on the sur- 
face of ferrogels found for these c ompounds  differ sub- 
stantially from those found for octahedral  complexes) 
This is also true for other hydrogels. The data on the 
kinetics of heterogeneous hydrolysis of PtCI42- on the 
surface of oxide hydroxides (see Tab le  7) indicate that 
the dependence of the rate constants  on pH l found for 
the reaction on the surface of ZI  -IV, Ti TM, and Sm III 
oxide hydroxides differs from the dependence ,  or, more 
precisely, from the absence of any dependence  observed 
for the Cr IJ! and In Hi compounds .  It should also be 
noted that the variation of the rate of precipitation of 
f't H as a function of pH 1 in the presence of Zr TM, Ti TM, 
and Sm I1t oxide hydroxides is s imi la r  to that found for 
octahedral complexes, whereas in the case of Cr tn or 
In ul, no similarity is observed. 

It can be seen from Figs. 3 and 4 that the samples of 
hydrogels with pHez c values close to the true pHpz c 
value show the maximum rate of sorpt ion among octa- 
hedral complexes. The sorption activity toward lrCI62- 
in this region depends on the na tu re  of the central 
cation in the oxide hydroxide: Zr TM > Fe I|I, Sm H~ > Ti iv, 
Zn II > In ul. Since the iridium complex  is among the 
most stable and, simultaneously, mos t  inert complexes, 
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Fig. 3. Rate constants for heterogeneous hydrolysis of IrCIJ- 
(60 cC, a I Msolution of NaC1) vs their pHp7 r in the presence 
of hydrogels ofTi TM (1); Zr TM (2); Fe nl (3);'l-n TM (4); Sm III (in 
2 MNaCI) (5); and Zn II (in 0.5 MNaCI) (6) oxide hydroxides. 

113 

s 104/s-I 

/ 
/ / / J 

/ 

/ 

l l T l 
7 8 9 10 pHpz c 

Fig. 4. Rate constants for heterogeneous hydrolysis of PtCI 2 -  
(60 ~ a I Msolution of NaCI) vs their pHpz c in the presence 
of hydrogels of Zr Iv (1); In nl (in 0.1 M NaCI) (2); Cr II1 (3); 
and Sm ul (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 complexi~g media. 

For the square-planar Pt ~1 complex, the sorption ac- 
tivity of Zr ~v oxide hydroxide markedly exceeds that of 
any other oxide hydroxide studied; this is followed by 
Fe Ill and Sm 111 oxide hydroxides, whereas the Cr 111 com- 
pound is the least reactive toward PtCI~ 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 tool-l;  those for the precipitation of 
Pt t! are (80+10) kJ tool -t  (except for Cr m oxide hydr- 
oxide). The magnitude of the rate constlant 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 contribntion of 
physical (electrostatic) sorption or participation of water 
molecules and surface OH groups in addition to the 
complex (this has been noted in sulfate media3,11). 

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

The central ions in tile oxide hydroxides are similar 
regarding the Iollowing parameters. The Ti 4., Cr 3+, and 
Fe3+; Zr 4+, Zn 2+, and C02+; and Sm 3+ and In 3+ ions 
have close radii. The Zr 4+, Cr 3+, and Fe3+; Sm 3+ and 
in3+; and Zn 2+ and Co 2+ ions possess close ion poten- 
tials. The Ti 4+ and Zr 4~ and Sn a+, In 3+, and Zn ~+ ions 
are electronic analogs. The Cr 3+, Fe 3+, and Co 2+ ions 
have no electronic analogs. Sm 3+ can be considered to 
be an analog of Ti 4+ and Zr 4+, 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: Sm 3+ > In 3+ > Zr 4+ 
> Zn 2+, Co 2+ > Sn 4+ > Fe 3+, Cr 3+, Ti4+; the ionic 
potential varies in the order Ti 4+ > Sn 4+ > Zr 4+, Cr 3+, 
Fe 3* > In 3+ > Sm 3+ > Zn 2~', Co 2+ (see Table 1). 

Table 8. Avera8e activation energies (E~) of indicator reactions 
of heterogeneous hydrolysis in the presence of oxide hydroxide 
hydrogeis in chloride solutions 

Tile central Ea/kJ mo1-1 

cation of the lrC162-/lrCI63- PtCl42- RhCI63- 
oxide hydroxide 

Fe Ill 119.5+-8.6 76.8+_16.9 112.8+_10.8 
Lnm(REE ") 110.2_+10.8 87.8+_11.8 94.0+_6.4 
Ti TM 112.7_+11.9 ---46* -- 
Zr TM 103.8+_7.5 78.0+_11.0 -- 
In t~T 109.8+7.6 87.0+_4.4 -- 
Cr Lli -- 55.7+_5.2 96.6+_17.7 
Zn il 63.9• -- -- 

Note. The average absolute errors, 6a = ~ a / n ,  are given. 
* ForpHi ofl0.  

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. 17 Thus for the cations with the 
s2p 6 electronic structure, the sorption activity of the 
oxide hydroxides varies in the order Sm m >_ Zr TM > Ti TM. 
Similarly, for sorption activity of cations with the p6dl~ 
electronic structure, we have Z n  II > [n I11. The Fe 3§ 
Cr 3+, and Co 2+ cations have no electronic analoN 
among the other cations that we studied, but each of 
them contains a partially occupied 3d level. The sorp- 
lion activity of Cr Ill oxide hydroxides is the least among 
these three compounds. Ti TM and Cr Ill oxide hydroxides 
possess high tendency to oxolation. According to the 
model of the mechanism of heterogeneous hydrolysis 
developed previottsly, 3 hydroxyl groups act as the sorp- 
lion 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 (Q) of oxide hydroxide samples with pH l 9 in 
relation to RhC163- at 50 ~ 

Central ion Fe tll Ti tV Zr TM Cr tI1 In Ill 
Q/tool i04 g-l of M(OH)z 4.2 3.6 6.0 5.4 4.2 

Since three OH groups are needed to bind the Rh ITj 
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 - t  respectively, i.e., these values 
are of the same order of magnitude. 

Two extreme cases are possible, namely, highly de- 
veloped surface with a low concentration of OH groups 
and a poorly developed snrface 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, although 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 o fCr  111 
and Fe HI oxide hydroxides to oxolation is unknown. 
Some role might be played by the rednctive properties of 
CrllI; i.e., by the relatively high energy of the 3d 3 
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-hydrolytie 
precipitation of some metals from solutions of their 
complexes on the surface of poorly soluble oxide hy- 
droxides of other metals z,3 (heterogeneous hydrolysis), 
proposed previously, represents this process as consist- 
ing of three successive steps (I) fast reversible sorption 



of the complex species predominating in the solution on 
the st, rface 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 
aqt, a 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 "oi" 
(hydroxyl) and oxo bridges between the new (sorbate) 
and old (sorbent) hydroxide phases. 

PHpzc 

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 
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Fig. 5. Determination of the "true pHpzc" of stannogels in NaCI (a) and Na2SO 4 (b) at the electrolyte C/g-equiv. L -t = 1.0 (1) 
0,1 (~; 0.01 (3). 
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Fig. 6. Kinetic curves ofsorption of IrCt62- (a) and PtCI42- (b) on stannogels at T/~ = 80 (1, 1", 2"), 70 (2 - -~ ,  50 (3") and pHl 
7 (1--3, 1"). 9 (4, 2'); A (%) is the degree of extraction; ionic medium is 0.5 M NaCI; for 3, I MNaCIO 4. For comparison: 3" is 
a typical kinetic curve for heterogeneous hydrolysis of PtCI42- in the presence of an Sm gel with pHt l 1. 
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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 Kst < 104~ in addition, 
this process is more efficient for octahedral complexes 
and less efficient for square-planar  and tetrahedral com- 
plexes. 3 If the above conditions are not fiflfilled, sorp- 
tion occurs by a different mechanism, which requires 
lesser changes in the initial composit ion 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 w oxide 
hydroxide and then verified the prediction experimen- 
tally. 

The electronic structure of Sn 4+ is prdl~ it is an 
electronic analog of In 3+ and Zn 2+. Its ionic potential is 
close to that of  Ti 4+ (see Table 1). Taking into account 
analogies, the data obtained suggest that Sn Iv oxide 
hydroxide should show low tendency to oxolation, and, 
like ha m oxide hydroxide, it should be relatively inactive 
in heterogeneous hydrolysis; its true PZC should lie in 
the pH range 3--4. 

The results of  the experimental  investigation of Sn TM 
oxide hydroxide are presented in Tables 2--5 and in 
Figs. 1. 5, and 6. Samples prepared by alkaline hydroly- 
sis of SnCI 4 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 SnCI 4 and thermograms of 
xerogels were recorded. It was fotmd that during alkaline 
hydrolysis, the hydroxide does not undergo oxolation, 
but it loses almost all the structural water when dried; 
like indium hydroxide, Sn TM hydroxide strongly binds 
excess alkali, whose content reaches 0.4 g-equiv, mo1-1 
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 pHr, zc  on pH i for 
stannogels is normal for gels; the true pHpz c is 3.8 in a 
chloride solution at pHl  4.0; in a sulfate solution, this 
value is 4.1 at pH I 4.0 (see Fig. 5). The shape of the 
kinetic curves for sorption of  IrCl62- and PtC142- 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 determinat ion o f  the degree of ligand 
elimination during sorption on a stannogel with p h i  7 
(in a solution of  NaCIO4) demonstrated that when 
sorption is complete,  the degree of  el imination of chlo- 
ride ions from PtCI42- is not higher than 40%, and that 
fl'om IrCl6 ~-- does not exceed 70%. 

Thus, the obtained experimental characteristics and 
the assumptions regarding the mechmfism 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 i 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 i 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 1 > 9 are pep- 
tized to complete dissolution during washing. 

Conclusion 

The results of studies 1~ considered in this re- 
view made it possible to confirm the model  of the 
mechanism of heterogeneous 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 complexmg 
medium. 

The utility of the concept considered here and the 
composed data base can be illustrated by a work as in 
which an attempt was made to design an inorganic ion 
exchanger based on Sn TM oxide hydroxide for separation 
of  the nuclear fission products (Cs, Ba, Ru, Ce Itl, Nd, 
La, Y, Pm, Zr, Nb). If data oll 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 z9 in which zirconium and manga- 
nese oxide hydroxides were used without allowance for 
the data on the pHpz C values. 

Whereas the properties of Fem oxide hydroxides 
have been the subject of  numerous publications, the 
majority of which, including voluminous reviews, zs-z7 
deal with amorphous gel-like modifications, published 
data on the amorphous  modifications of Ti TM, Zr tv, 
Cr III, In IH, Zn II, and lanthanide oxide hydroxides are 
rather scarce; moreover, this tendency does not change 
with passing years. Our studies l~ extend the infor- 
mation available in this field. 

The data that we obtained confirm the previously 
stated t,2 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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