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Sorption properties of zirconogels
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The effect of the pH of precipitation and the nature of the initial zirconium salt and the
ionic medium on sorption properties (surface charge, kinetic parameters of sorption) of
zirconogels formed due to alkaline hydrolysis of zirconium(iv) sulfate and zirconyl nitrate
was studied. Zero point of charge methods. indicator reactions of heterogencous hydrolysis,
drop titration, and thermography were used in the study. The properties of the zirconogels
are very close to those of ferro- and titanogels obtained under similar conditions. The
composition of zirconogels, the activation energies of the indicator reactions of heteroge-
neous hydrolysis, and the dependences of the rate constants of these reactions on the nature
and concentration of the ionic medium were determined.
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The purpose of the comparative study of the sorption
properties of hydrogels of metal oxyhydroxides in differ-
ent ionic media is to create a theoretical model with
which to predict the conditions for the extraction of
complex-forming metals from complex-forming media
by inorganic sorbents, oxyhydroxides.

Our previous studies of ferro- and titanogels!—4 sug-
gest that gels with specified sorption properties can
virtually be obtained for almost any metal that forms
weakly soluble gelatinous hydroxides, if the conditions
favoring dehydration and (or) crystallization of gels are
avoided.

The majority of works on the sorption properties of
zirconium(iv) oxyhydroxides (see, e.g., Refs. 5—9) ex-
amine dried or even calcined samples, in which the zero
point of charge (ZPC) is in the range of pH < 6.5, which
possess insignificant sorption capacity and selectivity,
and which are characterized by diffusion sorption kinet-
ics.5=9 There is no published data on the sorption
properties of gels of zirconium(iv) oxyhydroxides.

In this work, two series of zirconogels (based on
ZrO(NOjy), and Zr{SO4),) were obtained, and their
sorption properties were studied by the methods of ZPC
and indicator reactions of the heterogeneous hydrolysis
of complex anions (IrCl427).2—4

Experimental

For preparing the zirconogels, ZrO(NO;); - H,0 (analyti-
cal grade) and Zr(S0y); + H,0 (pure grade) were used. Zirconyl
nitrate {2.19 g) or zirconium(iv) sulfate (2.86 g), which corre-
sponds to 1.2 g of Zr(OH)4, was dissolved in water (50 mL).
The natural pH value was established at ~20 °C in the range of
pH 0.8—1.1. No complete coagulation of the precipitate oc-

curred up to a pH of precipitation equal to 4. A 2 M solution
of NaOH (chemically pure grade) was added to the reaction
mixture containing partially hydrolyzed zirconium(iv) with
constant stirring and pH-metric control until a specified pH of
the suspension (pH,), which was stable for -5 min, was estab-
lished. The precipitate was separated by centrifugation, triply
washed by decantation with H,0, and centrifuged again. The
samples of the precipitate obtained were suspended in water
(100 mL) and used for the experiments to determine the
pHzpc and rate constants of heterogeneous hydrolysis.
Composition of zirconogels. The compositions of the
zirconogels obtained at different pH of precipitation (pH;)
were determined by drop titration of NaOH, as described in
Ref. 4 (Fig. 1). The samples correspondingto 1.2 g of Zr(OH)4
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Fig. 1. Drop titraticn of ZrO(NOsj; (/) and Zr(SO4); (2) with
a solution of NaOH. N is the ratio of the added OH/0.25 Zr.
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Table. 1. Calculation of the OH/Zr ratio for drop titration of zirconium(iv) salts with a solution of NaOH
Initial salt pH, pH, vy pH, pH, a i} ¥
/mL
ZrO(NOy), - 2H,0 4.10 341 246 4.25 4.35 1.492 0.0125 H* 1.4795
" 8.14 6.86 279 7.57 541 1.844 0.000126 H* 1.8439
’ 11.05 11.36 278 10.7 7.85 2.042 0.0761 OH™ 1.9659
Zr(SOy), - 4H,0 3.98 3.76 307 3.00 3.02 2.830 0.00774 H* 2.7991
8.00 6.09 373 6.96 4.70 3.672 0 3.6724
11.09 10.99 350 10.3 7.56 4.000 0.0107 OH™ 3.9560

Note: « is the sum of the added OH/Zr, equiv/g-atom: P is the sum of H/Zr added during washing or OH/Zr eliminated, equiv/g-

atom; y is OH/Zr in the precipitate, equiv/g-atom.

for three different pH of precipitation (Table 1) were washed
off with water as described above and introduced into a 0.5 M
solution of NaCl (200 mL). The precipitate was filtered off,
and the pH values of the wash water (pH,), the suspension in
0.5 M NaCl (pH,), and the fiitrate (pH;) were measured. To
calculate the OH/Zr ratio in the samples studied (Table 1),
the amounts of the alkali washed off and displaced by an
electrolyte were determined from the titration data.

After washing, the samples of gels were dried in a vacuum
desiccator over concentrated sulfuric acid at -20 °C for 6—7
days and were studied by DTA—TG methods (Fig. 2). The
thermal analysis was carried out with a 0.1—0.2-g sample on
an NTR-70 instrument combined with a PTR-1000 instrument
and a Pt-PtRh-thermocouple, and on a PP-63 instrument
combined with a VT-1000 torsion balance at a heating rate of
10 deg/min.

The compositions of the samples calculated from the DTA—
TG curves are presented in Table 2, and the most typical
thermograms are presented in Fig. 2.

The determinations of the pH of the zero points of charge
of the zircomogels were performed by the Parks method!?
modified by us for gels! and by potentiometric titration of
samples on a pH-121 pH-meter in a half-open type quartz cell
in an argon flow with an ESL43-07 glass electrode and an
EVL-1M! accessory electrode immersed in a suspension of
zirconogel (pH,) or a reference solution (pHy). Prior to titra-
tion, argon was bubbled for -1.5 h through the suspension of
zirconogel washed as described above and a solution of elec-
trolyte to remove dissolved CO;. Then the suspension (100 mL)
was added to a solution of an electrolyte (100 mL) prepared in
such a way that the concentration of the electrolyte was 1.0,
0.1, or 0.01 mo! LV in the final volume of the suspension. To
establish the initial pH or pH, value, a solution of carbonate-

Table 2. Composition of gels of zirconium(tv) oxyhydroxides

pH, Initial compound

ZF(SO4)2

ZrO(NO;),

S [Zr(OH)4)* 1.9H,0 [ZrO(OH),] - 0.3H,50, - 0.84H,0
6 [Zr(OH),]-7.83H,0  |ZrO(OH),] 0.18H,S04 - H0

8 Zfo‘“;}(OH)L” * ISHzo ZYOlSOH '0~l36H2804‘ I33H20
[Z,04(0H)] - 4.5H,0  [ZrOg(OH)y) - 0.54H,S0, " 5.3H,0

10 ZrO, sOH - 1.1H,0 Zr0, sOH - 1.33H,0
[Zr;O(,(OH)4] . 44H20 [ZQO@KOH).;)] M SZHzo

12 ZrO, )(OH) 4 3.9H,0  ZrO| 1(OH) 35 H0
[ZrsOg(OH)g] * 19.5H,0 [ZrgOg(OH) 4] - 8H,0

free alkali NaOH (0.123 mol L™!, 5 mL) was added, and then
the suspension was titrated by a solution of the acid (0.1 M,
fixanal) whose anion corresponded to the anion of the electro-
lyte, at an interval of 0.4 mL min~!. Recrystallized NaCl,
Na,S504, NaClO4, and NaNO, were used as supporting elec-
trolytes. The amount of excess OH™(H;0%) ions sorbed was
determined by comparing pH; and pH, during the blank
experiment at a given volume of a titrant. Examples of the

354 391

104

Fig. 2. Thermograms of xerozirconogels. Initial zirconium
sait: /and 2, sulfate; Jand 4, nitrate. pH: 5 (/, 3); 8 (2); and
6 (#). Heating rate: 10 K min™".
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Table 3. Values of pHzpc of zirconogels in solutions of electrolytes with different concentrations (C) prepared at different pH of

precipitation (pH)

Electrolyte C ZrO(NO;y), Zr(504);
/mol L7t pH,
5.5 6 7 8 9 10 I 6 7 8 9 10
NaCl 1.0 5.5 6.2 7.3 8.2 9.0 9.4 10.3 — 5.4 6.7 8.4 9.7
0.1 4.8 5.2 6.2 7.3 8.6 9.8 10.9 — 5.3 6.6 8.7 10.8
0.01 4.1 4.1 5.1 6.7 7.7 10.3 1.2 — 5.3 6.4 8.9 11.4
Na,SO4 0.5 — 7.7 8.3 89 9.3 9.9 — 7.1 7.9 — 9.6
0.05 - 7.2 8.1 8.6 9.5 100 — 5.5 6.7 7.2 9.0 10.0
0.005 — 6.6 7.5 8.3 9.3 10.7  — — 6.1 7.0 — 10.8
NaClO, 1.0 — - 6.1 - — - — — 5.6 — 8.6 9.1
0.1 - 3.8 5.1 6.1 8.5 - — 38 5.3 6.1 82 —
0.01 — — 39 - — _ — 4.1 — 8.0 —
NaNO, 1.0 — — 6.9 — 8.8 — — — — — - —
0.1 _ - - — 89 - - — 5.2 — 7.9 —
0.01 — — 5.3 — 9.8 — — — 5.1 — -

titration curves are presented in Fig. 3. The results of the
determination of pHzpc are presented in Table 3.

Indicator reactions of heterogeneous hydrolysis. As in the
other works,2—4 the reaction rate of heterogeneous hydrolysis
of the IrClg?™ complex was used to characterize the surface
properties of zirconogels. K;IrClg obtained by the procedure
described in Ref. 11 and characterized by elemental and X-ray
diffraction analyses was used. The initial concentration of Ir
was ~2.9- 1074 mol L™!, the volume of the reaction mixture
was 200 mL, and the measurement and calculation procedures
are described in Ref. 2. The results are presented in Tables 4
and 5.

V/mL

Fig. 3. Curves of the potentiometric titration of zirconogels in
a 0.1 M solution of NaCl. Initial sait: ZrO(NO;); - 2H,0; Vis
the volume of the titrant (0.1 M HCI); pHy: 5 (N 8 (2);
10 (3): blank titration of the electrolyte (4).

Table 4. Rate constants (ky - 10%/s7!) of the heteroge-
neous hydrolysis of 1rClg2™ on the surface of zirconogels
in a | M solution of NaCl at different temperatures and
pH of precipitation

pH, T/°C E,
50 60 70 80 90 /kJ mot™!

Zirconyl! nitrate

6 — - 34 7.7 26.5 1100

7 — 1.4 4.4 1.3 307 1035

8 09 27 7.4 334 — 110.1

9 1.8 47 178 — — 107.6

10 35 150 346 — — 110.0

It 55 137 286 — —_ 81.9

12 42 153 — — —

7* — 08 4.1 157 — 147.3
Zirconium suifate

7 - — 2.3 4.7 20.2 116.8

8 — 05 2.2 9.6 - 149.6

9 - 12 58 460 — 159.6

19 — 93 19.2 — - —

It 45 93 226 — - 94 .8

7* - - 1.8** 3.1 49 72.5

* The ionic background is 0.5 M Na,S0y. ** 75 °C.

Results and Discussion

Drop titration (Fig. 1, Table 1) and thermal analysis
of washed samples (Table 2) showed that zirconogels
obtained by treatment of a solution of zirconyl nitrate
with NaOH followed by triple washing, unlike titanogels,*
reach the composition of Zr(OH); when the pH of
precipitation is low. By contrast, when solutions of
zirconium(iv) sulfate are treated with alkali, zirconyl
derivatives are formed that fix some amount of H,804 in
the range of low pH of precipitation. When the pH of
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Table 5. Dependences of the rate constants of the heteroge-
ncous hydrolysis of IrClgZ™ (ky/s™!) on the surface of
zirconogels on the nature and concentration (C/N) of the ionic
background

Initial T pH; Elect- 4y -10% at C of the electrolyte:
Zrsalt T /oC rolyte 0.0t 01 05 10
ZrO(NO;); 70 8 Na,SO, 9.1 9.1 85 -0
70 8 NaCl — 250 84 74
60 8 Na,SO, 22 24 <15 ~1.2
60 7 NaClO, . - * 89
Zr(SOy); 70 8 NaCl * 60 35 25
80 9 Na,SO, — <66 <66 ~6.5
60 7 NaClO, - — <Ll -08

* Very rapidly, so that ky cannot be determined with sufficient
accuracy.

precipitation is higher than 8, both initial products give
partially dehydrated compounds, probably polymeric
(Table 2), of composition Zr O, (OH),, where x = 58,
y = 6—10, and 7 = 4—14, as in the case of titanogels.?
Comparing the results of thermal analysis and drop
titration, one may conclude that the treatment of solu-
tions of zirconyl nitrate and zirconium sulfate with alkali
results in the addition and elimination of the water
molecules coordinated at the central atom, respectively,
although the amount of the alkali consumed in the
titration reaches the stoichiometric value only at pH 11
(Fig. 1). It can be seen that anions of the initial salt can
be easily removed from zirconogels, unlike ferrogels,1+
although even trace amounts of anions of the initial salt
have a strong effect on the properties of the gel. SO~
ions especially facilitate dehydration of gels, probably by
enhancing the processes of oxolation and olation.*

The acid-base titration curves of zirconogels (Fig. 3)
are typical of amphoteric oxyhydroxides, which possess
weak acid-base properties.? As in the case of ferro- and
titanogels,2—4 the titration is reversible. The resuits of
the determination of pHzpc (Table 3, Fig. 4) show that
the curves of the dependence of pHzpc on pH, for
different concentrations of electrolytes intersect at one
point, and this point is different for different electrolytes
and different initial zirconium salts. For example, in
solutions of NaCl, the pH, of the intersection point for
nitrate gels is equal to 9.3 and for sulfate gels is 8.3, and
the pHyzpc values corresponding to the intersection points
are equal to 9.2 and 7.0, respectively. In solutions of
Na,S0,, analogous points are observed at pH 8.8 and
8.8 (pH)), 9.3 and 8.5 (pHzpc). This means that
zirconogels obtained at pH, under and above the inter-
section point of the curves differ as follows: for the first
of them in the range of low electrolyte concentrations,
pHzpe < pH,, while for the second type of zirconogels,

* Formation of oxygen and hydroxo bridges between metal
atoms to form oxyhydroxide.

pHzpc > pH|. However, in all cases, the dependence of
pHzpc on the electrolyte concentration is very strong.
As previously, we explain this fact by the redistribution
of H30% and OH™ between the charged surface of the
gel and the solution of the electrolyte. It can also_be
assumed that true neutral states (true pHzpc values)
correspond to the intersection points indicated (Fig. 4)
and a lower value is observed for sulfate gel, which is
more disposed to polymerization and dehydration.

When other conditions are equivalent, pHzpe of
zirconogels in sulfate media are higher than in chloride
media, and those in chloride media are higher than
those in nitrate and perchlorate media. In | A solutions
of the electrolyte for nitrate gels, the pHzpe values in
the medium of NaCl and NaNO;j are close to pH, (for
example, 6.2 and 6.0, 8.2 and 8.0), those in the medium
of Na,SO, are 1—1.5 units higher than pH, (e.g., 7.7
and 6.0, 8.9 and 8.0), and in the medium of NaClO,,
they are ~1 unit lower than pH, (e.g., 6.1 and 7.0). For
sulfate gels, correspondingly, in the media of NaCl and
NaNO, pHzpc are 0.5—1.5 units lower than pH,, in the
medium of Na,SO, the values are close, and in the
medium of NaClO, they are 0.5—1 units lower than
pH,.

Zirconogels are similar to ferrogels in many respects,
not only qualitatively, but in their quantitative param-
eters as well: at the same pH; they have very close
pHzpc values and, as will be seen, even very close values
of the observed rate constants ky of heterogeneous

pHzpc
11

11 le

Fig. 4. Dependences of pHzpc on pH,. Gels: nitrate (a, 5),
sulfate (¢, d), supporting electrolyte: NaCl (a, ¢), Na,S0,
(b, d); concentration of the supporting electrolyte, mol L™
1.0 or 0.5 (1; 0.1 or 0.05 (2); 0.01 or 0.005 (J).



2516

Russ. Chem. Bull., Vol. 45, No. 11, November, 1996

Pechenyuk and Kalinkina

hydrolysis of IrCl¢2™, although the dependences of
pHzpc and ky on pH, reach the plateau at pH; > 9 less
distinctly.

The results of studies of zirconogels by the method of
indicator reactions of the heterogeneous hydrolysis of
IrClg2™ show that the rate of decrease in the concentra-
tion of iridium(iv) in the solution contacting the
zirconogel obeys the first-order law, as for heteroge-
neous hydrolysis on the surface of REE oxyhydroxides,
ferro- and titanogels.2# The ky values for zirconogels
are somewhat lower than for ferrogels and considerably
higher than for titanogels at the same temperatures,
pH,, and parameters of the ionic medium. The tem-
perature dependences of the rate and activation energy
£, of the indicator reactions on zirconogels are also
characteristic of the heterogeneous hydrolysis of [rClg2™
(Table 4). The dependences of ky on pH, and concen-
tration and on the nature of the gel and electrolyte are of
the same type for ferro-, titano-, and zirconogels. The
E, values in I M solutions of NaCl are very close (within
100—120 kJ mol™!) for ferro-, titano-, and zirconogels
obtained from the initial chloride and nitrate salts.2+4
However, a sharp deviation from this value is observed
for the sulfate-sulfate system (see Table 4): E; decreases
to 72.6 kJ mol™! (the same phenomenon is observed for
ferrogels: there is a decrease to 68 kJ mol~!).2 Similarly
to ferrogels, E, increases to 140—150 kJ mol™! for sul-
fate zirconogels against a background of | M NaCl and
for nitrate gel against a background of 0.5 M Na,50,.

The fact that the rate of heterogeneous hydrolysis is
related to the concentration of surface OH groups is
especially clearly demonstrated by the following experi-
ment: sulfate zirconogels with pH; = 10 and 11 were
repeatedly washed until constant pH 10.3 of wash water
was established, and the kinetics of the indicator reac-
tion was studied at 70° C in 1 M NaCl. This procedure
removes 0.017 and 0.078 g-ion/g-atom Zr, respectively.
The coinciding kinetic curves were obtained, which
corresponded to ky = 1.53:1073 s™!. Based on the
dependence of ky on pH,, we can say that the samples
obtained by triple washing correspond to pH, = 9.5.
This result can be explained as both the hydrolytic
elimination of OH groups by washing and gradual poly-
merization of gels over time due to olation.

The determination of the composition of the precipi-
tated form of iridium shows that the situation observed
corresponds to the scheme of heterogeneous hydrolysis.?

The effect of the nature and concentration of the
ionic background (Table 5) on the rate of heterogeneous
hydrolysis of IrCl¢2~ on the surface of zirconogels coin-
cides on a whole with the situation observed? in the case
of ferrogels: an increase in the concentration of NaCl in

solution results in a decrease in the reaction rate accord-
ing to the equation: logky = a — blogCq, which is
similar to that obtained for heterogeneous hydrolysis on
ferrogel, and a and b for the data presented in Table 5
are equal to 1.4 and 0.6 for nitrate and 0.86 and 0.4 for
sulfate zirconogels. The electrolyte Na,SO, somewhat
suppresses the process, but a change in the concentra-
tion of this electrolyte has a weak effect on the rate. The
rate of the process on the surface of chloride gels is
higher than that on the surface of sulfate gels, which is
explained by the lower basicity of the latter.

Thus, gels with specified sorption properties (kinetic
and capacity parameters, surface charge) can be ob-
tained for zirconium(iv), and their behavior in reactions
of sorption from solutions should be quite similar to that
of ferro- and titanogels. Apparently, the assertion that
the conditions of the preparation of zirconium oxy-
hydroxide exert no effect on its sorption properties® is
not correct.
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95-03-08037).

References

1.S. I. Pechenyuk and E. V. Kalinkina, Kolloidn. Zh., 1990,
52, 716 (in Russian).

2.S. 1. Pechenyuk, Sorbtsionno-gidroliticheskoe osazhdenie
platinovykh metallov na neorganicheskikh sorbentakh |Sorp-
tion Hydrolytic Precipitation of Platinum Metals on Inorganic
Sorbents), Nauka, Leningrad, 1991 (in Russian).

3.S8. I. Pechenyuk, E. V. Kalinkina, and R. A. Popova,
Zh. Prikl. Khim., 1991, 64, 31 {J. Appl. Chem., 1991, 64
(Engl. Transl.)].

4.8. 1. Pechenyuk and E. V. Kalinkina, Zh. Fiz. Khim., 1993,
67, 1251 [J. Phys. Chem., 1993, 67 (Engl. Transl.)].

5. W. Janucz, J. Radioanal. Nucl. Chem., 1988, 125, 393.

6. E. Inoue, H. Yamasaki, Bull. Chem. Soc. Japan, 1987, 60,
891.

7. R. V. Abovskaya, S. A. Simanova, E. S. Boichinova, and
V. N. Pak, Zh. Prikl. Khim., 1988, 61, 747, 2220 [J. Appl.
Chem., 1988, 61 (Engl. Transl))].

8.5. A. Simanova and E. S. Boichinova, fonnyi obmen i
ionometriya | lon Exchange and lonomertry], LG U, Leningrad.
No. 6, p. 3 (in Russian).

9. N. V. Abovskay., S. A. Simanova, E. S. Boichinova,
and V. 1. Bashmakov, Zh. Prikl. Khim., 1989, 62, 298
|/. Appl. Chem., 1989, 62 (Engl. Transl.)].

10. G. A Parks, and P. L. de Bruyn, J. Phys. Chem., 1962, 66,
967.

L1. Sintez kompleksnykh soedinenii metallov platinovoi gruppy
[Synthesis of Complex Compounds of the Platinum Group
Merals], Spravochnik (Handbook), Ed. I. I. Chernyaev,
Nauka, Moscow, 1964 (in Russian).

Received May 12, 1996




