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ABSTRACT

A new inorganic ion exchanger, siIicon(TV) antimonate was prepared by
dropwise addition of antimony pentachloride and sodium silicate and shows excellent
thermal and chemical stability. Ion exchange selectivities of cations Na*, Cs*, Sr2* and
Co2* in nitric acid media have been exchanged with protons of silicon antimonate
using batch technique, from these results, distribution coefficient, selectivity and
separation factors of these metal ions were calculated and selectivity was found in the
order Co2* > Sr2* > Na* > Cs*. The effective separation of Cs*, Na*, Sr3* and Co2*
have been achieved with column technique from nitric acid media. The values of
diffusion coefficient, energy and entropy of activation of Cs*, NV, Sr2* and Co2* on
silicon antimonate matrix were determined as a particle diffusion mechanism only and
the values of diffusion inside the exchanger take the order Na* > Cs* > Co2* > Sr2+.

Key Words: Sorption/Ion exchange / Silicon antimonate/Inorganic adsorbents/
Kinetics / Diffusion

INTRODUCTION

The development in nuclear technology, water purification, treatment of radioactive waste solutions,
etc.. has enforced attempts to find and synthesize new highly selective ion exchange materials which
have a resistance to high temperatures and radiations changes and of more convenient properties than
natural inorganic ion-exchangers. Many inorganic ion-exchangers have shown to exhibit good thermal
and radiation stabilities (U).

Most investigations with insoluble acid salts of tetravalent metals have been performed on zirconium
and titanium phosphate and tin(IV), iron(lH), cenum(rV) and titanium(IV) antimonates have been
reported earlier'31. However, very little work was conducted on silicon(IV) antimonate.

In this paper our attention was aimed on the preparation'3"** of silicon antimonate suitable for using
in column technique. Chemical and thermal stabilities, IR-spectra and ion exchange behaviour of silicon
antiraonate, as well as distribution coefficients of Na+, Cs*, Sr2* and Co2* and column separations of the
studied cations are studied. The present work reported the diffusion mechanism of these metals ions on
silicon(IV) antimonate as particle diffusion mechanism.

EXPERIMENTAL

All reagents were of analytical grade and used without further purification.
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Preparation of silicon(IV) antimonate (SiSb)

Silicon(IV) antimonate (SiSb) was prepared by dropwise addition of 1 M antimony pentachloride
to 1 M sodium silicate solution in a waterbath with a constant stirring at 60°C (7). After an overnight
standing, the precipitate was filtered, washed with distilled water and finally dried at 60°C. The product
was ground and sieved (0.1- 0.8 mm) and finally air dried at room temperature.

The total water content ofthe samples were determined by calcination of 1 g ofthe samples at 850°C
and calculating the percent loss in weight.

The exchange capacity was determined by repeated batch equilibration ofthe samples with salt
chloride solution in a shaker thermostat at 25±1°C until saturation was attained.

Chemical Stability

The chemical stability of the precipitate was studied in water, nitric acid, and hydrochloric acid by
shaking 50 mg of sample with 50 ml ofthe desired solution with continuous shaking for two days. The
filtrate was tested for silicon and antimony using atomic absorption spectrometer.

Distribution Studies:

Batch technique was followed to determine the distribution coefficient (1Q) where, 0.1 g of the
exchanger was shaken at 25±i°C with 10 ml of 10"*M of each of Na+, Cs\ Sr2* and Co2*, labelled with
^Na, 1MCs, 8!Sr and 60Co, respectively. After an overnight standing (sufficient to attain equilibrium) the
mixtures were centrifuged and the acidity ofthe solutions determined.

Distribution coefficients (kd) were calculated from the following relation:

kd = . V/m (ml g"')
A .

where, V = total solution volume , m = weight of the exchanger (g)
Ao = initial counting rate in solution , A» = final counting rate in solution

Column Operation:

For column experiments, amounts of 1 g of si!icon(IV) antimonate in 10 ml of water was packed into
the identical chrornatcgraphic column of 0.6 cm diameter and a bed of 1.3 cm length at a flow rate of
0.5 mi/min in a tracer solution of 10"M (Cs+, Na* or Co2+).

Columns runs were conducted by collecting and counting equal effluent fractions at the same flow
rate.

Analysis:

i:i4Cs, s5Sr, MCo and *"Na were determined by y-counting using a Nal scintillation assembly with an
ST6 scaier timer (Nuclear Enterprises (LTd)).
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RESULTS AND DISCUSSION

As a result of the method of preparation, granular types of K^-form of silicon(TV) antimonate was
prepared by adding sodium silicate to antimony pentachloride to obtain molar ratio of Si/Sb =1. The
prepared sample was hard white granular suitable for use in column operations.

The chemical stability of silicon(IV) antimonate was studied in water and different concentrations of
HNO3 and HCl.

The results of solubility showed that, silicon(IV) antimonate is stable in water and HNO3 solution up
to 6 M. However, the samples were physically quite stable up to 4 M HCl, it partially dissolved at 6 M
HCl.

The infrared spectra of SiSb samples dried at different temperatures (50, 100, 200, 400, 650 and
850°C) are shown in Fig.(l). Fig.(l) shows that, three main adsorption bands at 2400-3500 cm'1, 1500-
1800 cm'1 and 600-900 cm'1. The first broad band at 2400-3500 cm'1 is due to strong inter and
intramolecular of interstitial water with strong hydrogen bond(8). The second adsorption bond at 600-
800 cm"1 a signed to vibrational interaction of metal-oxygen bond(3). The peak at 1500-1800 cm"1 is due
to Sb-OH deformation vibrational which can be ascribed to 5-SbOH(8>. The decrease in water content
of the samples as a result of increasing the drying temperatures from 50 to 850°C as demonstrated by
the decrease in band intensities of molecular water at about 3500 and 1600 cm'1 as shown in Fig.(l)
which. goes parallel to the increase in heating temperatures from 50 to 850°C, where the characteristics
two bands are disp eared at 850°C.

TG and DTA. curves of silicon(IV) antimonate is given in Fig.(2). Fig.(2) shows that, the first
characteristic endothermic peak at 142.3°C are due to loss of free water. The small endothermic peak at
334°C corresponds to crystallization of S1Q2. The weight loss is continued up to 600°C similar to the
behaviour of zirconium phosphate (9). This support of the fact that silicon(TV) antimonate has a good
thermal stability.

X-Ray diffraction pattern of SiSb at different drying temperatures is presented in Fig.(3). Fig.(3)
shows that, the sample heated at 50°C is semi-crystalline, and the crystallinity of material slightly
increases with increasing of drying temperatures from 50 to 650°C. Fig.(3) also shows that there is a
sharp improvement of crystallinity of SiSb occurs at 850°C.

The results of water content and capacities of Na+ and Cs+ on SiSb at different drying temperatures
were given in Table (1). The data in Table (1) showed that the capacities of Na+, Cs+, Sr2* and Co2+ at
50°C are 1.56 and 1.2 rneq/g, respectively. The capacities of Na+and Cs+for the sample heated at
200"C are slightly decreased this may be due to loss of free water which act as active sites for exchange
of Na+ and Csr. At 40Q°C, it seems that the capacities generally large increase. Thus, the increase in
absorbtion ability can be explained in terms of the increasing of electrostatic force on the adjacent sites
in the heated samples, due to shrinkage in the distance between adjacent sitestI0). At 600°C, strongly
bonded water is removed and thus the capacity simultaneously decreased (ll). No ion exchange
behaviour can be observed in SiSb samples heated higher than 700°C. Also, Table (1) shows that the
Na+ capacity is higher than that of Cs+ capacity at all heating temperatures under identical conditions.
This can be attributed to a higher complexability of NV with the surface sites(I'10).

Preliminary studies on the kinetic of exchange indicated that equilibrium was attained within 24h, in
a shaker thermostat. In order to investigate the selectivity of silicon antimonate for Co2+, Sr1+, Cs+ and
Na+ at different conditions. Distribution coefficients (k<i) were determined at different pH's for each of
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Table (1): Water content and capacities for Na+ and Cs+ ions on H* forms of SiSb at
different drying temperatures.

Sample

SiSb

Heating,
Temp. °C

50

200

400

600

850

% of water content, wt
H* form

-

1.83

4.62

7.83

11.5

Na+ form
-

3.24

7.41

13.84

17.40

Cs+ form
-

2.15

6.15

12.03

15.90

Capacity, meq/s .
Na* | Cs+

1.56

0.97

1.19

0.31

0.00

1.20

0.64

1.00

0.31

0.00

Co2*, Sr2+. Cs+ and Na+ labelled with 60Co, 83Sr, l34Cs and aNa, respectively. The sorption behaviour of
Co2\Sr2r, Cs* and Na* at different pH's on SiSb samples heated at 50, 200 and 400 are shown in
Figs.(4-6).

From Figs.(4-6), it is found that, the distribution coefficients for all metal ions increased with
increasing pH, this trend is an obvious phenomenon. The second results from Figs.(4-6) show that, the
sorption behaviour of metal ions decreases with increasing the drying temperatures from 50 to 200°C.
While at 400°C, it seems that the sorption behaviour generally largely increases in agreement with the
apparent capacity measurements as mentioned before in Table 1. This increase in kd values may be due
to a decrease in hydroxyl groups, where the oxides have a greater absorptive power than the hydroxides.
The kj values and separation factors of the studied cations (Cs\ Sr2+, Co2+ and Na2+) on SiSb were
summarized in Table (2). Table (2) shows that kd values decreases with increasing the nitric acid
concentrations and the selectivity sequence is in the order:

Sr2+ > Co2 Cs+

This trend may be due to the increase of electrostatic interaction of the multivalent cation compared to .
the monovalent one(12). The data in Table (2) show that, all the investigated elements are highly retained.

The plots of log ka at infinitesimal exchange vs. log [HNO3] for SiSb give a linear relationship with a
slope values approximately equal to the valancy of the ion sorbed indicating an ideal exchange process
on these ions.

In this concern, Gill and Tandcn'13' found that the relationship between kj vs. pH for stannic
ferrocyanide and zirconium ferrocyanide are linear, but the slopes do not realy correspond to the
valancy of the ion exchanged. This deviation in behviour may be due to the prominence of a mechanism
other than ion exchange, like precipitation, surface adsorption, or similtaneous adsorption of anions. In
case of eerie antimonate, titanic antimonate, and eerie tungestate, the slopes are very close to 1, 2 and 3
for the adsorption of Cs+, Hg2+ and Ti3+(?1, respectively. These suggest that for all practical purposes,
the exchange on SiSb with Cs+, Na+, Co2+ and Sr2+ is stoichiometric in nature and obyes the low of mass
action. Also, this study suggests that, SiSb can be used for the elemination of these fission products
from radioactive liquid wastes.

To study the diffusion mechanism of Cs+, Sr2+, Na+ and Co2+ on silicon(IV) antimonate, the
experimental conditions was set to study the particle diffusion mechanism only as a limited batch
technique. So, where study the effect of concentration on the rate of exchange of these metd ions on FT

884



form of cerium(FV) antimonate, it is found that, the rate of exchange is independent on the metal ion
concentrations, this is a proof that particle diffusion mechanism is the main mechanism at the
concentrations studied.

Table (2): Values of distribution coefficients and separation factors of Cs+, Na+, Co2*, and
Sr2+ on SiSb at different pH's .

pH

1.55

2

2.8

3.8

5

6

kd(ml«l)
Cs*
360

456

550

700

850

1100

Na+

400
(l.D

490
(1)

580
(1.3)

745

" 0)

910
(1.2)

1290
(1.2)

Co2+

100
(0.28)
(0.25)

300
(0.7)
(0.6)

376
(0.7)
(0.6)

669
(1)
(0.9)

733
(0.9)
(0.8)

2400
(2.2)
(1.9)

Sr2*
376
(1)

(0.94)
(3.8)
456
(1)
(0.9)
(1.5)
733
(1-3)
(1.3)
(1.9)
1567
(2.2)
(2.1)
(2.3)
2500
(2.9)
(2.7)
(3.4)
3233
(2.9)
(2.5)
(1.3)

The effect of particle size on the rate of exchange of Cs+, Sr2+, Co2* and Na+on H* form of
silicon(IV) antimonate was determined and found that, the rate of exchange is increased with decrease
the particle size of exchanger this is another f roof of particle diffusion mechanism.

The values of diffusion coefficient are sumarized in Table 3 at room temperatures for all systems
studied on the H* form of silicon(FV) antimonate, in this Table (3), the values of diffusion coefficient
increase in the order; Na+ > Cs+ > Co21" > Sr2+

The plot of iog Di against VT °K for Na\ Cs\ Sr2i" and Co2+ on cerium(IV) antimonate which
yielded straight lines (Fig.7) for all metal ions studied to justify the arrhenius equation.

Thus the energy of activation (Ea) and preexponential content (D3) were estimated from the plots
according to the above expression. The values of diffusion coefficients (DO energy of activation, (Ea)
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and entropy of activation (AS*) for Co2+, Sr2*, Na+ and Cs+ are listed in Table (3). The values of
diffusion coefficients for Co *, Sr2+, Na+ and Cs+ ions are higher than those for semicrystalline niobium
and Zirconium phosphates , but are nearly equal to those for strongy cationic resins or even weakly
cationic resins (1!), furthermore the values of diffusion coefficient inside the exchanger take the order

N a + > C s + > C o 2 + > S r 2 +

Table (3): Thermo dynamic parameters for the exchange of Cs+, Na+, Co4* and Sr+2

on silicondV) antimonate, at 25 ± 1°C

Metal

Cs*

Na"

Co+2

Sr2+

D|xlO-8

cmV

- 1.04

1.59

1.23

1.12

Doxicr6

c m V

2.33

4.91

5.13

1.68

(dmor1

13.40

1549

14.95

12.42

AS*
J mol"1 K'!

-80.78

-74.59

-74.24

-83.49

The relatively small activation energy values which given in Table (3) for Co2+, Sr2+, Na+ and Cs+,
suggest that the rate of exchange is particle diffusion mechanism. Moreover, the negative values for
entropy of activation, where the entropy change is small in the solid phase, suggesting that, no
significant structure change occurs in silicon(IV) antimonate.

Reprocessing of nuclear fuel is often carried out from HNO3 solution. Investigations were conducted
to explore suitable conditions for quantitative loading and sorption of Cs+, Na+ and Co2+ in nitrate media
by SiSb column bed at room temperature (25°C). As far as the break through curves of the column
(Fig.8) for Cs+, Na* and Co2+radionuclides (10'3M for each) from SiSb column in the feed solutions.
From Fig.(8), it is clear that the divalent metal ions Co2+ exchange with two exchangable sites on the
surface of column bed compared with one site in case of monovalent Na+ and Cs+, also Fig.(8) shows
that the selectivity order was found to be;

Co2+ > Na+ > Cs+

This trend may be due to the increase in electrostatic interaction of multi valent cations compared to
the monovalent ones (2)

The elutions profiles for Cs\ Na+ and Co2+ are given in Fig.(9), and the elution of these
radionuciides was carried out with 3 M HNO3 as shown in Fig. (9).

From the above results we can concluded that, the granular nature of the material enables
chromatographic column applications for the removal of radioactive Cs+, Na+ and Co+ and/or
separation of radionuclides from the other eiemeuts of nitrate solutions containing suitable nitric acid
concentrations.
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Fig. 5. Distribution coefficient of Cs" , Na \Co 2 + and Ssi+ as a function
of pl-l on silicon(IV) antimoiiate dried at 200°C.
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Fig ( 7 ): Arrhenius plots for exchang of Co' : , Sr+2, Cs* , and
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Fig. 3 : Elution curves of (a) Co2+ , (b) Na+ and (c) Cs* with 3M HNO3
for silicon(IV) antimonate (0.45 - 0.3 mm particle size, 0.6 cm
diameter *3.2 cm length and 0.5 cm3 / min flow rate)
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