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Effects of ligands on the solubility of tin

Chie Oda', Takayuki Amaya’
' Waste Isolation Research Division, JNC

? Nuclear Research Center, JGC

Abstract
Solubilities of amorphous stgnnic oxide, SnO,(am) in Na-ClQ-CI-SO, aqueous syétems were measured
to quantitatively investigate the influences of the ligands OH, CI' and SO,” on solubilities. They were also
. measured in bentonite equilibrated solutions to discuss the behavior of tin under a repository condition of
a high-revel radioactive waste. The solubility data in sodium perchlorate media in the range of pH from 6
to 11 showed pH dependency, and the hydrolysis constants of tin (IV) were determined (Amaya, et
al.,1997). No significant changes in solubilities with the variation in CI, SO,” concentrations were
observed in Na—CiO -C1-80, aqueous systems, so this indicates that chloride and sulfate species were less
effective than hydroxide complexes. On the other hand, solubilities in bentonite equilibrated solutions
were higher than solubilities of other experiments in simple systems.
These results suggest that (1} other complexes of tin except hydroxide, chloride or sulfate complexes
of tin (IV) may dominantly exist in aqueous phase, (2} solid phase other than SnO,(am) may limit the

solubility of tin under repository conditions.

Introduction

"Sn in high level radicactive waste (HLW) is one of the important radionuclides because of its long
half time of 10°[y], therefore, the migration behavior of Sn in the deep geological repository should be
well understood. While solubility is an important parameter for the safety assessment, tin solubilities with
the wide range from 10” to 10™'[mol/] were adopted in the current HLW performance analyses (Vieno,
1995). The difference in solubility was caused by differences in the thermodynamic data for tin solid
and/or tin aqueous species adopied in the performance analysis. Furthermore, there were few available
data based on experimental measurements. In this work, we studied the behavior of tin (IV) hydrolysis

. . . - . . . . .
and complexation with CI' and SO, as they are major ligands in geological environments.

Experimental

Solubility measurements were carried out in Argon atmosphere (O, and CO, partial pressure < 1ppm, 5
~29%C) using teflon vessels. The details of experimental procedures are described in our previous report
(Amaya, et al., 1997). The over-saturation experiments were conducted in NaClO, media, bentonite

equilibrated media, and Na-ClO -CI-S0, media to investigate the influence of pH, Eh, co-existing ions on
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the solubilities of Sn. In the under-saturation experiments, crystalline SnO,(cr) and amourphous SnQO,(am)

were used as initial solid phases.

Materials

All reagents used in the experiments were special grade. Pure water was degassed for 12 hrs and NaOH
solution was prepared by using sodium metal and pure water in the glovebox under an Ar atmosphere.

The standard solution of '“Sn (in 6N-HCI, LMRT) and SnCl, (KANTO CHEMICAL CO.) were used to
prepare Sn stock solutions for over-saturation experiments. '

Another CI' free alkaline stock solution was also prepared by precipitation of amorphous SnQ, from
acidic chloride solution including SnCl, followed by dissolution of washed SnQ, in NaQH solution.

Crystalline SnO, (RARE METAL INC,, 99.9%, particle size 74jum) was once washed with pure water
(Amaya, 1997}, then was used for under-saturation experiments.

Amorphous SnO,(am) used for under-saturation experiment was obtained as a product precipitated
through the over-sahiration experiment.

Bentonite equilibrated solution was prepared with Japanese commercial bentonite Knigel
VI{KUNIMINE INDUSTRIES CO.). All bentonite particles were removed by means of ultrafiltration
method with 10,000 Molecular-Weight-Cut-Off (MWCO) filter before solubility experiments.

ver-
In the over-saturation experiments, Sn stock solution including "*Sn (in 6N-HCI) and stable SnCl,
solution was spiked into the following sclutions:
1. 0.1M-NaClO, selution
2. Bentonite equilibrated solutions:
- Bentonite and 0.01M-NaCl,
- Bentonite and 0.1M-Na2504 with reducing reagent,
- Bentonite and 0.4M-NaCl with reducing reagent.
The 0.1M-Na2804 and 0.4M-NaCl were used to simulate a kind of reference poreWaler
composition in highly compacted bentonite surrounded by deep geological environment.
3. 0.IM-NaSO,, 0.01M-Na,SO, with 0.4M-NaClQ, , and 0.001M-Na,SO, with 0.4M-NaCiO,
4. 0.4M-NaCl, 0.04M-NaCl with 0.4M-NaClO, , and 0.004M-NaCl with 0.4M-NaClO,

The details of experimental conditions are shown in Table1-6 together with the results.

nditions of under-saturation rim
In the under-saturation experiments, SnO,{cr) was contacted with the 0.01M -NaClO, solution. To
perform the under-saturation experiments using SnO,(am), the precipitates which formed in the process of

the over-saturation experiments at pH5, pH 6 and pH8 were successively used as initial solid phases.



The details of experimental conditions are shown in Tablel and Table2 together with the results.

nalyti ethod
Atfter the test periods of 1, 3 and 6 months, a small aliquot of the solution was filtered through 10,000
MWCO filter; prior to filtration, the filter was twice rinsed with the same samples by filtration, The pH and
.Elfi of filtrates were measured by using pH meter(HORIBA B-112) and Eh meter(HORIBA D-14).

Concentrations of Sn in filtrates were calculated by the following equation :
Sn(moV/]) = (radicactive concentration of 113Sn) / (specific radioactivity of 1138n)

The radicactivities of "°Sn were determined by the detection of the daughter nuclide; "
(Er=0.391MeV), using the well type Nal scintillation analyzer (Aloka ARC-300) after the radiation
equilibrium of "“Sn-"""In was reached. For the experiment with SnO,(cr), concentrations of stable Sn were

measured by ICP-MS(YOKOKAWA PMS-200),

Results and Discussion
1. Solubility in NaClO, media
1-1. Over-saturation experiment (Amaya, et al., 1997)

Solubilities in 0.1M-NaClO, media determined for the over-saturation experiment had reached to
steady states after 1 month and showed a dependency of pH (Tablel, Fig.1: open ftriangles). The solid
phases precipitated from solutions in the over-saturated states were determined as hydrated SnO,(am)
by XRD analysis and TG-DTA. Solubility limits by these amorphous solid phases were found to be
constant through 6 months. Amaya, et al.(1997) derived the hydrolysis constants of Sn(IV) at ionic
strength I = 0.1 by curve fitting calculation using least square method from the solubility data of the
over-saturation experiment, and the result is shown in Fig.1. The hydrolysis constants were corrected to

I =0 using the Davies equation as follows :

Reaction I1=0.1 (this study*) I=0 (this study*)

810, (am) + 2H,0 = Sn(OH) (ag) logK(am-4)= -7.46 -7.46
Sn(OH),(aq) + H,0 = Sn(OH), + H' logK(4-5)=  -7.75 -7.97
Sn(OH),(aq) + 2H,0 = Sn(OH).” + 2H'  log K(4-6)=  -17.74 -18.38

* We found that Amaya, et al.(1997) made simple mistakes in calcuration of logK. These values have been corrected by this study.

1-2, Additional over-saturation experiment and under-saturation experiment using Sn0,(am)
The additional data at pHS, 7, 9, and 10 in 0.1M-NaClO, media were obtained (Table2; the left column,

Fig.1: solid squares). Furthermore, the samples with precipitates at pHS, pH 6 and pHS were successively
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TABLE-1 Experimental Conditions and Results

. A Starting materials, Tenic Sn con.
Solution Reducing agent Period . pH Eh(mV} XRD
Initial Sn con. {mol/l) strength (molT)
2.1 401 1E-07 7
2.1 422 2E-06
3.9 368 6E-08
39 371 8E-08
] SnOz{c) 0.01~0.02 5n0a(a)
months UNDER-SAT. 5.4 158 3E-07 (yellow)
5.5 346 TE-06
1.6 330 1E-08
~ 7.7 279 9E-09
0.01M-NaClO4 NON
REDIUCING 1.9 396 3IE-08
2.0 391 9E-09
3.3 376 9E-09
3.9 385 9E-09
? Sn0z(e) 0.01-0.02 SnOz(en)
months UNDER-SAT. 5.5 345 TE-09 {ycllow)
5.6 343 7E-08
1.6 272 1E-08
7.8 292 BE-09
2.2 344 (1.240.1)E-07
2.2 356 (5.8+1.1)E-08
2.9 313 (5.4+1.1)E-08
3.0 329 {1.5:0,1)E-05
4.0 318 (1.0£0.1)E-06
4.3 307 (B.5%1.2}E-08
amorphous
5.8 273 | (LBHO.DEOS | i
i 5.9 277 (1.940.1)E-06
1E-04 0.10~0.11
wecks 8.0 255 (1.60.1)E-06 | TO-DTA
8.1 272 (1.110.1)E-05 SnOz-
(1-2) Hz0
10.2 255 {3.740.1)E-D5
10,4 . 228 (7.130.1)E-05
1.2 197 {9.030.1)E-05
1L.3 193 {9.330.1)E-05
119 147 (9.1320.1)E-05
NON- 119 126 (9.330.1)E-05
0.1M-NaClQy4 ©
REDUCING 2. 374 (1.8+1.3)E-08
2.2 371 {1.5%1.3E-08
3.0 338 (7.9£1.1)E-08
3.0 335 (8.4+1.3)E-08
3.8 324 (6.2£] .3)E-08
3.8 307 (2.9£1.3)E-08
amorphous
5.7 240 (5.6+1.2)E-08 {white)
I 6.2 241 {5.9&1.3)E-08
1E-04 0.10-0.11
months 7.8 226 (9.1+1. 3508 | TG-DTA
7.7 127 (4.7£1.3)E-07 Sn0ye
(1-2) H3O
10.0 210 (4.1£0.2)E-06
10.1 199 (6.1£0.2)E-06
10.8 189 {9.7+0.1)E-05
10.9 186 {9.6%0.1)E-05
11.7 159 {9.6£0_1)E-05
11.8 129 {9.4+0.1)E-05
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TABLE-1 Experimental Conditions and Results (cont.)

. N Starting materials, Sn con.
Solution Reducing agent Period . 1.8. pH Eh(mV) XRD
Initial Sn eon, (molT} {mol)
3 . 6030, -
|.OE-04 012 10.3 242 (3.60£0.02)E-05
months 10.4 232 (6.90+0.04}E-05
6 9.96-05 011 10.2 300 {2.3540.02)E-05
months 10.2 306 (2.5240.02)E-05
9 0.9E-09 011 2.9 254 (1.11£0.04)E-06
months 10.0 294 (3.2510.05)E-06
9.4E-05 0.22 5.8 268 (4.7+0.2)E-08
6.0 273 (4.140.1}E-08
9.4E-05 0.22 8.1 266 (1.50£0.02)E-07
8.1 270 {1.3610.02)E-07
9.95.05 o011 10.3 275 (5.1040.04)E-05
NON- 103 295 (3.1820.03)E-05
0.1M-NaCl0y4 no data
REDUCING 1.4E-02 0.37 1.3 | 243 | 3712005503
1.5E-02 0.41 11.3 225 (1.9410.03)E-03
6
0.43 11.5 213 (1.0210.01)E-02
months
0.45 11.7 219 (9.130.1)E-03
1.5E-02
0.44 11.8 186 {1.0210.01)E-02
0.45 11.9 I79 {1.1010.02)E-02
2.2 12.5 159 (9.2740.05)E-02
2.0 12.6 107 (9.6410.06)E-02
1.OE-0L 2.2 13.0 53 {9.4240.05)E-02
13.0 83 (9.4610.05)E-02
2.0 13.5 -48 (9.5610.05)E-02
) 13.5 13 (9.68:+0.06)E-02
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TABLE-2 Experimental Conditions and Results
( 0.1M-NaClO4 Solution, Non-Reducing )

OVER-SATURATION EXPERIMENT

UNDER-SATURATION EXPERIMENT

Initial Sn Sncomn. ,Sncon.
Period LS. pH Period LS. pH * XRD
con. (mobl) (mol} ) {molM
L4E-04 o1 5.2 (5.5£0.3)E-08 ~ o1l 6.9 (7.3£0.1)E-08
t months 4.7 {4.1:0.3)E-08 ) 7.4 (B.5%0.1)E-08
. E L4 E- . . E .4 )YE-
pricipitates 1.4E-04 011 4.7 {7.410.4)E-08 3 0.12 8.2 {1.4£0.4)E-07 o data
! 5.1 (16.61+0.4HE-08 months 0.11 8.3 (2.240.4)E-07
under-sat. test 1LIE-04 0.12 5.2 (6.51+0.4)E-08 0.12 8.7 {1.830.t)YE-O7
5.3 (6.7£0.0E-08 ’ 3.8 (3.120.1)E-07
\.1E-04 0.21 7.1 (3.430.2)E-08
3 months 7.7 (1.14+0.03)E-07 /
9.8 | (1.3810.01)E-06 ]
1.1E-04 0.21
9.2 | (4.9620.07)E-07 "
L.BE-02 .18 4.7 0.21 10,2 (8.710.NE-05
} months ' ) 4.7 ) 10.2 (7.3+0.1JE-05
rd
0.20 5.1 -
pricipilates 1.3E-02 no data 3 0.21 | 105 | (.5HE0.03)E-04 no data
. 0.28 5.1 months | 0.28 10.6 {7.0£0.2)E-05
undecsat. test | o | 026 | 5.0 026 | 109 | (4.6020.05)E-04
0.25 5.0 0.25 11.2 (4.50£0.04)E-04
30 min. N 10.1 9.1E-05
3 10.1 8.1E-05 amarphous
pricipitates 1.0E-01 |nocalc. 5 no data 0.11 i
months {white}
| 10.5 2.0E-04
under-sat. lest t0.7 6.7E-04
6 momths - 5.8 9.6 (6.420.1)E-07
6.0 5 ao | 2.9 | (1.15:0.01)E-06
pricipitates 9.4E-05 | no cale. TABLE-2 no data’
months cale.
| 8.1 9.7 {1.660+0.02YE-06
under-sat. test 8.1 9.7 {1.7120.02E-05
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Sn (OH)E"

5

Sn (OHD)

(I/10ur) Boj

O [data from tablel: under-saturation experiment using Sn0, (cr), 0.0IM-NaCl0,, 3 months]

4 [data from tablel: over-saturation experiment, 0.1M-NaCl0,, 1 month and 6 months,
Sn0,(am) pricipitated]

Sn0,(am) pricipitated]

M (data from table2: over-saturation experiment, 0. IM-NaCl0,, 1 month and 3 months,
® 4 [data from table2: under

-saturation experiment using Sn0,{am), 0.M-NaCiO,,3

months]

Fig. 1 Sn concentrations measured in NaCl0, media
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used for the under-saturation experiments using SnO,(am) (Table2, the right column: 3 months, in the
range of pH from 7 to 11). These data shown in Table 2 showed very good reproducibility and they
supported the thermodynamic data derived from Tablel very well (Fig.1: solid circles and solid triangles).

1-3. Under-saturation experiment using SnO,(cr) (Amaya, et al., 1997)
Solubilities of SnO(cr) had reached to steady states after 1 month (Tablel), however they didn’t agree

with solubilities determined for the over-saturation experiments (Fig.1: open circles and open triangles).

2. Solubility in bentonite equilibrated solutions

In the bentonite and 0.01M-NaCl equilibrated solutions, measured solubilities at pH 6 and pH 9{Table3,
Fig.2: solid triangles) were higher about two orders of magnitde than data in perchlorate solutions.
Solubilities in the bentonite and 0.IM-Na2504 equilibrated solutions, and the bentonite and 0.4M-NaCl
equilibrated solutions, at pH 9.2-9.7 under strongly reducing conditions (Table3, Fig.2: solid circles)
agreed with solubilities in the bentonite and 0.01M-NaCl system at pH 6 and 9. The chemical compositions
of the bentonite equilibrated solutions were analyzed (Table4).

The comparison of solubilities and chemical compositionsis summarized in Table 5. For data at pH 6
and 9, in spite of the variation in concentration of chloride, sulfate and calcium and redox potentials of
three bentonite solutions, similar solubilities were measured in these bentonite equilibrated systems.

These results suggest that (1} these ligands had no influence on the behavior of tin solubility, {2) there

were no significant change in the solubility of tin (IV) even under strongly reducing conditions.

3. Solubility in chloride and sulfate media

To confirm the effect of chloride and sulfate on Sn solubility accurately, solubility measurements in
various concentrations of these ligands were carried out. No change in the solubility was observed in the
range of concentrations up to 0.1M of sulfate, up to 0.4M of chloride (Table6, Fig. 3 and 4). These
solubilities were all in good agreement with data in perchlorate media. This result supports the assumption

that the ligands cloride and sulfate have no influence on the behavior of tin solubility.

Conclusien

Solubilities of amorphous tin dioxide SnQ,(am), which was stable in an Ar atmosphere were determined
in perchlorate media and the hydrolysis constants were determined. However, based on the experimtental
fact that solubilities only in the bentonite solutions were higher than data in simple media not contacted
with bentonite, we can conclude as follows: other complexes of tin except hydroxide, chloride or sulfate
complexes of tin (IV) may dominantly exist in agueous phase, or solubility limiting solid phase other than

Sn0,(am) may form in the bentonite equilibrated system under a repository condition.
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TABLE-3 Experimental Conditions and Results
(Bentonite equilibrated solution)

Soluti Rednci Period Starting materials; 1S H EnmV) Sncon. XRD
18 gent S .
olution eucing asen ere Initial Sn con. {mol/l) P ™ (molI)
LOE.04 013 5.9 292 | «(261+0.02)E-06
5.5 304 | (2.26+0.02)E-06
0.01M-NaCl :
i - . 7920.03)E-
Bentonite NON B.days L. 0E-04 0.13 8.8 265 | (3.79:0.03)E-06
equilibrated REDUCING 8.8 260 | (3.05:0.02)E-06
LOE-01 0.13 N 222 (4.740.1)E-03
0.12 1.0 215 {3.310.1)E-03
- no data
D';M'Naz.so‘* 2E.03M.Nan$20 3 8.5E-03 | o038 9.5 543 | {1.520.0E-06
enionite "MR292% | momins 8.4E-03 0.37 9.2 556 | (2.080.9E-06
equilibrated
01‘:M'N‘_’CI SE0IMNar S0 3 8.4E-03 0.48 9.7 570 (1.60.5)E-06
entonite A2 | monihs 8.1E-03 ' 9.6 .586 | (L.T+0.5E-06
equilibrated
TABLE-4 Analysis for Bentonite Equilibrated Solutions
{ Ultrafilterd, MWCO 10,000 )
Solution
0.01M-NaCl 0.1M-Nag504 + 0.003M-Naz$204 0.4M-NaCl + 0.003M-Nay$,04
Bentonite (10,000 ml/g} Bentonite {100 ml/g)* Bentonite (100 mbg)*
Elements
Fe (ppm} 0.1 0.15 <0.1 0.8 0.2
Si (ppm) 1.48 3.3% 0.37 14.4 2.4
Al (ppm) 0.44 1.24 <0.1 43 1.4
Mg (ppm) 0.53 0.54 0.10 4.1 3.7
Ca (ppm) 1.87 1.62 1.45 53.8 54.5
K (ppm} 0.37 0.41 0.36 6.1 7.6
5042 (ppm} 0.23 0.31 0.34 9310 16.7
Cl- (mollys* 6.8E-02 | 67E-02 | 4.6E-0) n.a. 4,0E-01
TOC (ppm) 0.13 0.86 0.79 5.2 4.9
pH 6.1 8.9 10.9 8.1 1.9
Conductivity (mSicm) 113 1.14 1.29 16.3 > 40
Eh (mV} 312 35 240 -42) -337

* Chfree Sn stock solution was used; pH was adjusicd using HCIO4
*+ calcurated by adding all amounts of spiked HCI and Sn stock solution

***+ out of range of detector
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TABLE-5 Difference in Chemical Composition between
0.1M-NaClO4 and Bentonite Equilibrated Solution

Bentonite equilibrated solution
0.IM-NaC104 0.003M-NayS704
0.01M-NaCl >
+0.IM-Na2804 } + 0.4M-NaCl
Ca (ppm) n.a. n.a. n.a. n.a. 1.87 1.62 1.45 53.8 34.5
5042' {ppm) n.a. n.a. n.a. n.a. 0.23 0.31 0.34 9310 76.7
Cl- (moll)** | 55E-02 | 5.5E-01 [ 6.4E-02 | 1.2E-01 | 6.8B-02 | 6.7E-02 | 4.6E-0i n.a. 4.0E-01
TOC (ppm} n.a, na, n.a. n.a. 0.13 0.86 0.79 5.2 4.9
pH 5.8-6.0 8.1 10.2-10.3 1.3 5.5-5.9 8.8 11.0-1L1 9.2.9.5 9.6-9.7
Eh (mV) 268-273 | 266-270 | 275-306 | 243-225 | 292-304 | 260-265 | 215-222 -543 --556 -570--586
Sn (mol/1} (4.1-4.7) | (1.4-1.5) | (2.4-5.1} | (1.9-3.7) | (2.3-2.6) | (3.8-3.1) | (3.3-4.) (1.2-2.0) (1.6-1.7)
E-08 E-07 E-05 E-03 E-06 E-D6 E-03 E-06 E-06

* Cl-free Sn stock solution is used; pH is adjusted using HCIOy4
*+ calcurated by adding all amounts of spiked HCI and Sn stock solution

TABLE-6 Experimental Conditions and Results
(Test for the Effect of Ligands {SO42- and Cl-} on Solubility, Non-Reducing)

i . Srarting materials, Sncon.
Solution Reducing agent | Period LS. pH Eh XRD
Initial Sn con. (mol/l) (molfl)
0.1M-Nas50 0.43 8.0 {9.1+0.2)E-08
L IM-Napz 304 .
R .2+0.2)E-08
1.1E-04 8.0 ® )
0.01M-Nap S04 NON- 4 1 8.0 (6.6+0.2)E-08
* REDUCING - . Coexsisting {CI" ); 0.06M 0.56 7.7 (130 2)E.08
0.4M-NaClIOy MRS | ¢ Spiked Snsolution in : i
0.00tM-NaS04 6M-HCI) 7.7 (5.940.2)E-08
+ 0.53
0.4M-NaClOy 1.9 (3.0:0.1)E-08
isti - 8.0 ne 3.630.2)E-08 no
0.4M-NaCl Coexsisting IC" 1 5 44 O | gya | GEODE- data
; 0.46M 3.7 (5.7£0.2)E-08
°-°4M+'”“C‘ NON- 3 lgg | CoTRsting € 7.8 {9.1:0.2)E-08
0.4M-NaCiOy4 REDUCING | months | 10.1M ’ 8.0 (14.0£0.2)E-08
0.004!\:-NBCI Coexsisting [Cl™ } 0.54 8.0 {7.5+0.2)E-08
0.4M-NaClO4 ; 0.06M . 8.2 (13.0+0.2)E-08
: 3 . . 5+0.2)E-
0.4M-NaCIO, NON. 3 1.1E-Q4 0.5 1.7 (14.5£0.2)E-08
REDUCING months | Coexsisting [Ci ]; 0.06M 8.2 (11.7£0,2)E.08
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Fig. 2 Sn concentrations measured in bentonite equilibrated solution
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