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Studies of the Hydrous Tin(IV) Oxide Ion-exchanger. III.
Affinity for Cations and Some Applications
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The distribution coefficients of hydrous tin(IV) oxide for various cations were measured. The affinity series
for alkali-metal ions and alkaline-earth-metal ions were Li*>>Na*>K+*>Rb*=Cs* and Mg?t>Ca?t>Sr?*~
Ba2* respectively; the values decreased in the order of the increasing crystal radii of the cations. For transition-
metal ions, which showed a markedly high affinity, the distribution coefficients had a strong correlation with
the hydrolysis constants of the cations and the stability constants of their acetato complexes. Based on these
findings, the transition-metal ions are considered to be adsorbed on the exchanger by a bond partially covalent in
character, rather than by a pure ionic bond. By using NH4Cl and HCIOj solutions as eluants, nearly quantita-
tive separations of Cs-Na-Li and Cs-Na-Sr were effected with a relatively small column. The applicability of the
exchanger to the group separation of actinoids from long-lived fission products was also suggested.

Through a comprehensive study aimed at preparing
a hydrous tin(IV) oxide ion-exchanger, the best condi-
tions for synthesizing the exchanger were established;
they have been reported previously. The method has
the merits of simplicity and good reproducibility. The
exchanger in the H* form prepared by this method
has a composition of Sn0:2-2.18H20 and an ion-
exchange capacity of 1.18mmol Nat g~ (at pH 11.3).
The adsorption of cations on this material was con-
firmed to occur by means of an ion-exchange reaction,
as shown by the fact that the equivalent amount of the
hydrogen ion was released by the uptake of a definite
amount of alkali-metal or alkaline-earth-metal ions.
The material is an amphoteric ion-exchanger possess-
ing at least two kinds of weakly dissociable ion-exchange
sites. Other important properties of the exchanger,
such as stability against various chemicals, stability
during storage, dependence of the water content on the
ionic composition, and physical properties, were also
investigated, as has been described in the foregoing
reports.

The affinity of the exchanger for various cations is
important in understanding the characteristic of the
exchanger. There have, however, been only a few re-
ports on the selectivity of the hydrous tin(IV) oxide.
Fuller and Donaldson reported this selectivity series:
Cu(ID)>Zn(I1)>Co(I1)ZFe(II)>Ni(II)>Mn(II) and
attempted the column separation of these transition-
metal ions.? However, such data for deducing the ion-
exchange mechanism are conspicuously lacking at the
present time.

The purpose of the present investigation is to under-

stand the cation-exchange reaction of the exchanger
through the examination of the distribution co-
efficients of various cations as a function of the pH,
and to show the applicability of the exchanger to the
selective separation of actinoids in high-level radio-
active waste and to the chromatographic separation
of alkali-metal and alkaline-earth-metal ions.

Experimental

Reagents and Apparatus. The hydrogen-ion and
sodium-ion forms of the hydrous tin(IV) oxide were prepared
by the procedure recommended previously.? The exchanger
in the Na* form was then converted to the NHY form by
means of the column method; a solution of 0.3% NHjs aq and
0.1 moldm—3 NH4Cl(pH 10.4) was passed through a column
containing the Na*-form exchanger until no sodium ion was
detected in the effluent. The composition of the exchangers
thus prepared is shown in Table 1. All the reagents used
were of the highest-purity grade obtained from Wako Pure
Chemical Industries, Ltd., or E. Merck AG. A well-type Nal
(T1) scintillation counter (Fuji Denki Model NHS-2) was
used for the measurement of the <y-radioactivity. All the
other apparatuses were the same as described previously.?

Distribution Coefficients. The distribution coefficient,
K4, was determined in the following way unless otherwise
noted.

A 0.50-g portion of the exchanger in the desired ionic
form was placed in contact, in a thermostatted water bath at
25°C, with 20cm3 of a suitable solution containing 1X10~*
moldm=3 of the cation in question until the concentration of
the cation in the supernatant solution became constant (about
3 to 14d). The pH and the concentration of the cation in the
solution were then measured. The Kq4 value was calculated by

TABLE 1. COMPOSITION OF THE EXCHANGERS
lonic £ M+ content Water content? Composition
onic form i
mmol/g M+orm wt% molar ratio
SnOq M20 H:0
H+ —_ 20.51 1 — 2.16
Na* 1.22 16.81 1 0.116 1.77
NH} 0.86 20.24 1 0.081 1.66

1): Calculated from weight loss when 0.50 g of exchanger was calcinated at 850°C.
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means of the following equation:

Kd — Cl_Cr

V 3 o1
- (cm?® g™1),

where C; and Ci are, respectively, the initial and the final
concentration in the solution; V, the volume of the solution
in cm3, and m, the weight of the exchanger in g.

The metal ions were added as their chlorides, except Fe3+,
Cr3+, Th4t, and UO$*, for which the corresponding nitrates
were used. The pH was adjusted by using a desired combi-
nation of 0.3 moldm—2 NaClQOy, and 0.3 moldm—3 HCIO,
or 0.3 moldm~3 NaOH (ionic strength, 0.09). The analyses
of Cs, Sr, Ba, Mn, Fe, Co, Cu, Zn, Sc, Y, La, Ce, Eu, Np, and
Am were carried out radiometrically using 137Cs, 85Sr, 133Ba,
54Mn, 59Fe, 80Co, 84Cu, 85Zn, 46Sc, 88Y, M0 a, 144Ce, 152Eu, 29Np,
and 2!Am respectively as tracers. Their radioactive purity
was confirmed by means of gamma-ray spectrometry. The
29Np tracer was prepared by milking from #3Am by the
method of Sill.» The oxidation state of neptunium at the
tracer concentration was adjusted by the method of Inoue
and Tochiyama.® The Th4+ and UOZ* were analyzed spec-
trophotometrically using arsenazo III® and 2-(5-bromo-
2-pyridylazo)-5-(diethylamimo)phenol® respectively as color-
ing reagents, while the concentration of the other cations
were determined by means of atomic-absorption spectro-
photometry.

Column Operation. To 2g of the exchanger in the NH;
form was added a suitable amount of the solution used for
converting the exchanger to the NH;* form, and the slurry was
poured into a glass column, 0.6cm in inside diameter. The
column thus prepared had a height of 4.5cm. A solution
containing 10 mequivdm™3 of the desired cation was passed
through the column at a flow rate of 0.1 cm3min-1.

Results and Discussion

Distribution Coefficients. Figure 1 shows the Kq
values for Co?* as a function of the loading at a nearly
constant pH value (2.03—2.07). The Kq4 values were
nearly constant lower than 4X10-5 mequivg™!, where-
from they decreased with an increase in the loading
of the exchanger.

The cation-exchange reaction between A+ and M"*
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Fig. 1. Dependency of the distribution coefficient of
Co?* on loading.

Conditions; Ionic strength: 0.09 (HCIO4~NaClOy),
Temperature: 25°C, pH: 2.03—2.07.
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is expressed as:
n‘A‘+ + M+ = 'Mn+ + nA*, (l)

for which the equilibrium constant, K, can be written
as:

= n

aya
K= —M"A

s ay

7!( [m_] TA”[éJn . (2)
ru[M] 74"[A]"

In Eq. 2, a bar refers to the exchanger phase; a denotes
the activity; [ ], the concentration, and <y, the activity
coefficient. For the sake of simplicity, the charge in the
cations is omitted in this expression. The distribution
coefficient of M"* is expressed as:

Ky = [M]/[M] (cm®g™). 3)

When the amount of M™ uptaken is extremely small
as compared with that of A+ in the exchanger, a, and
¥u are regarded as constant. Moreover, vy /" is also
constant if the ionic strength of the solution is kept
constant. Under such conditions, the following equa-
tion holds:

log K4 = const. — nlog [A], 4)

which implies that a plot of log K4 vs. log [A] should
be linear with a slope of —n.

The pH-dependency of the K4 values for Co2+, Sr2+,
and Y%t is shown in Fig. 2 for varying concentra-
tion of the cations in the solutions. The linear rela-
tion between log Ks and pH was observed as predicted
from Eq. 4. The slopes of the straight lines, however,
depended on the concentration and approached n
only when the concentration became extremely dilute:
For Co?* and Sr2+, =10~7 moldm™3; for Y3+, the tracer
concentration. Thisstrong dependency of the K4 values
on the concentration of the cations may be ascribed to
the limited amount of the cation-exchange sites in the

pH

Fig. 2. Effect of the concentration of cations on their
distribution coefficients.
Initial concentration of cation/moldm=3, Srz+; I:
1X10-4, @: 1X10-7, O: 1X10-1°, Co?+; @: 1X10~4, O:
1X1077, Y3+; A: 1X10~4, A: 1X10-7, A: 1X10-10, S:
Slope.
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Fig. 3. Log K for some metal ions as a function of
pH.
Conditions; Ionic strength: 0.09 (HClO4+~NaClO4-
NaOH), Temperature: 25°C.
Slope; @: Cu?* 1.4, @: UOG§t 1.5, ©: Zn?+ 1.4, O: Co?+
1.4, @: Mn2?* 1.5, @: Ni2* 1.5, l: Mg2?* 1.5, BI: Ca2+
1.5, O: Sr2+ 1.5, @: Ba?+ 1.5, A: Lit —, A: Na*t —, V:
Cs* —.

pH region adopted in the present experiment, since the
isoelectric point of the exchanger is around pH 4, as has
been reported previously.”? Because of this observation,
it is preferable to use a concentration lower than 107
moldm—3 in making a strict comparison of the selec-
tivity of the exchanger between various cations. The
lack of the sensitivity of the analytical methods for
some cations, however, makes this very difficult. As the
next best way, the distribution coefficients for various
cations were compared at the lowest possible concen-
tration and the constant initial concentration of the
cations in solution, 1X10—4 moldm-3.

Figure 3 shows the pH-dependency of the K4 values
for uni- and bivalent cations. Based on the selectivity,
these cations can be grouped into three classes: tran-
sition metal>alkaline earth metal>alkali metal, in
the same manner as ion-exchange resin. However, the
order of selectivity for the alkaline-earth-metal ions,
Mg2t>Ca2t>Sr2+~Ba?*, is the exact reverse of what
would be expected from the ion-hydration theory,
which claims that the strength of the electrostatic
interaction between a hydrated cation and a fixed
anionic group determines the ion-exchange selectivity
of the strongly acidic resin; in fact, the selectivity co-
efficients for ions with the same charge increase with
a decrease in the hydrated ionic radius. The selectivity
series for transition-metal ions was Cu2t=UQ%* >Zn2+
=Co#*>Mn2+=Ni2+. Figure 4 shows the results for
tervalent transition-metal ions. When these results
are compared with those for bivalent transition-metal
ions, the affinity of these ions is not so great as would
be expected from their charge. These affinity series,
together with those for alkaline-earth-metal ions, show

Properties of Hydrous Tin(IV) Oxide Ion-exchanger

3439

5 T T
4
.
3 .
<&
o
22 ]
1 .
0 ]
-1 1 1 1
1
2 pH
Fig. 4. Log K4 for some metal ions as a function of

pH.

Conditions; Ionic strength: 0.09 (HC104-NaClOy),
Temperature: 25°C.

Slope; A: Fe3t+ 2.0, A: Sc3+ 2.3, [J: Cr3+ 2.2, O: Eud*
2.1, 0: Y3+ 2.1, V: Ce3*+ 2.1, @: La3+ 2.0.

that the selectivity is higher for metal ions of a smaller
crystalline radius than for those of a larger one; this
cannot be explained by the ion-hydration theory. The
slopes of the straight lines were smaller than the ex-
pected n, which is predicted from Eq. 4, as is shown
in Figs. 3 and 4.

Since the amount of alkali-metal ions uptaken was
very small in an acidic medium, a comparison of the
affinity for these ions cannot be made by the use of the
hydrogen-ion form. Thus, the ion-exchange reactions
between Nat* and the other alkali-metal ions were
examined in an alkaline medium, as is shown in Fig. 5.
This figure indicates that linear relationships with a
slope of —1 held between the log K4 for alkali metal ions
and the logarithm of the concentration of Na* in the
solution; this agrees well with Eq. 4. This agreement
appears unreasonable, however, because the decrease
in the concentration of Na* from 0.1 moldm—3 to 0.01
moldm™3 will increase the activity coefficient of the
cations and decrease the concentration of Na* in the
exchanger. The change in log yy/vn., however, is
estimated to be smaller than 0.02 from the Debye-
Hiickel equation. The decrease in Na* in the ex-
changer was analyzed and found to be smaller than
0.04 mmol g~1. Consequently, the present experimental
conditions satisfy the assumptions made for deduc-
ing Eq. 4. Figure 5 also indicates that the order of the
selectivity is: Li* >K+>Rb+=2Cs*. The distribution
coefficients for Li+, Na+t, and Cs* on the exchanger in
NHY form were measured by the column method de-
scribed in the experimental section; the results are
presented in Table 2, along with the experimental
conditions. The order of the selectivity, Li* >>Na*+>
Cs*, like that observed in Fig. 5, is the reverse of what
would be expected from the ion-hydration theory.

Thus, the ion-exchange reaction may be brought
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Na* concn./mol dm3

Fig. 5. Log K for alkali metal ions as a function of
Na* concentration.
Conditions; Exchanger: 0.50 g (Na* form), Solution:
20 cm3, pH: 10.5—10.9, Temperature: 25°C.
Metal ion; @: Lit+, O0: K+, A: Rb*, O: Cs+.

TABLE 2. DISTRIBUTION COEFFICIENT OF NH{-FORM
EXCHANGER FOR ALKALI- METAL IONS( COLUMN METHOD)

Loading Elution rate K4
———=  Eluant
mequiv cm3/min cmd/g
Lit 0.020 4010.5
5X102moldm-3  0.07
Na+ 0.020 l 9.84+0.3
NH,CI 0.12
Cs* 0.020 4.210.2

Column: 0.6 cm¢X4.5 cm(NHY form, 100—200 mesh,
2g).

about by an electrostatic interaction between an un-
hydrated cation and the negatively charged site in the
exchanger, similar to a weakly acidic resin, such as the
carboxylic-acid and phosphonic-acid types. Such
interaction would be closely related to the ionic
potential of the cations. Figure 6 shows the correlation
between log K4 at pH 3 and the ionic potential. Here,
the ionic radii used were those obtained by using
crystals in which the ion has the coordination number
of 6,7 while the log K4 values which could not be ob-
tained by the experiment were those estimated from
the extrapolation of the linear log K4 vs. pH plot. The
correlation coefficient (R) is 0.76. At pH 2 and 4, the
R values were 0.65 and 0.83 respectively. Therefore,
as a whole, the affinity of the exchanger for various
cations is associated with the electrostatic interaction
between an unhydrated cation and the anionic site
in the exchanger. However, the selectivity series for
transition-metal ions deviates markedly from this rela-
tion; these ions have high Kq values, even in such an
acidic medium as when a negligible amount of the
representative element is adsorbed. This finding com-
pels us to consider that factors other than the electro-
static force may play an important part in deciding
the selectivity of the exchanger. In order to know such
factors, the K4 values for metal ions at pH 3 were
compared with their first hydrolysis constants® (Fig.
7) and the first stability constants of their acetato
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Fig. 6. Relation between logKa and ionic potential
of cation.
Ionic potential=z/r; z: Charge of cation, r: Ionic
radius (coordination number (6)).”

R: Correlation coefficient.
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complexes? (Fig. 8). As can be seen from Fig. 7, the K4
values have a strong correlation with the hydrolysis
constant (R1=0.90). Also, the softness of metal ions
as Lewis acid affects the correlation: metal ions with
characteristics between hard and soft acids, Cu?*,
In?+, Co?+, Ni2*, and Mn?+, show larger K4 values than
on hard acids, such as uranyl(VI), lanthanoid, and
alkaline-earth-metal ions. When metal ions are divided
into two such groups, the K4 values can be more closely
related to the hydrolysis constants and the first stability
constants of acetato complexes (Rz, R3). Consequently,
we can conclude that the formation of a covalent bond
between the anionic sites in the exchanger and metal
ions plays a part in determining the selectivity of the
exchanger, along with the remote coulombic interac-
tion.
The Separation of Actinoids from Fission Products.

As the K4 values for UOZ* are considerably higher than
those for other transition-metal ions, it is considered
possible to use the exchanger for separating actinoids
from fission products in radioactive liquid waste. For
this purpose, it is necessary to examine the selectivity
for actinoids in a concentrated nitrate medium. Figure
9 shows the pH-dependency of the K4 values for Th#4+,
UOZt, NpO%, NpOZt, and Am3+in a 1 mol dm—3 nitrate
medium at 50°C. Tracer concentrations of neptunium
and americium were used, whereas the concentra-
tions of Th**+ and UO%" were 9.5X10-moldm~3 and
1.1X10-5mol dm™3 respectively, because of the limited
sensitivity of the analytical method used for the present
experiment. If we consider the dependency of the Kq4
values on the concentration (Figs. 1 and 2), the K4 values
for these last two elements will be higher than those in
Fig. 9 when their concentrations are at a tracer level.
Thus, the difference in affinity between Th4+ and other
actinoid ions is much greater than that shown in Fig. 9.
For the same reason, the U(VI) ion shows an affinity
higher than that indicated in the figure. The Np(V)ion
showed a K4 value higher than 104 cm3g—at pH 3 where
the uptake of alkali-metal ions was negligibly small.
The Np(VI) ion also showed a high affinity, similar to
that of the U(VI) ion, but it did not differ so markedly
from the Np(V) ion as would be expected from the
difference in charge. The high affinities for uranyl and
neptunyl species cannot be explained only in terms of
the electrostatic interaction between the ions and the
anionic sites in the exchanger; it must also be ascribed
to the formation of a bond with a partially covalent
character, as has been mentiond before. On the other
hand, Am3+ and Eu3+ exhibited almost the same affin-
ity as the Np(VI) ion. Similar to Sr2*, Co?*+, or Y3*ina
tracer concentration, the slopes of the straight lines of
the log Kq vs. pH plot were found to be +1 and +2 for
the Np(V) and Np(VI) ions respectively. For the Np(VI)
ion, the plot deviated from linearity above pH 2.6. This
deviation is probably due to a hydrolysis of the ions.
The slope of this plot for Am3+ and Eu3*+ was not 3,
but about 2, despite the tracer concentration. Korotkin
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Fig. 9. Log K. for some actinoid ions as a function
of pH.
Conditions; Exchanger: 0.25g, Solution: 20cm3,
Ionic strength: 1.0 (HNO3s-NHNOs), Temperature:
50°C.
Concentration of cation; A: Th(IV) 9.5X10-5mol
dm-3, V: U(VI) 1.1X10-5mol dm=3, O: Np(V) tracer,
©: Np(VI) tracer in 4X10-3moldm~3 KMnO,, O:
Am(III) tracer, I: Eu(III) tracer.
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Fig. 10. Separation of UOZ"-Sr2*+ by hydrous SnO;
(Batch method).
Conditions; Exchanger: 0.25g, Solution: 20cm?,
Ionic strength: 1.0 (HNO3s-NH4NO3), Temperature:
50°C.
Initial concentration; O: UO%* 1.1X10-3 mol dm™3
A: Sr3+ 1.0X10-3mol dm™3.

Qinitial — @final
or ; C=ugU/cms,
Qfinal

Cinitial—Cfinal

E
Cfinal

a=cpm/cm?d.

reported, in his study of the hydrolysis of Am(III) at
concentrations lower than 10~¢ moldm=3, that Am-
(ITI) exists as Am(NO3)2*+ in a 0.1 moldm~3 nitrate
solution.1® Based on this view, it may be considered
that the nitro complexation is responsible for the
behavior of Am3+ and Eu3t similar to that of a double-
charged cation such as NpOZ%*.

As has been mentiond above, the exchanger exhibits
a high selectivity for actinoids in a 1 moldm=3 nitrate
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Fig. 11. Separation of Cs*-Na*-Li* by NH{-form
exchanger.
Column: 0.6cm@X4.5cm (100—200 mesh, 2.0g),
Elution rate: 5—6 cm®h-1, Loading: 0.020 mequiv of
each cation, Cation; A: Cs*, O0: Nat, O: Li*.

medium, regardless of their oxidation states. Hence,
actinoids may be selectively separated from such long-
lived fission-products as 137Cs and %Sr. The uptake of
UOZ* and Sr?+, both of 10~3 moldm™3, was measured in
a 1 moldm2 nitrate medium at varying pH values, asis
shown in Fig. 10. This figure shows that UO%* could be
separated nearly quantitatively from Sr?+ by a single-
batch-operation at pH 2.8. As the exchanger exhibits a
higher affinity for Sr2+ than for Cs+, the quantitative
separation of UO%* will be much easier from Cs* than
from Sr2*. These facts suggest the applicability of the
exchanger for separating actinoids from 37Cs and %8Sr,
which are the major constituents of fission products in
aged, high-level liquid wastes.

Separation of Li-Na-Cs and Na-Cs-Sr. In order to
confirm the applicability of the exchanger to chroma-
tographic separation, attempts were made to separate
Li*, Nat, Cst*, and Sr2t by using the exchanger in a
salt form which exhibits different affinities for these
ions. The results are presented in Fig. 11. In this exper-
iment, the exchanger in the NH} form was used.
Cs* was quantitatively eluted with a 0.05 moldm™3
NH,ClI solution, while Na+and Li+ were eluted witha 1
moldm~3 NH4CI solution, in that order. The yield of
the sodium ion was 99% at the eluate volume where Lit+
elution commenced. Lithium ions, however, showed a
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Fig. 12. Separation of Cs*-Na+-Sr?* by NHf-form
exchanger.

Conditions are the same as those in Fig. 11.
Cation; A: Cs*, O: Na*, [0: Sr2+.
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heavy tailing, which indicates that the neutral solution
of ammonium salt was less effective. Figure 12 shows
the separation of Na*, Cs+, and Sr2+. After Cs*and Na*
had been eluted with the NH4Cl solution in a manner
similar to that shown in Fig. 11, a 0.1 moldm—3 HCIO4
solution was passed through, and then the Sr?+ was
quantitatively eluted with 21 cm3 of this eluant.
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