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Studies of the Hydrous Titanium Oxide Ion Exchanger. IV.
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the Exchanger in the Na* Form and Aqueous Sclution
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The isotopic exchange rate of Na™ between hydrous titanium(IV) oxides, precipitated at pH 6 and 13, in
the Na* form and aqueous solution of sodium salt was determined radiochemically. The rate in the exchanger
precipitated at pH 6 is controlled by the diffusion of Nat in the exchanger particles (particle diffusion). The

diffusion coefficient and its activation energy are 1.9x1071?

m?s™! (pH 12, 5.0 °C) and 29 kJ mol™! (pH 12),

respectively . The rate in the exchanger precipitated at pH 13 is also controlled by the particle diffusion.
The rate is much slower than that in the other; this can be explained by assuming the existence of two kinds
of independently diffusing ions (fast and slow species) in the exchanger. The diffusion coefficients are of the
order of 107'? and 107 m?s™' for the fast and the slow species, respectively . Their activation energies
are 48—60 kJmol~! at pH 12. The marked difference in kinetics between two exchanges was interpreted in
terms of the difference in the acid-base property and in the microstructure of the matrix.

Hydrous metal oxides are a group of promising ma-
terials for use in the processing of radioactive liquid
waste. For use of these materials, an investigation of
ion-exchange kinetics is very important. In order to
provide data useful for elucidating ion-exchange kinet-
ics, we have undertaken radiochemical experiments to
measure the isotopic exchange rate of Nat between hy-
drous metal oxides and surrounding solutions.'™® The
rate of the reaction cannot be understood in terms of a
unified view, since the rate-determining step differs from
material to material. Further investigations should be
carried out for many kinds of exchanges in order to un-
derstand the ion-exchange kinetics of hydrous metal ox-
ides.

The ion-exchange properties of hydrous titanium(IV)
oxide are strongly affected by the synthetic conditions,?
especially by the pH of the solution at precipitation. It
is interesting to know whether the same is also true
in kinetic behavior. This induced us to use two types
of hydrous titanium(IV) oxides, precipitated at pH 13
and 6, for studying the isotopic exchange rate of Nat.
These pH values were selected as representative of ba-
sic and acidic media for precipitation; pH 13 is the pH
where the exchanger with the largest specific ion-ex-
change capacity can be prepared, and the exchanger
precipitated from acidic solution shows kinetic proper-
ties similar to other hydrous metal oxides. The results
for two exchangers were compared with each other and
are discussed in terms of the differences in the acid-base
properties and in the microstructure of the materials.

Experimental

Properties of the Exchanger. The average particle
radius was estimated by approximating the particle shape
as a sphere. The particle-size distribution was measured in
82.6 wt% glycerol solution by using a Seishin Enterprise Mi-
cron-Photo-Sizer, Model SKC-2000C. The specific surface
area of the exchanger, after being heated at 130 °C, was
determined by the BET method (N2 adsorption at —196
°C) by using a Yanagimoto Surface Area Measuring Appa-
ratus, Model GSA-10. The pore-size distribution and the
pore volume were calculated by Inkley’s method from the
adsorption isotherm of Ny at —196 °C.%) The density of the
exchanger was measured in the usual manner by using a 10
cm® pycnometer. The water content was determined from
the weight losses of the exchanger heated to 900 °C. Ther-
mogravimetry was carried out by a Seiko Instruments Inc.
thermal analysis system, Model SSC5020, connected to a
TG/DTA module, Model TG/DTA300. The measurement
was performed in a nitrogen atmosphere at a heating rate
of 10 °Cmin~".

The ion-exchange capacity for Nat was measured as fol-
lows. The exchanger (0.06 g) in the H" form was immersed
in 10 cm® of various solutions, prepared by the desired com-
binations of 0.10 moldm™ NaCl and 0.10 mol dm~% NaOH
solutions, for 7 d at room temperature with intermittent
shaking. This was followed by pH measurement and by
determination of the sodium ions. The sodium ions were
converted to an equivalent amount of sodium chloride and
indirectly determined by titrating the chloride ions (Fajans’
method). The amount of the ions taken up by the exchanger
was evaluated from the difference between the initial and the
final concentrations of the ions in the solutions.
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Table 1. Particle Size and Some Properties of Samples

Aveltage Density Composition Specific Specific
Sample radius surface area  pore volume
pm gem ™3 mol Hz0O (mol TiOz)™? m?g? cm®g7!
1567
Ti6 127+£3 2.17+0.02 1.73+0.02 270+4 0.224+0.01
86+4
Til3 ligi‘;’ 2.41+0.03 1.39+0.02 118+4 0.084+0.001

Preparation of the Exchanger in Na™ Form Spiked
with **Na. Hydrous titanium(IV) oxide was precipitated
by two ways: (1) By adding 1 mol dm~3 NaOH solution into
1 moldm™2 TiCly solution to make pH 6 (Ti6) and (2) by
mixing these solutions in the reverse order to make pH 13
(Ti13). After being washed and dried at 70 °C, the precipi-
tate was ground and classified into three particle sizes by us-
ing Japan Industrial Standard sieves; it was then converted
to H* form by being treated with a 0.05 moldm™2 HCI so-
lution. After being washed with water, the exchanger was
air-dried and stored in a desiccator containing a saturated
NH,CI solution (relative humidity, 79 % at 25 °C). Table 1
shows the particle size and some properties of each sam-
ple. The exchanger in H' form was then converted to Na™
form by treating it with solutions having the same chem-
ical composition as those used for the rate measurement.
The exchanger was then labeled with ?>Na by equilibrating
it with a >?Na solution having the same chemical composi-
tion as the above mentioned solution for longer than 2 d at
room temperature. After being separated from the solution
by filtration under suction, the exchanger was used for a
rate measurement. The Na¥ solutions used for these proce-
dures were prepared by desired combinations of NaCl and
NaOH, or NaCl and NaOH-2-cyclohexylaminoethanesulfon-
ic acid (CHES) or 2-morpholinoethanesulfonic acid (MES)
buffer solutions. The presence of the buffer reagents was ex-
perimentally confirmed to affect neither the Na™ exchange
capacity nor the reaction rate.

Measurement of the Isotopic Exchange Rate. All
of the rate measurements were performed in a nitrogen at-
mosphere by using the apparatus described earlier.”) The
rate was measured in a solution with the same composi-
tion as that used for converting the exchanger to the Na™
form; otherwise, the ion-exchange reaction would occur be-
tween H' and Na™*, since the ion-exchange capacity for Na™
strongly depends on the pH and the concentration of the so-
lution. A 0.1 g portion of the sample was placed in a cage
and immersed in 200 cm?® of a solution of the desired compo-
sition while the cage was being rotated. By rotating the cage
we can contact the exchanger particles with a rapid stream
of the solution with a flow rate determined by the revolution
rate, and mix the solution to keep it homogeneous. The fre-
quency of revolution was measured with a Yokogawa Photo-
tachometer, Model 2607. The solution had been adjusted in
advance to a constant temperature within £0.1 °C. Aliquots
of the solution (0.2 cm®) were taken out at appropriate time
intervals in order to measure the radioactivity with a well-
type NaI(T1)-scintillation counter (Aroka Model ARC-361).
The time of the contact of the exchanger with the solution

was taken as the elapsed time between immersing the cage
and withdrawing an aliquot of the solution. The fractional
attainment of equilibrium F= @/ Qw, was calculated from
these results; here, @ is the total radioactivity of the solu-
tion at time ¢ and Qu at t=00. @ Wwas calculated using
Qoo=@QiM /(M +m). Here @; is the initial total radioac-
tivity of the exchanger; m and M are the total amounts
of Nat in the exchanger and in the solution, respectively.
Although the rate was measured by a batch method, the
infinite solution-volume approximation was closely obeyed
under the present experimental conditions; the ratio of the
total amount of Na™ in the exchanger to that in the solution
was less than 0.02, unless as otherwise noted.

Results and Discussion

Figure 1 shows the uptake curves for Nat on each
exchanger. The minimum pH at which Na™ are sorbed
was significantly lower for Til3 than for Ti6, and Til3
has much larger capacity than Ti6 at any pH of the so-
lution. Table 1 indicates that the specific surface area
and the specific pore volume of Til3 are considerably
smaller than those of Ti6. The comparison however
should not be considered quantitative because of the
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Fig. 1. Uptake curves for Na®. m (exchanger
amount)/ V (solution volume)=0.06 g/10 cm®. The
initial concentration of cation: 0.10 mol dm™3. Ex-
changer, A: Ti6; O: Til3.
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Fig. 2. Isotopic exchange rates of Na™ between hydro-
us titanium(IV) oxide in Na™ form and aqueous so-
lution. 0.1 moldm™ Na¥-solution; pH, 12.0. O:Ti6
(r=127 um; Temperature, 5.0 °C); @®:Til3 (r=110
pm; Temperature, 30.0 °C).

following reason. In order to measure accurately these
values, water in the exchanger should be completely
removed. Being heated at 130 °C, which is the high-
est temperature possible without structural change, Ti6
and Til3, respectively, were dehydrated to 10 and 20 %
of the original water content. Hence, the specific surface
area and the specific pore volume must be underesti-
mated; the degree is higher in Til3 than in Ti6. In spite
of this uncertainty, we can conclude that the differences
in these values between two exchangers are enormous.
The majority of the pores in Ti6 was determined to
have diameters of around 2.8 nm, which is larger than
the diameter of hydrated Nat ions (reported to be 1.2
to 1.4 nm™). The value in Til3, however, could not
be measured due to the interference of water, but may
be much narrower than in Ti6 because of smaller spe-
cific surface area and specific pore volume. Hydrated
Nat ions, therefore, can move freely in pores in Ti6 but
will very likely be subject to geometrical obstruction in
Til3.

From these observations, we can consider that two
materials differ appreciably with each other, both in
the acid-base property and in the microstructure of the
matrices.

The revolution rate of the cage between 1100 and
1300 min~! did not affect the isotopic exchange rate,
indicating adequate agitation. On the basis of this fact,
the revolution rate of 1300 min~! was adopted through-
out the experiments. :

When isotopic exchange rate is controlled by the
diffusion of ions in homogeneous spherical exchangers
(particle diffusion) immersed in a well-stirred solution
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Fig. 3. Effect of particle size on the isotopic exchange
rates (Ti6). Temperature, 5.0 °C; 0.1 moldm™2 Na™*-
solution; pH, 12.0. Particle radius/pm, O: 156; A:
127; O: 86.

of approximately infinite volume, the fractional attain-
ment of equilibrium, F(t), can be obtained by solving

the following equation:®
6 & 1 )
F(t):l—-;ﬁ;::lﬁexp(—Bn t), 1)
where
B=m*D/r? 2)

D is the diffusion coefficient of the ions in the exchanger,
and r the radius of the particles. When F is smaller
than 0.85, Bt values can be calculated to a fairly good
approximation from the measured values of F' by using
an equation derived by Reichenberg:®

2 1/2
Bt:?n—%«F—2n(1~gF> (3)

In this case, a plot of Bt against t gives a straight line
passing through the point of origin.

Isotopic exchange rates were measured on two ex-
changers at pH 12.0, where the exchangers take up a
large amount of Nat. The results are shown in Fig. 2,
which clearly indicates that the rate is very much faster
on Ti6 than on Til3. Thus, these exchangers differ
markedly with each other in their kinetic properties as
well as equilibrium ones. Hereafter, the results for each
exchanger will be described separately for convenience.

Isotopic Exchange Rate on Ti6. Figure 3 shows
the effect of particle size on the rate in a 0.1 moldm™3
Na* solution of pH 12.0, indicating that the Bt—t plot
gives a good linearity for any particle size. The slopes
of the lines, i.e., B values, are inversely proportional
to the square of particle radii, as expected from Eq. 2.
The isotopic exchange rate is, therefore, controlled by
the particle diffusion.
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Table 2. Effect of Temperature and pH on Diffusion Coefficients (Ti6)

oI Temperature E, Dq
°C m?s™?! kJ mol™* m?s7?
12.0 5.0 (1.940.1) x 107!
10.0 (2.340.2)x107 6
15.0 (3.0£02)x10-11  29F4  6:8x10
20.0 (3.6£0.3)x 1071
9.0 5.0 (3.4+0.3)x107*

Particle radius, 156 wm. 0.1 moldm™=3 Nat-solution.

The effect of temperature on the rate was stud-
ied in solutions of pH 12.0. The diffusion coefficients
evaluated from these results are presented in Table 2.
When log D was plotted against 1/7, a good linear-
ity was obtained. From the Arrhenius equation, D=
Dyexp (— E,/RT), activation energy F, and constant
D, were determined. The activation energy (2944
kJmol™!) is similar to those reported for diffusion of
Na* in other hydrous metal oxides (27+4 and 30+3
kJmol~! in the hydrous niobium(V) oxide and hydrous
zirconium(IV) oxide, respectively) and sulfonated poly-
styrene type resin (35 kJn:oi™1).2319 This suggests
that the activation process of the diffusion and in turn
the nature of the interaction of Nat with the exchange
sites does not greatly differ from other exchangers.

The effect of pH on the rate is shown in Fig. 4, which
indicates that the rate is faster at pH 9.0 than at pH
12.0. Cations diffusing through the exchanger would
interact with the dissociated ion-exchange sites, and the
increase of these sites with pH makes the rate slow, due
to increasing frequency of the electrostatic interaction
between ions and these sites.

Isotopic Exchange Rate on Til3. Figure 5
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Fig. 4. Effect of pH on the isotopic exchange rate

(Ti6). Temperature, 5.0 °C; 0.1 moldm ™2 Na*-solu-
tion; Particle radius, 156 pm. pH, A: 9.0; O: 12.0.

shows the effect of particle size on the rate in a 0.1
moldm~3 Na™ solution of pH 12.0. The rate-determin-
ing step is considered to be the diffusion of ions in the
exchanger particles, because the rate decreases with in-
creasing particle size as expected from Egs. 1 and 2.
The relation between Bt and ¢, however, deviates from
linearity at higher values of Bt. The Bt-t profile at pH
6.0 was similar, but the rate is faster; half exchange
time was 135 and 400 s at pH 6.0 and pH 12.0, re-
spectively (r=110 um, 30.0 °C). This kinetic behavior
characteristic of Til3 cannot be explained by the diffu-
sion of only one kind of ions with a constant diffusion
coeflicient. Thus we should introduce multiple diffusion
coefficients for analyzing the data by the particle dif-
fusion control. When we assumed that there exist two
kinds of independently moving Na®t species in the ex-
changer, the fractional attainment of equilibrium could
be represented as follows;

F=aF +(1-a)F; (4)
where a is the fraction of the rapidly exchangeable
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Fig. 5. Effect of particle size on the isotopic exchange

rate (Ti13). Temperature, 30.0 °C; 0.1 moldm™3
NaT-solution; pH, 12.0. Particle radius/pm, O: 110;
A: 48. Solid line is the best fit to the experimental
data of Eq. 4.
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species (fast species), F; is the attainment of equilib-
rium of the fast species, (1—a) is the fraction of the
slowly exchangeable species (slow species), and Fy is
the attainment of equilibrium of the slow species. The
values of By (By=m>D;/r?; D, is the diffusion coefficient
of the fast species), By(Be=7%Dy/7?%; D, is the diffusion
coeflicient of the slow species) and « can be determined
by fitting the experimental F' vs. ¢ plots to Eq. 4 by us-
ing the nonlinear least-squares method. When a=0.4,
the best fitted line was obtained as shown in Fig. 5.

Care must be taken in the analysis because the sen-
sitivity is not high enough to obtain accurate o values
since three fitting parameters, By, B and «, can com-
pensate each other. Experimental data, therefore, could
be reproduced with almost the same degree of certainty
when « is varied widely, from 0.3 to 0.5. To obtain «
unequivocally, it is necessary to perform an experiment
with a principle different from the present one. As is
shown in Fig. 6, B; and Bs are inversely proportional to
the square of the particle radii at constant . This indi-
cates that the diffusion coeflicient of each species, fast
and slow, can be estimated by means of Eq. 2. Hence,
we can conclude that the isotopic exchange rate of Na™
in Til3 is also controlled by the particle diffusion. The
assumption made for analyzing the kinetic data, that
is, the existence of two kinds of independently moving
Nat species may also be compatible with the follow-
ing finding. Thermogravimetric curves of Na™ form ex-
changers, shown in Fig. 7, drop monotonously in Ti6,
whereas in two steps in Til3. This suggests the pres-
ence of two easily distinguishable kinds of sites, that is,
the presence of Nat ions in two different environmental
conditions in Til3, in contrast to Ti6.

The effect of temperature on each diffusion coefficient
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Fig. 6. Relation between particle radius (r) and B
(Ti13). Temperature, 30.0 °C; 0.1 moldm™® Na't-
solution; pH, 12.0. O: fast species; A: slow species.
—: a=0.3; -+-=: @=0.5.
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Fig. 7. TGA curves of the exchanger in Nat form.
Conversion to Nat form using 0.1 moldm™2 Na™-
solution of pH 12.0. Exchanger, ----: Ti6, —: Til3.
Table 3. Diffusion Coefficients and Their Activation

Energies (Ti13)

o 0.3 0.4 0.5 EY/kJmol™"
D¥/10"?m?s™! 2.3+0.1 1.940.1 1.60.1 4844
D? /10" ®m?s™! 5.3+0.2 4.6£0.2 4.0+0.2 60+5

a) Values in 30.0 °C. b)
a=0.4.

Calculated by assuming

was determined by assuming a=0.4. The plot of log D
against 1/T gave a good linearity, and the activation
energies were calculated from the Arrhenius equation
(Table 3). The activation energies for both species were
significantly greater than those for strongly acidic ion-
exchange resin, other hydrous metal oxides and Ti6.
These differences may be due to the differences in the in-
teraction energy of Nat and sites and in the microstruc-
ture of the matrices; in Til3, Nat ions do not move so
freely as in other hydrous metal oxides because of the
narrower diffusion path.
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