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The effects of %Co y-ray irradiation and of heat treatment in air have been studied on the properties of the
hydrous titanium oxide ion exchanger. The ion-exchange capacity of the sodium form did not change at all,
while that of the hydrogen form decreased a little, by the exposure of 5.2x 108 R. The color of the exchanger,
initially white, turned yellow upon irradiation. This exchanger was stable against heat treatment up to around
80 °C; thereafter the exchange capacity gradually decreased with the temperature until 324 °G, where it was
abruptly reduced to about a quarter of the initial value. The examination of the titration curves showed that
the most acidic exchange site was weaker than less acidic sites against heat treatment. The structural formula
of this hydrous titanium oxide ion exchanger has been suggested on the basis of the ion-exchange capacity, the
thermal decomposition curves, and such auxiliary data as the X-ray diffraction and the infrared spectra.

In the field of nuclear chemical engineering, an ion
exchanger is often exposed to an intense radiation and
to a high temperature. Since most inorganic ion ex-
changers are expected to be superior to ion-exchange
resins in these respects,!) it is very important to study
their radiation- and thermal stabilities. Moreover,
these studies may be helpful in considering the structure
of the exchanger. However, the radiation- and thermal
stabilities of the hydrous titanium oxide ion exchanger
have not yet been studied in detail. On the other hand,
many propositions have been made concerning the
structure of hydrous titanium oxide based on various
circumstantial evidence.4-') However, neither the
composition nor the ion-exchange properties, such as the
ion-exchange capacity and the acid-base property,
deduced from these structural formulas are compatible
with those actually observed in the hydrous titanium
ion exchanger prepared by the method previously
proposed by the present authors.3)

The present paper will describe the effect of *°Co
y-ray irradiation and of heat treatment in air on the
ion-exchange properties of the hydrous titanium oxide.
Furthermore, the structural formula of the exchanger
have been inferred from those results and from the data
obtained by the previous studies.?3)

Experimental

Reagents and Apparatus. The hydrous titanium oxide ion
exchanger was prepared by the method described previously®
and then converted into H* or Na+ forms. The other chemi-
cals were of the highest purity grade and were obtained from
Wako Pure Chemical Industries, Ltd.

y-Ray irradiation was carried out using the $°Co y-ray
irradiation facility of Téhoku University. About 6 g of the
exchanger in a desired ionic form was placed in a stoppered
test tube with either 10 cm?® of water or a 0.1 M NaOH (1 M=
mol/dm3) solution, or without them, and irradiated intermit-
tently at an average exposure rate of 3.2x 10% or 2.5x 10°
R/h (1 R=258 pnC/kg).
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The thermal analysis was undertaken with a Shimadzu
micro thermal analyzer, Model DT-20B, connected to a
thermal balance, Model TGC-20H, for thermogravimetric
analysis (TGA), and a high-temperature-sample holder, Model
MDH-20, for differential thermal analysis (DTA). The
reference material for DTA was «-alumina. The measure-
ment was performed in air at a heating rate of 10 °C/min.

The infrared (IR) absorption spectra were measured with a
Nihon Bunko infrared spectrometer, Model IRA-I, using the
KBr disk method. The wave number was calibrated with
polystyrene.

Heat Treatment. The exchanger in a desired ionic form
was heated in air to a constant weight at a constant tempera-
ture. After cooling, the sample in the Nat-form was converted
into the H+ form by immersing it in a 0.1 M HCI solution,
while that in the H+-form was immersed in water. Thereafter,
they were both subjected to the humidifying operation de-
scribed previously.®

The other experimental procedures were the same as those
previously been described.?3

Results and Discussion

Radiation Stability. Table 1 represents the effect
of y-irradiation on the properties of the exchanger,
together with that of the ion-exchange resin, Dowex-50,
for comparison. It took 1.5y to reach a total exposure
of 5.2 x 108R. Even if the exchanger was not irradiated,
the ion-exchange capacity decreased to about a half
of the initial value when the exchanger in the hydrogen
from was allowed to stand for 1.5y. The decrease in
the ion-exchange capacity is, thus, largely due to aging
of the exchanger, and only slightly to the effect of the
y-rays. The ion-exchange capacity of the sodium
form, however, did not change at all upon a yp-ray
irradiation of up to 5.2 x108R. The amount of titani-
um dissolved in the supernatant solution during ir-
radiation was 7.2 X 105 g.  Since this value is compati-
ble with the data concerning chemical stability described
previously,? it can be said that y-ray irradiation does
not influence the solubility of the material. After
irradiation, all the samples turned yellow except for the
sample in the hydrogen form exposed up to 2.2 x 108R.
The yellow color of the exchanger in the hydrogen form
disappeared when it was immersed in a 1.0 M sodium
hydroxide solution, but appeared again by reconversion
to the hydrogen form. In contrast, the yellow color
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TaBLE 1. EFFECT OF y-IRRADIATION ON THE PROPERTIES OF THE EXCHANGER®
Exchanger ‘ Exchange capacity® Color of the
Sample No. P Environment meq. Nat/g exchanger
(ionic form) : : : after irradiation
Irradiated Unirradiated
1 HTOH™)D Water 2.27+0.10 2.7240.05 Yellow
2 HTO(H™) Air 2.64+0.07 2.85+0.08 Light creamy
3 HTO(Nat) 0.1 M NaOH 4.31+0.00 4.30%0-10 Yellow
4 HTO(Nat) Air 4.68+0.07 4.61+0.05 Yellow
5 Dowex 50x 8(H*) Water 4.37+0.05 4.71%0.13 Brown
6 Dowex 50x8(Na*) 0.1 M NaOH 4.74+0.21 4.72+0.10 Brown
7 HTO®H™) Air 2.97 2.98 White
8 HTOH™) Water 2.90 — Yellow

a) Average exposure rate (R/h): No. 1—6; 2.5x10°, No. 7—8; 3.2x 105,
6; 2141, No. 7—8; 680. Time of standing: No. 16; 1.5y, No. 78; 36d.
b) Hydrous titanium oxide,

No. 78; 2.2x108.

0.10 M NaOH column exchange capacity.?

Time of irradiation (h): No. 1—
Exposure (R): No. 1—6; 5.2X 108,
c) No. 16: 1.0 M NaOH batch exchange capacity®, No. 7—8:

TABLE 2. EFFECT OF THE HEAT TREATMENT OF THE H*-FORM EXCHANGER ON THE COMPOSITION
AND THE ION-EXCHANGE CAPACITY

Composition, molar ratio

Exchange capacity®

Sample Temperature ~ Weight loss of H,O/Ti after
No. (°C) (Wt%) .
Heated Humidified meq. Nat/g eq. Nat/mol Ti mol H,O/mol Ti

1 R.T. — 1.892 1.892 4.54+0.22 0.51740.025 0.258==0.012
2 80+0.5 23.50 0.303 1.536 4.78+0.27 0.51440.029 0.257+0.014
3 122+1 24.74 0.241 1.426 4.42+0.25 0.466+0.026 0.233+0.013
4 159+1 26.32 0.165 1.269 3.92+4+0.27 0.402+0.027 0.201+0.013
5 324+2 29.06 0.038 0.996 1.33+0.24 0.130+0.023 0.065=+0.011
6 623+7 29.39 0.023 0.111 0.54+0.21 0.044+0.017 0.02230.008
7 83010 29.91 0 — —_ —_ —

a) 1.0 M NaOH batch exchange capacity.

220 re 500
m
Fig. 1. Absorption spectra of the exchanger and the
supernatant solution after irradiation.
@: Supernatant solution diluted by H,O(Ti: 1.2Xx
10-° M), O: Supernatant solution diluted by 1M
H,80, (Ti: 1.2X10-> M), A: Exchanger, 5.9X10-2
M Ti/1M H,S0,, A: Exchanger, <5.9%10-2M
Ti/1M HCIO,, [O: 1.25x10*M Ti(IV), 3.75X%
10-2M H,0, in 1M H,SO,, M: 200 ppm Ti(IV)
in 1.8M H,SO, (Ref. 13), »: 10 ppm Fe(III) in
1.8 M H,S0, (Ref. 13).

in the sodium form did not disappear when the sample
was converted to the hydrogen form, but it almost
disappeared when it was converted back to the sodium
form again. Moreover, a sodium hydroxide solution
wherein the sodium-form exchanger was immersed
turned brownish yellow.

The change in color might be caused by the reaction
of titanium with the radiolytic products of water. The
absorption spectra were measured in order to identify
the species responsible for yellow coloration (¢f. Fig. 1).
Sample No. 3 in Table 1 was dissolved with heating
it in concentrated sulfuric or perchloric acid, followed
by dilution to an acidity of 1 M. The absorption
spectra of these solutions showed a single peak. Its
position agreed approximately with one of the two peaks
which appeared in the spectra of the solutions prepared
by diluting the supernatant solution of the same sample
with the respective acids. This observation leads to
the conclusion that, besides the species formed in the
exchanger, some other species are present in the super-
natant solution. These absorption spectra differ from
those of sulfuric acid—hydrogen peroxide and sulfuric
acid solutions of titanium(IV) and of a sulfuric acid
solution of iron(III)1¥), which may be present as an
impurity. The peroxoc-omplex of titanium contained
in solid titanium dioxide is reported to show the absorp-
tion band in the same position as in the sulfuric acid
solution.’®) Therefore, the species giving rise to the
yellow color appearing in the irradiated hydrous tita-
nium oxide and in the supernatant solution cannot be
ascribed to the peroxo-complex. From these observa-
tions we can conclude that the sodium form is suitable
for the preservation of the hydrous titanium oxide
ion exchanger. Compared with Dowex-50, this ex-
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TABLE 3. EFFECT OF THE HEAT TREATMENT OF THE Nat-FORM EXCHANGER ON THE COMPOSITION
AND THE ION-EXCHANGE CAPACITY®

Composition®
Temperature Weight loss T mole ratio Exchange capacity®
Sample No. Q) (Wt%) mole ratio meq. Na‘/g
H,O/Ti Na/Ti H,0/Na
1 R.T. — 1.634 0.517 3.16 4.54+0.22
2 80+0.5 14.53 0.622 0.517 1.20 4.73+0.22
3 122+1 18.12 0.372 0.517 0.719 4.59+0.32
4 159+1 19.19 0.297 0.517 0.574 3.04+0.20
5 32412 23.95 =0 0.517 ~0 0.93+0.27
6 62347 24.80 ~0 0.517 ~0 0.26+0.25

a) The exchangers were subjected to conditioning and humidifying operation and converted to Ht-form. b)

Immediately after heat treatment.

changer is stable against radiation, at least to the same
extent as the ion-exchange resin. Further studies are,
however, required to reach a definite conclusion on
the radiation stability; irradiation by p-rays in much
higher doses and by «- or -rays emitted from isotopes
adsorbed on the exchanger, and the identification of
the yellow species.

Thermal Stability. The results for the hydrogen-
form exchanger are shown in Table 2. It should be
noted that the left of the three columns showing the
exchange capacity represents the exchange capacity per
1 g of a humidified sample. The middle column shows
the normalized exchange capacity per 1 mol of titanium.
The right shows the amount of water per 1 mol of
titanium that should be liberated by the condensation
of the hydroxyl group which may act as an exchange
site (bound water).

The exchange capacity did not change up to 80 °C;
then it gradually decreased with the temperature, while
at 324 °C it was suddenly reduced to a quarter of the
original value. At 623 °C more than 909, of the
exchange site was destroyed.

The amount of water contained in the exchanger
immediately after the heat treatment (the fourth column
in Table 2) at temperatures below 122 °C was more than
that of the bound water, but the relation was reversed
at a higher temperature. The latter relation indicates
that the exchanger recovers bound water to a certain
degree during the humidifying operation. However,
no bound water was recovered for the sample heated
at 623 °C.

Next, let us consider the relation between the water
content after heat treatment and the water content
of the exchanger subjected to the humidifying operation
(the fifth column in Table 2). In the case of heat
treatment in the range of 80—159 °C, the difference
between these water contents, that is, the amount of
water recovered by humidifying, is almost constant,
1.1—1.2 mol per mol of titanium. The exchanger
heated at 623 °C recovered water only slightly.

The sudden decrease in both the exchange capacity
and the degree of recovery of water at a heating tem-
perature of 324 °C might be associated with the crystal-
lization of the exchanger, because no X-ray diffraction
pattern appeared until 324 °C, where two weak and
broad peaks (d=3.52, 3.42 A) appeared. (1 A=0.1nm)

¢) 1.0M NaOH batch exchange capacity.

oO ! 2 3 4 5

meq.OH™/g
Fig. 2. Titration curves of the exchanger subjected to
heat treatment in H+-form.
I (Ionic strength); 0.10M, @: R.T. O: 80°C, A:
122°C, A: 159°C, [1: 324 °C, H: 623 °C.

When the heating temperature was raised to 623 °C,
the diffraction line, d=3.52 A, became sharper and
many other lines appeared. This pattern is attributable
to the mixture of anatase and brookite.

In order to examine the effect of heat treatment on
the acid-base property of the exchanger, the titration
curves were measured and found to be as shown in
Fig. 2. For samples heated at a temperature not higher
than 159 °C, the pH of the breaking point in the titra-
tion curves was independent of the temperature and
the curves in the pH range higher than that point were
parallel with each other. On the other hand, when
the exchangers were heat-treated at 324 °C or higher,
the curves started at pH 6.5, the point of breaking
mentioned above. This means that the exchange
site with the smallest pK, value is responsible for the
decrease in the capacity of the exchanger with heating
at a temperature lower than 159 °C. The most acidic
sites were completely destroyed at 324 °C, and the loss
of less acidic sites began to occur at the same tempera-
ture. At 623 °C, almost all of the exchange sites were
destroyed.

The effect of heat treatment on the sodium form is
shown in Table 3 and Fig. 3. Obviously, the change
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Fig. 3. Titration curves of the exchanger subjected
to heat treatment in Nat-form, followed by condi-
tioning.

I; 0.10M, @: 80°C, O: 122°C, A: 159°C, [:
324°C, H: 623 °C.

in both the exchange capacity and the acid-base property
with a rise in the temperature followed a tendency
similar to that of the exchanger heat-treated in hydrogen
form. On the other hand, a considerable difference
in the release of water by heat treatment between the
sodium and the hydrogen forms was observed; that is,
at 80 °C the former left twice as much water behind
as the latter, in which major part of the residual water
was bound water. This cannot be understood by
simply considering the hydrating power of the cations,
because that of the sodium ion is weaker than that of
the hydrogen ion; instead, it must be considered that
the sodium ion hinders the release of water by exerting
some special effect on the structure. X-Ray analysis
exhibited no sign of crystallization until 850 °C, where
the diffraction pattern attributable to rutile began to
appear. These observations suggest a difference be-
tween the two ionic forms in the mechanism for the
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decrease in the exchange capacity with heat treatment.
In the hydrogen form, the dehydrating condensation
of hydroxyl groups plays an important role in both the
loss in exchange capacity and the crystallization of the
material, while, in the sodium form, the sodium ion
forms a stable chemical bond with titanium dioxide and
the exchange site loses its function as a result.

Structure. The structural formula of the hydrous
titanium oxide ion exchanger can be deduced from the
various properties described previously as well as by
such supplementary data as DTA, TGA, the IR spectra,
and X-ray diffraction.

The titration curves and the effect of heat treatment
on them strongly suggest that the most acidic exchange
site differs intrinsically from the others and accounts
for a half of the total exchange capacity. The other,
less acidic sites might be distinguished from each other
by the change in the electronic structure caused by the
adsorption of the sodium ion. When the exchange
capacities corresponding to the first-, second-, and
third plus fourth dissociable exchange sites are converted
to the simplest integral ratio, itis2 : 1 : 1. Considering
this fact and the total exchange capacity of 0.5 eq./mol
of titanium, the unit structure must contain 4 hydroxyl
groups per 8 atoms of titanium.

Figure 4 shows the TGA and DTA curves of the
exchanger in hydrogen form. The TGA curves indicate
that the samples heat-treated at 159 °C and lower
lost weight suddenly up to about 150 °C, and then
gradually up to about 500 °C, where the weight became
constant. In contrast, most of the water in the sample
heat-treated at 324 °C. was released below 80 °C. In
the DTA curves, large endothermic peaks appearing
in the temperature range lower than 150 °C sharpened
as the temperature for heat treatment became higher.
The position of the peak, initially at 100 °C, shifted to
75 °G when the exchanger was heat-treated at 80 °C.
The shoulder observed in the peak became less pro-
nounced with the rise in the temperature for heat
treatment. When the sample was heated at 324 °C,
it showed a sharp peak with a very small shoulder.

Weight loss
0%

T T T i T T T T
Heating rate 10 *C/min

324°C TGA

159

122

80

R.T.

sho——

L 1 L | . 1
500 600 700 800

Fig. 4. TGA and DTA curves of the exchanger subjected to heat treatment

in H*-form.
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Fig. 5. TGA and DTA curves of the exchanger subjected to heat treatment
in Nat-form, followed by conditioning.

Apparently, the observation just described is compatible
with the change in the exchange capacity and in the
degree of the recovery of water with temperatures for
heat treatment, if the peak near 75 °C is considered to
correspond to the water recoverable by humidifying,
and the shoulder, to the bound water.

The observations described above can be summarized
as follows. When the exchanger in the hydrogen form
is heated at 80 °C, the release of water is accompanied by
the stabilization of the network structure. By the heat
treatment at 122—159 °C the network structure remains
essentially unchanged except for a slight modification.
This stabilized network can accommodate an approxi-
mately constant amount of water. The release of the
bound water becomes pronounced at temperatures
higher than 324 °C and a partial crystallization occurs.
Therby the exchange capacity decreases suddenly. At
623 °C the crystallization proceeds to an extreme end
and the structure changes completely. Therefore,
almost all the water, including the bound water lost by
heat-treatment at 623 °C, is not recovered by the
humidifying operation.

Figure 5 shows the DTA and TGA curves of the ex-
changer heat-treated as the sodium form. The TGA
curve of the sodium form dried at room temperature
consists of three steps: R.T.—170 °C, 350—450 °C,
and 730—900 °C. The samples heat-treated at 80, 122,
and 159 °C lost weight in two steps. The TGA curve
observed for the sample subjected to heat treatment
at 324 °C corresponds to the poor recovery of water.
The slight weight loss above 730 °C, which is also
observed for the exchanger dried at room temperature,
is probably due to the decomposition of the sodium
carbonate accidentally remaining in the exchanger
after treatment with a 0.1 M hydrochloric acid solution.
In the DTA curves, the endothermic peak corresponding
to dehydration was displaced toward a temperature
higher by about 30 °C by heat treatment at a tempera-
ture lower than 324 °C. After this shift, the position
of the peak approximately agrees with that of the hydro-
gen form dried at room temperature. These samples
also showed the exothermic peak in the range of 210—
230 °C, where some weight loss was observed on the

m
25 3 4 5’1/'“ 6 7 8 012 14
T N IR NI IR LA MM W L e
Na,CO3
b
Na* form
|
H* form

1 1 Ll 1 1 1 L L 1 1 1 1 1 1 In 1 L L 1 1 Licaal
130 100 80

400 340 2860 220 190 160
2 /mm

Fig. 6. IR spectra of the exchanger.

corresponding TGA curves. Because dehydration is
an endothermic reaction, this peak cannot be accounted
for by dehydration. This kind of exothermic peak has
also been reported to be observed for the hydrous
titanium oxide synthesized by the addition of ammonia
water to a titanium tetrachloride solution.%1? Imoto
et al' ascribed the peak to the release of ammonia,
while Vivien et al.l? attributed it to crystallization.
Since the present hydrous titanium oxide ion exchanger
contains no ammonia, this exothermic peak cannot be
attributed to the release of ammonia, but to the reaction
which is responsible for the sudden decrease in the ex-
change capacity mentioned above.

Figure 6 shows the IR spectra of the exchanger in
the hydrogen and the sodium forms dried at room tem-
perature. The asymmetric absorption band observed
near 3400 cm~1is attributable to the sum of the contribu-
tions from water and hydroxyl-group bonding to
titanium, the former at the lower, and the latter at the
higher, wave number sides respectively.'> The absorp-
tion band near 1625 cm™! is due to the bending mode
of water, and the absorption in the <1000 cm~! range,
the titanium-oxygen bond. The IR spectrum of the
exchanger in the sodium form is similar to that of the
exchanger in the hydrogen form except for the appear-
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Fig. 7. Structural formula of the exchanger.

ance of the absorption band in 1380—1300 cm™t.
This absorption band disappeared when the samples was
subjected to heat treatment at 825 °C. Further study
is needed before this absorption band can be identified.

On the basis of the results concerning the properties
of the exchanger presented above, the structural formula
represented in Fig. 7 is inferred for the exchanger in
the hydrogen form, though the arrangement of such
a unit structure is not very regular because the X-ray
diffraction pattern displays a nearly amorphous struc-
ture. Of the exchange sites in this model, (A) is the
most acidic, and (B), the least acidic, ion-exchange
group. The exchange site (A) is easily destroyed by
condensation with the neighboring exchange site of the
same kind. The appearance of anatase and brookite in
the first crystallization step can also be understood by
assuming this structure.

The authors wish to express their thanks to Professor
Wataru Suétaka, Department of Metal Processing and
Mechanical Metallurgy, Faculty of Engineering, Tohoku
University, for his valuable suggestions on the measure-

Properties of Hydrous Titanium Oxide Ion Exchanger 799

ment of IR spectra. They also would like to thank
Mr. Shigenori Sakagami for obtaining some of the
data.

References

1) E. V. Egorov and P. D. Novikov, “Action of Ionizing
Radiation on Ion-Exchange Materials,” Israel Program for
Scientific Translations, Jerusalem (1967), Chap. V.

2) Y. Inoue and M. Tsuji, J. Nucl. Sci. Technol., 13, 85
(1976).

3) Y. Inoue and M. Tsuji, Bull. Chem. Soc. Jpn., 49, 111
(1976).

4) C. B. Amphlett, “Inorganic Ion Exchanger,” Elsevier,
Amsterdam (1964), p. 97.

5) C. Heitner-Wirguin and A. Albu-Yaron, J. Appl.
Chem., 15, 445 (1965).

6) M. Herrmann and H. P. Boehm, Z. Anorg. Allg. Chem.,
368, 73 (1969).

7) Yu. D. Dolmatov, Z. N. Bulavina, and M. Yu.
Dolmatova, Radiokhimiya, 16, 116 (1974).

8) N. Ogata and N. Inoue, Nippon Kaisui Gakkai Shi, 24,
149 (1971).

9) N. Sakai, K. Yoshikawa, M. Suzuki, and S. Kobayashi,
Kogyo Kagaku Zasshi, 64, 613 (1961).

10) H. Imoto and M. Kaneko, Kogyo Kagaku Zasshi, 74,
591 (1971).

11) A. Clearfield, Rev. Pure Appl. Chem., 14, 91 (1964).

12) D. Vivien, J. Livage, and C. Mazieres, J. Chim.
Phys. Phys.-Chim. Biol., 67, 199 (1970).

13) M. Ishibashi, T. Shigematsu, Y. Yamamoto, M.
Tabushi, and T. Kitagawa, Nippon Kagaku Zasshi, 76, 758
(1955).

14) A. H. Boonstra and C. A. H. A. Mutsaers, J. Phys.
Chem., 79, 1940 (1975).






