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A simple method of immobilization of barium, cadmium and antimony cations in crystalline
titania has been studied. High uptake was observed with #°Ba, "'*Cd and '2°Sb; weighable
quantities of these cations were separately precipitated together with titanium hydroxide and
69.02 wt% Ba, 52.00 wt% Cd and 46.05 wt% Sb were found to be adsorbed. After
calcination each of the mixed materials, the leaching of cations by immersing into de-ionized
water at room temperature and by a Soxhlet apparatus at 97 °C were found to be of the order
of 107"%and 10°7 gcm~2day ', respectively. X-ray powder diffraction analysis revealed that
barium, cadmium and antimony cations were immobilized separately in the titania crystal
lattice, which suffered some structural changes with the formation of different mineral phases.

1. Introduction

Radioactive wastes pose an alarming problem in rela-
tion to the spent nuclear fuels which are being pro-
duced from the nuclear power reactors and other
sources all over the world. The immobilization of such
radioactive elements in mineral assemblages and their
subsequent disposal in a repository has attracted
much attention in recent years. In addition to the
various solid wasteforms, such as borosilicate glass
[1, 2], concrete [3], silica matrix [4], high alumina
tailored ceramics [5], supercalcine {6, 7], etc., the
mineral assemblages with a titanate base, such as
synroc [8], and the adsorption of cations such as
barium [9], caesium [10], copper, zinc, manganese,
cobalt, nickel [11], strontium [12] and some rare-
earth metal ions [13] over hydrous titania fibres with
appreciable leach-resistant properties, have also been
described.

A review of the literature shows that borosilicate
glass decomposes under fairly severe hydrothermal
conditions, preparation of synroc is rather complic-
ated, the concrete wasteforms have comparatively
high leach rates for caesium and strontium, and the
safest process for the immobilization of radioactive
elements of nuclear wastes may not yet have been
achieved. An ideal immobilizer to accommodate the
highest amount of waste loading, and also to act as
versatile adsorbent for several cations of interest with
the lowest leachability and high resistance to severe
hydrothermal conditions, is still being sought.

Hydrous titanium oxide has certain attractive prop-
erties which favours adsorption of many cations, but
can sometimes become immobilized, particularly at
high temperature with the formation of new mineral
phases. Titania is fairly insoluble in acid and alkaline
solutions [14], its hardness 6-6.5, melting point
1850 °C, heat of combustion 24432 cal/eq. [15], and
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high chemical and radiation stability, as well as good
mechanical properties, permitted its application for
the removal of plutonium and certain fission products
such as ruthenium, zirconium, niobium from highly
radioactive solutions [16], for concentrating uranium
from sea water [17], and for coprecipitating Cu?*
[18], In®* [19], SeO2~ [20] and PO}~ [21], as well
as for adsorption of Sr?* [22] and Fe** [23], etc.
It was therefore expected that titanium oxide could
be utilized as a very promising and stable immobilizer
for many cations of interest and could withstand
opposing hydrothermal conditions in the repository.
Because barium activity (**°Ba) with high neutron
fission yield and moderately short half-life, creates
some problems in respect of its safe disposal, an
attempt has been made here to study the immobiliza-
tion behaviour of barium in a somewhat different
manner, and also to investigate whether it could be
accommodated in higher quantities over titanium
oxide material than those obtained by earlier workers
[9]. Cadmium and antimony cations were also in-
cluded in the study due to their toxic and hazardous
behaviour caused by nuclear and industrial wastes.

2. Experimental procedure
140Bg  115Cd and !2°Sb (in their chloride forms),
titanium tetrachloride, and Ba(NO,),, Cd(NO;),"
6H,0, Sb,0,, ammonia, etc. of A.R. grade, were used.
Titanium hydroxide was precipitated (pH 8-8.5) by
ammonia from a solution of titanic chioride in HCI,
completely washed free of Cl~ dried at 70°C
for ~ 20 h and ground to powder. The prepared hyd-
rous titania was characterized by differential thermal
analysis (DTA) to ensure its thermal stability, inter-
mediate phase modification, etc., and thermogravi-
metric analysis (TGA) was adopted to ascertain
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the water content using a DT-40 thermal analyzer
(Shimadzu, Japan) (Fig. 1). The formula of the titania
was found to be TiO,-0.73 H,O.

Uptake characteristics of titania were investigated
with '4°Ba, 15Cd and '?°Sb cations by the batch
method. Each of the activities, ~ 10000 cpm (counts
per minute) in 30 ml water at pH ~ 7 were shaken for
24 h at room temperature and the P activity of the
solution part was measured using a Phillips type
G. M. liquid counter (mica window 2.5mgcm 2,
diameter 27.8 mm). A high uptake was observed for
140Ba, 115Cd and *#3Sb (Table I). The study was then
extended to macro level concentrations of barium,
cadmium and antimony cations for adsorption over
titania. Various proportions of barium as Ba(NO;),,
cadmium as Cd(NO;),-6H,O, and antimony as
Sb,0; in HCl were separately mixed with a finite
quantity of TiCl, in HCI solution (calculated for 1 g
TiO,) and treated with ammonia gas until precip-
itation (pH 8-9) was complete, then filtered, washed
with de-ionized water and made free from interfering
anions. The amount of adsorbed cations in each case
was determined by an ultraviolet spectrophotometer
from the amount of cations originally taken and from
the filtrate. The maximum uptake limit for each of the
barium, cadmium and antimony cations over titania
was thus determined (Fig. 2). The mixed precipitates
were then separately dried at 70 °C for 24 h, powdered
and pelleted to 13 mm x 0.5 mm size by cold pressing
under 50 MPa, calcined at different temperatures in
the range 800—-1200 °C for 20 h, whereby the materials
turned into a compact, stable and rigid form, possibly
with the formation of new mineral phases.
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Figure 1 (a) TGA curve (range 20 mg); (b) DTA curve (range
100 mV), heating rate 20°Cmin ™! up to 1200°C.

TABLE I Uptake (%) of **°Ba, 1*5Cd and '23Sb cations over
Ti(IV) oxide (measured radiochemically)

Tracer cations Uptake (%)

14083 (as chloride) 98.45
113Cd (as nitrate) 99.30
1258b (as chloride) 87.63
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Figure 2 Extent of adsorption of (A ) barium, {((J) cadmium and (O)
antimony cations during precipitation with titanium hydroxide.

Leaching tests for each calcined mass (0.5 g) were
performed for 7 days at an interval of 24 h by immer-
sing in deionized water at room temperature, and also
separately in a Soxhlet apparatus by way of refluxing
at 97 °C with deionized water as leachant; leached-out
solutions were analysed spectrophotometrically, and
the data obtained for the lowest leachability for the
sample heated at 1200 °C for barium and cadmium,
and at 1000 °C for antimony, were recorded (Table 11
and TIII).

The specific surface area of calcined titania sample
was determined in a surface area analyser (BARC,
Bombay, India) by the single-point BET method
based on the physical adsorption of nitrogen gas by
the sample at liquid nitrogen temperature, subsequent
desorption at room temperature, and monitoring the
changes in the nitrogen concentration; the value was
determined to be 1.02 x 10* cm? g™ 1.

The leachability, L;, of the ith element was calcu-
lated from

Li = M;/C,ST(gem™*day™!) 1)

where M, is the content of leached element i (g), C, is
the content of element i (g), S the specific surface area
of the immobilizer (cm?g~'), and 7 the immersion
time (days).

Crystalline phases of different titania samples in-
corporating barium, cadmium and antimony cations,
were characterized by studying the X-ray powder
diffractograms obtained using a PW 1830 Phillips
automated diffractometer with nickel-filtered Cuk,
radiation (A = 0.154 06 nm) (Fig. 3).
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Figure 3 X-ray diffraction patterns of different mineral phases formed over titania with barium at (a) 800 °C, (b} 1000 °C, (c) 1200 °C, cadmium

at (d) 800°C, (e) 1000 °C, and antimony at (f) 1000°C, (g) 1200°C. B, BaTi;O,,; C, Ba,Ti,;0;,; D, BaTiO;; E, BaTi,Os; X, CdTiO,; W,
SbeOy3; Y, SbyTi,0,4; Z, Sb,0;; R, rutile; A, anatase; U, unidentified.
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TABLE II Leachability of barium, cadmium and antimony from the immobilizer at room temperature (27 °C) by immersion in deionized

water (repeated seven times at an interval of 24 h)

Main probable minerals®

Leachability (107'° gcm™2day ™ 1)

1 2 3 4 5 6 7

BaTi,O, + Ba,Ti 305, + R 7.92 7.80 735 6.90 6.45 5.80 5.12
CdTiO, + U, + R 9.05 8.75 8.80 7.42 6.40 5.91 5.29
S$b,Ti,0,0 + U, + R 6.35 6.10 585 5.82 5.49 5.10 490

* R = rutile, U, and U, represent the unknown phases composed of TiO, with the relevant cations.

TABLE III Leachability of barium, cadmium and antimony in the immobilizer, by Soxhlet apparatus at 97 °C (repeated seven times with

an interval of 24 h)

Main probable minerals®

Leachability (1077 gcm ™2 day 1)

1 2 3 4 5 6 7

BaTi,Os + Ba,Ti;3;05, + R 6.32 6.05 6.15 5.75 5.13 495 482
CdTiO; + U, + R 7.04 7.15 6.92 6.30 5.82 415 414
Sb,Ti,0,0 + U, + R 445 420 382 3.50 2.90 2.35 2.16

*R = rutile, U, and U, represent unknown mineral phases composed of TiO, with relevant cations.

3. Results and discussion

Fig. 1 clarifies the possible thermal behaviour of hyd-
rous titania obtained by DTA and TGA. The DTA
curve shows that an endothermic peak at ~ 100°C
was obtained due to loss of moisture from the mater-
ial. The exothermic peak at ~ 400 °C with small insig-
nificant humps nearby, is related to the modification
into an intermediate phase.

From the preliminary study of equilibration with
140Ba, 115Cd and !2°Sb, a very high uptake was
observed (Table I) over the freshly prepared hydrous
titania material. The highest uptake limit of these ions
at the macro-concentration by precipitating barium,
cadmium and antimony, as well as titanium hydrox-
ide, was then determined. The titania was found to
accommodate the following loadings: 69.02 wt % Ba,
5200 wt% Cd, and 46.05wt% Sb (Fig.2). The
composition formulae of the mixed solid masses with
adsorbed cations were ascertained to be BasTi; sOq,
Cd,Ti, sOg4 and Sb,Ti,O,,.

Because of its large cation exchange properties for
Na* ions, hydrous titanium(IV)oxide has been de-
scribed [24] as a cation exchanger of great promise
(3.5meq/g at pH 13); it exhibited a strong tendency
for adsorption of barium, cadmium and antimony
cations, both at tracer level and also at macro-concen-
trations when precipitated together with titanium
hydroxide.

The samples calcined in the range 800-1200°C
were subjected to leaching tests; the leachability
order was found to be in the range 107°-107'° and
107%-10"7 gecm~2day™! for the deionized water
immersion and Soxhlet apparatus refluxing, respect-
ively. However, the lowest leachability was observed
for barium and cadmium immobilizers heated at
1200 °C and antimony immobilizer heated at 1000 °C
(Tables IT and III).

It should also be pointed out here that the uptake of
barium over preformed crystalline hydrated titania

fibres was recorded to be 15.34 and 23.37 wt % for
F- and M-type materials, respectively, by Fujiki et al.
[9], whereas in the present investigation the loading of
barium was found to be substantially increased be-
cause of its co-precipitation with titanium hydroxide.
The nature of the assemblage of two elements in the
mixed solid mass, either by adsorption or any other
mechanism, is not yet clear, although the leachability
order followed the same trend as was observed by
Fujiki et al. [9].

The immobilization process was carried out by
sintering the titania accommodated with cations at
800°C and above. Barium ions were found to be
immobilized in the mineral assemblages, consisting of
the largest amount of BaTi;O,,, small amounts of
Ba,Ti;;0;, and BaTiO; followed by rutile and minor
quantities of anatase, as corroborated from the X-ray
diffraction peaks, obtained while heated at 800 °C for
20 h, which shows the total transformation of anatase
to rutile has not yet occurred (Fig. 3a). When calcina-
tion was carried out at 1000 °C for 20 h, the mineral
assemblage was found to suffer further trans-
formation; it showed an increase in Ba,Ti, ;0,, phase
as well as the other phases mentioned above, with
rutile and trace amounts of anatase. The existence of
anatase is in agreement with the observations of Fujiki
et al. [9], obtained by calcination for 1 h at the same
temperature, although- BaTi,O4 phase could not be
identified from the X-ray diffraction pattern (Fig. 3b).
On increasing the temperature to 1200 °C and heating
for the same period, a new phase of BaTi,O4 has been
found in large quantities. It appears that the BaTi;O,
phase might have decomposed to BaTi,O; and TiO,
(rutile). All the anatase phase was changed into a
thermodynamically stable rutile form; other phases
remained qualitatively the same with a small increase
in BaTiO, (Fig. 3c). These results are in distinct con-
trast to those obtained by Fujiki et al. [9], who
reported BaTi, O, phase with rutile at the same tem-
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perature. However, their calcination was performed
only for 1h and the weight per cent adsorption of
barium ions was less than that obtained by us. The
difference may be attributed to the process of adsor-
ption; Fujiki et al. adopted a batch technique of
equilibration, whereas the present study used co-pre-
cipitation. It is thus quite possible that the calcination
at 1200 °C suitably immobilizes barium in the crystal
lattice of the rutile form of titania.

A similar investigation on cadmium-accommod-
ated titania, calcined at 800 °C for 20 h, indicated the
mineral assemblage contains mostly CdTiO; and
rutile, with a small quantity of the anatase form of
titania and traces of unidentified substances (Fig. 3d).
It is also clear here that a partial conversion of anatase
to rutile phase has taken place. However, complete
transformation of anatase to rutile was observed at
1200°C by heating for the same duration with the
largest amount of CdTiO; including a few unidenti-
fied peaks (Fig. 3¢). Because CdTiOj, is the only phase
so far reported on cadmium-bearing TiO,, and the
possibility of obtaining rutile {the more stable form of
titania) is more certain at 1200 °C, as was observed in
the barium immobilizer, the intermediate heating at
1000 °C was not attempted.

It has been reported [25] in antimony-doped
titania, conversion o1 anatase to rutile commences in
the temperature range 500—-800 °C. In a previous study
we also have found the presence of anatase phase at
1000°C in barium and cadmium immobilizers. Here
the calcination was performed at-1000 °C and above.
The formation of a variety of phases is indicated by
X-ray powder diffraction analysis on heating at
1000°C (Fig. 3f). The contributions were due to
Sb;Ti,0,,, a small quantity of SbO,5 and Sb,0,,
rutile and anatase forms of TiO,, with an unidentified
phase corresponding to the maximum intensity of
absorption. The matrix when heated to 1200 °C for the
same duration changed to a softer texture, showing
further phase modifications, in somewhat different
proportions (Fig. 3g). The contributions of these
phases appear to be due to Sb,0,, although a slight
change of d-values and their corresponding intensities,
was noted. Thus it is clear that the antimony cation
has not been fully accommodated in the titania crystal
lattice. Probably this might be the reason why the
sample was found to be somewhat soft due to con-
comitant segregation and partial volatilization of anti-
mony after calcination at 1200°C. However, the
substance still requires a detailed crystallographic in-
vestigation. It is apparent that although anatase phase
(less stable than rutile) existed at 1000 °C, as described,
the immobilization of antimony could best be per-
formed at 1000 °C.

4. Conclusions
The results obtained above, taken as a whole, indicate
that barium, cadmium and antimony cations were

5952

immobilized in the hydrothermally stable titania crys-
tal lattice with the formation of different mineral
phases. This property could well be utilized for rad-
waste disposal purposes and for other similar studies.
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