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ABSTRACT

A weakly crystalline titanium tungstate with Ti:W ratio of 1:1.3 has been prepared and evaluated
as a novel inorganic ion exchange resin for the separation of some radioactive isotopes. The pro-
duct was characterized using X-ray diffraction, FTIR-spectra, thermal analysis and finally X-ray
fluorescence. The selectivity behavior of the exchanger was determined for cesium and cobalt ions
at concentration range 1072 to 1074 M. The distribution coefficients for both ions were also, eval-
uated at different nitric acid concentrations. The adsorption results obey Freundlich isotherm and
the values of adsorption capacity and intensity were computed for both ions. The different ther-
modynamic parameters, AH (4.45, 13.7 kJ/mol), AS (46.5, 68.66 J/mol/deg) and AG (-9.61,

—7.1 kJ/mol) for the adsorption of cesium and cobalt ions have been reported, respectively.
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1. Introduction

As one of the requirements in environmental pro-
tection, radioactive waste management strategies,
including treatment and disposal are considered as
challenging areas of interest. The separation of long-
lived radionuclides such as **Cs, ®°Co from the
nuclear waste is an essential step in this regard. It may
reduce the volume of the treated waste as well as its
reclassification as lower level category. Ion exchange
technique is one of the most important methods that
used in radioactive waste treatment [1,2].

The use of inorganic sorbents for the treatment of
radioactive waste was originally made on the basis of
their resistance to radiation, good resistance to chemi-
cal attack, their compatibility with potential immobili-
zation materials and selectivity towards certain metal
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ions [3]. A wide range of acidic salts of multivalent
metals was synthesized. Poorly crystalline and amor-
phous forms of different compounds have been
reported earlier, amongst which zirconium phosphate
is the most widely studied [4-6]. Beside, compounds
like antimonate, molybdate, tungstate, vanadate and
silicate salts of zirconium, titanium, cerium, iron and
thorium have been reported also [7-10].we have
reported some inorganic ion exchangers and some
composites and showed their utility in the nuclear field
[11,12].

Clearfield et. Al. prepared some ion exchange resins
that can be used in different applications [13-15]. They
include the hydrothermal syntheses, characteriza-
tions and crystal structures of lead(Il) carboxylate-
phosphonate with a double layer structure and nickel(II)
carboxylate-phosphonate  containing a hydrogen-
bonded 2D layer with intercalation of ethylenediamines
[16]. Also, they prepared a-zirconium phosphate (a-ZrP)
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by using two a-ZrP samples with different levels of crys-
tallinity and two structurally different intercalating
molecules to study the effect of guest molecular archi-
tecture and host crystallinity upon the mechanism of the
intercalation reaction [17]. In the same context, they pre-
pared a series of porous TiO,-SiO, mixed metal oxides
which clearly synthesized via sol-gel route using n-alkyl
amine as pore directing templates [18]. The mixed oxi-
des were characterized by nitrogen physisorption for
surface area, pore volume and pore size distribution,
as well as by FTIR, TGA, SEM, and TEM for the disper-
sion of titanium.

However, little work had been done on titanium
tungstate and its application in the nuclear fields
where, the effect of variation of the amount of tungsten
in titanium tungstate exchanger on the distribution
coefficients of cesium and strontium were studied by
T. Moller et-al [19]. The distribution coefficients of
some ions have been determined and some separations
such as HF*" from Zr*" and La®** from Ce**, Pri,
Nd*>* and Sm>®", were also, obtained on the same
exchanger [20], as well as its comparison to other
exchangers [21].

Titanium (IV) based exchangers were known to be
chemically and thermally stable in under identical con-
ditions of synthesis [22]. However, the titanium ratio
would reflect the chemical interaction within the
exchanger; titanium tungstate exchanger with specific
molar ratio (W: Ti = 1.5) was optimized. Further
Increasing the tungsten content retards the distribution
coefficient values for'*’Cs ions [19].

Therefore, the tested titanium to tungstate ratio was
kept at 1.3 under various preparation conditions so that
crystalline structure was obtained. Then, the distribu-
tion coefficients of both cesium and cobalt ions on the
exchanger was measured at different conditions,
finally, testing the suitable isotherm. The applicability
of this material in the separation of both ions was stu-
died via the column technique.

2. Experimental

All the reagents and chemicals used were of analy-
tical grade and were obtained from Merck, Germa-
ny.”**Cs and ®°Co radioisotopes were supplied by
irradiating the nitrate salt of both ions in the ERR2
research reactor at Inshas site irradiated in with ther-
mal neutron flux of 10" n cm ™2 s™! for about 4 h.

2.1. Preparation of Titanium tungstate

Titanium tungstate ion exchanger was prepared
by dropwise addition of 100 mL of 1 M titanium

tetrachloride and 50 mL 1 M hydrated sodium tung-
state in a water bath at 70 °C with a constant stirring
using magnetic stirrer for 2 h. A yellow precipitate was
obtained which left in the mother liquor for overnight
standing, the slurry was filtered and washed with deio-
nized water for several times until chloride free and the
pH of the supernatant solution had a constant value
430 + 0.02. The precipitate was then filtered again
using centrifuge (10* rpm), dried at 50 °C for 6 days,
then ground and sieved to obtain different mesh sizes
and stored at room temperature.

2.2. Chemical stability

The chemical stability for the prepared samples was
determined by dissolving about 0.1 g of the exchanger
in 100 mL water and different concentrations from
hydrochloric and nitric acids for a period of 48 h, fol-
lowed by the determination of the weight loss of the
exchanger.

2.3. Characterization

X-ray powder diffraction techniques, XRD, was per-
formed by means of Shimadzu X-ray diffractometer,
XD610 Model, with a nickel filter and Cu-K, radiation
(1.54A°) operating at high voltage of about 30 kV and
30 mA AC current.

Thermal stability of the prepared exchanger was
carried out using simultaneous Differential thermal
analysis—Thermogravimetric analysis system, Shimadzu
DTA-TGA-60H thermal analyzer obtained from
Shimadzu Inc., Kyoto, Japan. The samples measured
from the ambient temperature up to 600 °C with a
heating rate of 10 deg./min. under N, atmosphere.

The FTIR spectrum of the prepared exchanger
was obtained using FTIR spectrometer, applying KBr
disc technique. A compressed KBr pellet containing
6wt-% of the sample was used for this purpose in the
range between 4,000 and 400 cm ' with a resolution
of 4 cm ™' and wave number accuracy of 1 em ™.

The X-ray fluorescence (XRF) was carried out using
Phillips X-ray Fluorescence, Model PW 2400 spectro-
meter, by applying the fusion disc technique, Philips,
Germany.

2.4. Batch equilibrations

Both distribution coefficient determinations and
capacity measurements were performed by batch tech-
nique at constant volume (V) to mass (m) ratio of
100 mL/g. A mixture of the exchanger (0.05 g) and the
solution (5 mL) of either separate cobalt nitrate or
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Table 1

Chemical stability of titanium tungstate ion exchangers in different mineral acids.

HCl HNO3 H,S0,

Concentration Ti 4 Ti A\ Ti W

0.01 M UD UD UD UD UD UD
0.05M UuDb UuDb UD UuDb UuDb UDb
01M UuD UuD UD UuD UuD UuD

0.5 M UD UD UD UD UD UD

1M 2.1 ppm 1.7 ppm 3.2 ppm 2.9 ppm 3.1 ppm 2.9 ppm
2M 8.3 ppm 6.2 ppm 9.5 ppm 5.6 ppm 8.4 ppm 4.2 ppm

cesium nitrate traced with the radioactive isotope
(®°Co, '3'Cs) was allowed to stand overnight in a sha-
ker thermostat adjusted at 30 + 1 °C with shaking to
ensure establishment of equilibrium. The solid was
then separated from its solution by filtration, then
1 mL from the aliquots of the filtrate was measured for
the ®°Co and'**Cs activities.

The distribution coefficient (K4 mL/g) values for
the individual cations Co** and Cs* were determined
at different acidities and different metal ion con-
centrations(10™* to 10~ M) using the equation

Ao —As ¥ 0

K:
d Af m

Where A, and Ay are the initial and final counting
rates in ImL of the solution before adding the adsor-
bent and after equilibrium.

The adsorption isotherms of cobalt and cesium
were determined by employing the same general pro-
tocol and analysis procedure as above at the same con-
centration range at 30, 45 and 60 °C.

2.5. Quantitative separation of Co®* and Cs" ions

Quantitative separations of cobalt and cesium ions
were achieved on titanium tungstate column. The
exchanger in H" form was packed in an open glass col-
umn (20 cm height and 0.5 m diameter) and condi-
tioned for subsequent operations; after washing the
column thoroughly with deionized water, the mixture
of cesium and cobalt ions of 0.01 M each, at natural pH
was allowed to pass with a flow rate of 2 mL/min. The
elution was achieved by passing different concentra-
tions from nitric acid as eluent at a flow rate of
1 mL/min. through the column.

2.6. Radiometric analysis

The radioactive nuclides of 60Co, 134Cg used in this
study were assayed by measuring their gamma ray

activities using Nal (T1) scintillation detector connected
to a scalar of SR7 type obtained from Enterprises, USA
and using a multichannel analyzer Genie-2000 Spectro-
scopy, Canberra Industries INC, USA.

3. Results and discussion
3.1. Characterization

The solublities of titanium tungstate in different
mineral acid concentarions were used as a measure for
chemical stability of the exchanger and represented as
Ti and W concentrations as shown in Table 1. The con-
centrations of both ions were measured using ICP tech-
nique. measurements showed that titanium tungstate
is stable in water, dilute mineral acids up to 0.5 M
solution while, it partially decomposes at concentra-
tions > 1 M acid solutions.

X-ray powder diffraction pattern of titanium tung-
state clearly exhibited the presence of two sharp to
medium peaks with d-values 2.8206 and 1.8127 A° at
angles(20) 31.697 and 47.497A°, respectively, that sug-
gesting a low crystalline structure of the material
(Fig. 1).

Infrared spectrum was shown in Fig. 2.The broad
band appeared at about 3170 cm ™ is characteristic to
the stretching mode of free water and OH™ groups
while, the small peak at ~ 1,527 cm ! represents the
bending mode of vibration. The other peaks repre-
sented in the chart at about 1,000 cm ™' and smaller
than this value may be due to the formation of metal
oxides [23].

Fig. 3 Shows TGA and DTA curves for titanium
tungstate exchanger. The DTA curve shows an
endothermic peak at 163.21 °C due to loss of free water,
another endothermic peak at 334.81 ° was represented
due to the loss of chemical bond water [24]. The last one
appears in the figure at 459.97 °C due to the phase
transformation. The TG curve shows a total weight loss
of 12.84% (w/w) at nearly 480 °C. This results support
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Fig. 1. XRD of titanium tungstate.

the fact that inorganic exchangers show high stability
than the organic resins.

3.2. Distribution and capacity measurements

Fig. 4 Shows the effect of cesium and cobalt concen-
trations on their distribution between aqueous and solid
phases in the concentration range 102 to 10~ *M, at con-
stant pH = 3 + 0.02. A sharp decrease in the K4 values
was observed in case of cesium ions while for cobalt a
stepwise decrease occurred in the studied concentration
range. This figure shows also that, the distribution coef-
ficients for Cs" ions much higher than that for Co**
upon the studied concentration range.
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The theory of an ideal binary ion exchange system
has been previously discussed [25]. According to this
theory, if an ion exchanger containing exchangeable
cations B?" is contacted with a solution containing
cations A“® which then exchanges with the cations of
the exchanger, the ideal ion exchange process can be
expressed as

Z 7o 7 Z
Zyd% + Z,B”" = 7,4 + Z,B” 2)

Where, Z, and Z,, are the charges of the respective
exchanging ions; 4™ the exchanged cations on the ion
exchanger; B® the exchanged cations in the solution.
To test the ability of the prepared material in the
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Fig. 2. FTIR-spectra of titanium tungstate.
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Fig. 3. DTA and TG for titanium tungstate exchanger.

recovery of cesium and cobalt ions, the distribution
coefficients (Kq)were determined at different hydrogen
ion concentrations,the selectivity coefficient (K4 /g) is
also employed as it measures the selectivity of an ion
exchanger for a given cation with respect to the other
competing cation. The selectivity coefficient is given by

b ~Zy,
Ky = Ci Ci e (3)

Where, Co and Cg are the concentrations of the
exchangeable cations in the ion exchanger; C4 and Cg
are the concentrations of the exchangeable cations in
the solution.The final equation after substitution of the
above expression in the that for K4 given as

1 —7a Za
logK,; = Z_blog(KA/BCB ) — Z—blog Cp 4)

So, according to the above equation a plot of log K,
against Log Cg must give a straight line with slope
equal to —(Z,/Zy). Plotting of log K4 vs. log [HNO;] for
cobalt and cesium ion on titanium tungstate was linear
with a slop of —0.312 and —0.281 for each ion respec-
tively Fig. 5. The slopes of the straight lines were of
value less than the charge of cobalt and cesium ions
which confirm that the ion exchange was not the main
mechanism that control the adsorption of cesium and
cobalt ions on titanium tungstate from nitrate medium.
The adsorption of these ions may be due to complexa-
tion, chelation, and formation of physical bonding
between the surface of the sorbent and the ions or
through a combination of these interactions.

The capacity of titanium tungstate for cesium and
cobalt was measured at different metal ion concentra-
tions and the results were tabulated as shown in Table 2.

From the given data, it is evident that titanium
tungstate has high capacity for cesium ions than cobalt
ions at the different conditions. The same behavior was
observed for titanium vanadate exchanger when used
for the removal of cesium, strontium and cobalt ions
from nitrate medium [11].

3.3. Isotherm studies

At equilibrium, a certain relationship prevails
between the solute concentration in solution and the
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Fig. 4. The effect of ion concentration on the distribution
coefficients of Cs* and Co”"ions on titanium tungstate.
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Fig. 5. Log K4 vs. log [H'] for Cs*and Co”" ions on titanium
tungstate.

amount of solute adsorbed per unit mass of adsorbent.
Their equilibrium concentrations are a function of
temperature. Therefore, the adsorption equilibrium
relationship at a given temperature is referred as
adsorption isotherm. Several models were used to
describe the adsorption in liquid-solid systems but the
most common are Freundlich and Langmuir models.
For the adsorption of cesium and cobalt ions on tita-
nium tungstate, the results show a better fitting with
the Freundlich than Langmuir isotherm. Freundlich
isotherm in its linear form represented by the following
equation

LogW = LogK + 1/nlogCeq (5)

Where, W is the amount adsorbed at equilibrium;
Ceq is the bulk concentration of the adsorbate at equili-
brium; 1/7n and K are Freundlich constants (calculated
from the slopes and the intercepts of the linear plots of
log W versus log C.q. Log K is equivalent to log W when
Ceq equals unity. However, when 1/n # 1, the K value
depends on the units upon which W and C.q are
expressed. A favorable adsorption tends to have
Freundlich constant n between 1 and 10. Larger value
of n implies stronger interaction between the adsorbent

Table 2
Loading capacities (mmol/g) of cesium and cobalt ions on
titanium tungstate ion exchangers at different concentrations

Conc.(M) 0.0001 0.0005 0.001 0.005 0.01
ions

Cs* 0.0158  0.0427 0.0806 0.1155 0.1857
Co** 0.0076  0.0098 0.0289 0.0644 0.1452

06
_08 4
-10-
12
_14]
16
_18
22
24
6]
8]

log W

- - -
-4.0 -35 -3.0 -25 -2.0
Log C

Fig. 6. Relation between log C and log W for Co®" ions at
different reaction temperatures.

and the adsorbate while 1/7 equal to 1 indicates linear
adsorption leading to identical adsorption energies for
all sites [26]. When the value of n is less than 1 this
suggests the presence of a concave/ curved upward
isotherm, which known sometimes as solvent-affinity
isotherm [27]. In this type of isotherm, strong adsorp-
tion of solvent as a result of strong intermolecular
attraction within the adsorbent layers occurs. In the
studied systems Figs. 6 and 7), the calculated values
of n at 30 °C were, 1.1719 and 1.388 for cobalt and
cesium respectively which indicate a favorable adsorp-
tion of both ions on titanium tungstate while, the ten-
dency for '**Cs higher than for ®Co. these results
augment the results obtained from thermodynamics,
in which physical adsorption is preferred.

On the other hand adsorption capacity (K) is charac-
teristic of an adsorbent. This constant is governed by a
series of properties, such as pore and particle size dis-
tribution, specific surface area, pH, cation exchange
capacity, and temperature. The values of K were found
to be 5239 and 4.472 for cobalt and cesium ions
respectively.

Different thermodynamic parameters can be calcu-
lated from the following equations

AG = —RTInK, (6)
o —Rd and
AH = a0/7) (7)

AS = (AH — AG)/T 8)
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Fig. 7. Relation between Log C and Log W for Cs" ions at
different reaction temperatures.

Where, R is the general gas constant, T is the abso-
lute temperature, AG is the free energy, AH is the
enthalpy change and AS is the entropy of activation.

Plotting 1/T against log K4 for the exchange
of10™> M cesium and cobalt on titanium tungstate
gives a straight line from which the enthalpy changes
and entropy changes can be calculated Fig. 8. The cal-
culated thermodynamic parameters were represented
in Table 3. Analysis of the data reveals that, positive
values of enthalpy changes for the exchange of both
Cs* and Co”" ions on titanium tungstate indicates that
this exchange is an endothermic process. A positive
value of the entropy changes related to the disorder that
occurs in both systems beside it gives an indication that
the ions adsorbed in the hydrated form. Negative values

-\r\—a
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® Cs'
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Fig. 8. Plots of Log K4 against 1/T for the exchange reaction
of 107> M Cs* and Co*" on titanium tungstate at pH 2.

Table 3. Thermodynamic parameters for the exchange of Cs*
and Co”" ions on titanium tungstate.

Co** Cs* TIon Thermodynamic
parameters

13.703 44517 AH(KJ/mol)

68.66 46.501 AS(J/mol)

—7.101 —9.613 AG(KJ/mol)

of the free energy (AG) were observed for the studied
systems which indicate the spontaneity of the adsorp-
tion process. In addition, it support the fact that cobalt
ions were more bounded to the exchanger than cesium
ions although the material preferred Cs* ions than
Co**and this result supported experimentally from the
column studies as will see latter. The negative free
energy was observed for the exchange of Cs™ ions on tin
(IV) antimonate in different media [28].

3.4. Column operation

Prior to elution of the aforementioned ions, loading
of these radionuclides was achieved. Generally, the
obtained breakthrough capacities are less than those
obtained from batch experiments. This behavior could
be attributed to the insufficient time required for equi-
librium in case of column operation. The breakthrough
ca4pcities reached was about 1.13 and 1.85 mmol/g for
13%Cs and *°Co, respectively. These values are also less
than those obtained Freundlich equilibrium para-
meters under isothermal conditions as shown in
Table 2. This could be attributed to multilayer adsorp-
tion postulation in Freundlich model.

Fig. 9 shows the elution profiles of '**Cs and *°Co
radionuclides from zirconium titanium tungstate ion
exchanger surface using bidistilled water, hydrochloric
acid and nitric acid with different concentrations as
eluting agents. On using bidistilled water, 0.01 M HCI
and 0.01 M HNO; as eluents, no release of any of the
isotopes was observed. However, 134Cg and *°Co were
released when 0.1 M HCl is used. This may be assigned
to the cationic nature of the both exchangers having
hydroxyl groups that act as week acidic centers similar
to the snake structure of carboxylic groups in a cage
like structure of amphoteric retardion11A8 [29] used for
the separation of cadmium and zinc in geological and
environmental materials using neutron activation analy-
sis technique. In this case, the release of '**Cs is maxi-
mum, and the remaining part of the loaded cesium
ions was finally eluted using 0.5 M HCl. However,
®Co radionuclides elution could be achieved using
0.1 M HNO3, which may be explained according the
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Fig. 9. Elution profile of '**Cs and ®°Co from titanium tungstate.

selectivity order of both exchangers towards the differ-
ent radionuclides. '**Cs and *°Co elution profiles are
slightly interfered when separated on titanium tung-
state cation exchanger when using 0.1 M HCI, as they
have closer values of distribution coefficients at these
conditions. However complete separation could be
achieved by using different acid media as shown in
Fig. 9. The separation process was found to be indepen-
dent of acid concentration, but most likely acid type
dependent. This interpreted by the low complex forma-
tion in case of cesium ions. However, the separation
process was found to be slightly complicated when the
loading process was carried out at high pH values, due
to formation of new species of cobalt complexes [30].

C

4. Conclusion

Titanium tungstate which was prepared and char-
acterized using different technique had higher capacity
for cesium than cobalt ions. The adsorption isotherms
were described by Freundlich model. The adsorption
of Cs* and Co®" ions on the prepared exchanger is

an endothermic process and the numerical value of the
enthalpy change, free energy change and entropy
change were computed for both ions from which we

oncluded that cobalt ions are more strongly bound

to the exchanger than cesium ions. Complete separa-
tion for cesium ions from cobalt ions was obtained
using 0.1 and 0.5 M HCl as eluent.
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