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Abstract. The sorption of thorium, from aqueous solutions, by some local natural clays was found to be
very fast reaction following, mainly, film diffusion mechanism. The equilibrium was attained within 20
minutes reaction time and it depends, mainly on the nature of the clay and the pH of the solution. Heat
and acid treatments of the clays cause some decrease in the uptake. For comparison purposes, some syn-
thetic exchangers and metal oxides were used as sorbents for Th*+.

Introduction

Thorium being a source material for nuclear energy was and still, like uranium, the
subject of vast scientific and technological research.

Tt is well established that Th** tends strongly to high hydration number [1]. The
hydrolysis of thorium ion is rather less than other tetrapositive ions |2]. Thus Hieta-
nen studied the hydrolysis of Th* in 1M ClO, solutions and concluded that thorium
forms series of complexes of the type [MO(OH)M], where n varies between one and
six [3].

As far as the complexation of thorium with nitrate ions, it was reported [4] that
the stability constant of the mononitrate complex ion (ThNO,)3* was found to be ~
4.7 at ionic strength of 0.5. The stability constants of the nitrate complex ions of Th
by extraction with tributyl phosphate from HNO, solutions at the ionic strength of 2
were determined to be ~ 6, 13, 10 and 5.5 respectively for the complexes (ThNO,)3*,
Th(NO,)2*, Th(NO5)}, and Th(NO,), [5].
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Concerning the precipitation of thorium species, it was indicated conductimetri-
cally that the products of hydrolysis of Th begin to precipitate at pH ~ 3.7 [6].

The ion exchange behavior of thorium ions has been studied extensively. Thus
Milkey [7] has studied the adsorption of Th** on surfaces of glass and polyethylene
and found that hydrolysis of Th** plays an important rule in adsorption. Beran [8]
studied the sorption of hydrolysis complexes of Th with some cationic exchangers
and found that only the hydrolysis complexes Th(OH)**, Th(OH)2*, Th(OH)? and
Th(OH), are formed. Others [9] found that the sorption of hydrolysis complexes of
Th by ion exchange resins is accompanied by an increase in stability of bond between
the ions and the resin. This was attributed to the increase in the charge of the hydro-
lyzed ions Th[(OH),Th]{(++™*

The sorption of thorium by many inorganic phosphates and hydrous oxides have
been carried out [10-14]. In a preliminary work, Al-Suhybani ez al. [15, 16] and Hal-
laba et al. [17] have investigated some natural clays as sorbent for thorium. They
found that the uptake capacity of these clays was found to be 10-17 meq Th/100 g
clay. This uptake was found to increase in the sequence fine > medium > coarse.

Experimental

A very sensitive spectrophotometric technique for determination of thorium has
been carried out using Arsenazo-1 as complexing agent. This reagent is benzene-2-
arsonic acid-1-azo-7-1,8-dihydroxynaphthalene-3-6-disulphonic acid. It reacts with
Th** to form a complex where the ratio of metal: ligand is 1:2 [18). The maximum
absorption of the complex is at 575 nm while that of the ligand is at 495 nm. The
absorption spectra of both complex and ligand depend on pH, where the maximum
for the complex is at pH=2. At higher pH values the complex is not stable but at pH
< 2, it is stable for at least few days.

Solutions were prepared by adding the appropriate volumes of thorium nitrate
and arsenazo solutions into 25 ml volumetric flask and adjusting the pH to 2 by
adding dilute nitric acid solutions. 2 grams of the crude clay were added to 20 ml of
thorium nitrate solution in a plastic container with continuous shaking. The uptake
was followed by measuring the absorption of the complex formed by clear solution,
obtained after centrifugation of the mixture at different time intervals using either
Beckman Spectrophotometer Model 35, or LKB 4050 spectrophotometer.

The percent uptake was calculated according to the following:

(Ag-Ay)
_ X
AO

% Uptake = 100
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where A is the original absorption and A, is the absorption at time t. Experiments
were carried out with some local natural clays of different composition, Table 1. The
chemical analysis for some clays was carried out in our laboratory and for others the
analysis was made by Saudi Ceramics Company who kindly supplied the clays.

Table 1. Chemical composition of local clay samples

% Chemical composition
Sample Color
8i0, ALO, Fe,0, Ca0 MgO Na,0 K,0 TiO, P,0, H,0 L.O.1.
C, Whiteyellow 738 3.68 5.66 23.4 1663 121 105 - - 1.05 35.07
C, White 58.49 0.15 0.29 22.57 009 0.23 <0.05 <0.05 12.96 1.57 3.36
C, Redshale 4935 25.13 10.17 0.64 1.17 044 262 140 - - 9.08
C, White 58.42 2443 428 05 0.18 066 028 1.69 - - 9.26
C, Variegnated 54.07 27.82 10.67 0.65 0.47 057 055 120 - - 9.00
shale

C, : Riyadharea, KSU area.

C; : From Triaf area.

C, : About 140 Km from Riyadh and 40 Km from Duruma town.

C; : Khashm Radi, North of the AlKharj town, about 130 Km from Riyadh.
C, : 78 Km on Khurais Road (ruinhill).

Figure 1. shows the absorption spectra of arsenazo and the complex while Fig. 2
shows a linear plot of absorbance against [Th*] where Lambert-Beer’s law is applica-
ble. The extinctoin coefficient was determined and found to be 2.2 x 10*M-tcm1.

1.80 4

q
1.604
1.40
1.201

1.00

280

Absorbance

0 60+

0.40 4

0.204

400 450 500 550 600 6% %0 7% Wavelength innm
Fig. 1. Absorption spectrum of: (a) 8.0 x 10-5 M Arzenazo at pH 2; (b) 4.0 X 10-5M Th? and
8.0 X 105 M Arzenazo at pH 2
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Fig. 2. Plot of absorbance of Th** complex against [Th*+] at pH 2.

Results and Discussion

Figure 3 shows the variation of % uptake with time for different clays and it is
clear that the sorption is very fast process.

At pH > 3.5, thorium is precipitated and separated with clay on centrifugation.
Thus the absorbance measurement of thorium in clear solution was found to be zero.
At lower pH values, the uptake, at a given pH, was fond to depend on the type of
clay. For example at pH = 0.1 the uptakes are 17, 31 and 45% for clays C,, C, and
Cs- At pH = 2 the uptakes are 85, 95 and 95% respectively. For these clays (C,, C
and Cg) the pH was nearly constant at the beginning and at the end of reaction. The
fact that the uptake is still appreciable even at high hydrogen ion concentration indi-
cates that the highly positive Th** is competing effectively with H*. Thus at pH 3 and
10°M Th#*+, the uptake of the latter is almost 100% and the pH was almost constant
indicating no appreciable uptake of H* by clays. This behavior may be attributed to
the high charge density of Th** in comparison with H* and due to the ability of Th**
to intercalated within the layers of the clay than H*. It might be of interest to mention
that the capacity of C, towards the sorption of Th** is the same in the presence of 1
and 3 M HNO,. The uptake was found to be 100% in both cases. This clay is in fact
different from other clays in that it contains ~ 13% phosphate as P,0Os. Since with



Sorption of Thorium... 85

this clay the final pH was much less than ~ 3.5, the possibility of precipitation may
be ruled out and the prevailing mechanism is by ionic exchange. There are still, some
arguments concerning the mechanism of Th** uptake by some inorganic exchangers
such as Uranyl hydrogen phosphate and Zirconium phosphate [11]. One of these two
exchangers was found to remove Th** by precipitation while the other by ion
exchange.

100IE-—-- ety

0 20 30,40 50 60 70 80
Time, (min)
Fig. 3. Effect of time on the uptake of 10> M Th** by some natural clays (O)
C4, (X) C5 and (®) C6 initial pH = 2.85, () C1 and (A) C3initial pH = 1

Figure 4 shows the variation of equilibrium distribution coefficient,
% uptake

(K =( X %) of 10-3M Th** at 25°C with pH of some clays. Itisclear
100-% uptake

that K increases slowly at low pH values and then it increases rapidly.

Figure 5 shows the variation of the amount of Th** adsorbed as a function of
[Th**] added both expressed as mg. The amount of clay was 2g and the change in pH
was ~ 0.6, for the used clays, but the final pH was always less than the pH value at
which precipitation occurs. It is clear from the figure that the equilibrium uptake
varies between 7-9 mg Th**/2g clay. In all cases, these values are reached at ~ 20 mg
of added Th*+. It has been reported that the uptake of Th** by natural clays fits
Freundlich adsorption isotherm [19]. The presented data are in agreement with those
reported previously. Thus, plotting log [Th**] versus log [Th**] added, two straight
lines are obtained as can be seen in Fig. 6 indicating the operation of two
mechanisms.
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Fig. 6. The Freundlish absorption isotherm of Th** by some natural clays O C4 X C5 and @ Cé.

The effect of heating temperature on the uptake of some clays is shown in
Fig. 7. The examined clays show some general features, where three of those
examined showed that the uptake is constant with increasing temperature of treat-
ment. This constancy is not the same but it is in the range 200-400°C. The uptake then
decreases sharply where it drops from ~100% to 20-35%. The behavior of the clay
(C;) which contains phosphate is somewhat different from other clays. Its uptake
increases gradually by ~ 15% in going from 100°C to 400°C and then decreases to ~
10% at 800°C. The factors that govern the uptake of Th** by preheated clays are
expected to be dehydration effects, movements of exchangeable cations inside the
clay lattice, ... etc. [20].

When the clays are treated with different acids the pH of their solution was ~ 2.
Some of these clays were used to decontaminate Th** and the results are shown in
Table 2. It is clear that the uptake by treated clays is always less than that by
untreated clays and the uptake is in the order HC1 > HNO, > H,PO,. The participa-
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Fig. 7. Variation of % uptake of 10~ M Th** with some heated clays. A C3, O C4, x C5and @ C6. Vel-
ocity of shaking = 25 O min™'.

tion of the anions of the acids used in the treatment in complex formation may be the
reason for this diverse behavior. A further work is needed in this field to clarify the
effect of these anions.
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Table 2. Effect of acid treatment of natural clays on the % uptake of 10*M Th** from aqueous solutions

at 25°C
Clay Y% uptake |
Natural HC1 HNO, H,PO, H,S0,
(3.00)* (1.98)* (2.05)* (1.6)* (1.23)*
C, 97.0 B2.0 81.0 4.0 21.0
C 100.0 91.0 85.9 51.0 19.3
C, 99.0 874 72.3 52.2 41.8

*The figures refer to the initial pH values.

Different ions were used to compete with Th** for the sorption on some selected
clays. These ions are Li*, Na*, Cs*, Mg?+, Cr3* and AR*. The concentrations of
these ions was in the range 5X 10~ — 102M and the initial pH was ~ 3.2. All stated
ions have no or negligible effect except the last two (Cr3+ and Al**). The effect of the
last two ions is shown in Table 3. The effect of AP** and Cr** is only pronounced at
concentrations of these ion > 5 x 10-3M, i.e. five folds of that of Th*+. Three factors
usually affect the ability of an ion to compete effectively with another. These factors
are the charge on the ion, its ionic radius and the hydration energy of the competing
ion. For an ion to be effective in competition reactions, its charge and hydration
energy must be high and its radius shold be small. The radius of Th*+ is 0.9 A [2]
which is less than Cs* and Sr?+ and is about that of Na*. The other ions have less radii
than Th**. The hydration energies of these ions are quite iow in comparison of say
A+ and Cr3* and the charge on all ions are less than that on Th#*. Therefore it is
easy to understand why there is no observed effect of some ions on the sorption of
Th*+. For APt and Cr?+, their effect is mainly due to their ionic radii (0.51 and 0.63
A) which is approximately fit with the porse on the clay surface and high hydration
energies (4640 and 4381 kJ mol™!). It is also obvious that these two ions need to be
at much higher concentration so that they become competitive. From the above dis-
cussion, it may be concluded that, the charge on the ion is more important than the
radius and hydration energy of the ion in determining the effectiveness of a compet-
ition reaction.

Table 4 shows the variation of % uptake of 10°M Th**+ by some synthetic
exchangers, and some metal oxides. The initial pH of Th** solution was 2.82 and the
final pH was found to depend on the exchanger, and these pH values are included in
the Table. It is obvious that the uptake is very dependent on the type of sorbent. The
uptake of Th** by the sorbent can be classified in the following manner:
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Table 3. Effect of competing fons on the sorptin of 10-°M Th** by natural ciays from aqueous solutions at

25°C
[ionIM % uptake by
_ C, Cs C,
Competing ion 0]
97.0 99.0 100.0
§x10# 97.0 100.0 98.0
AP+ 1x10-3 97.0 100.0 98.0
5x 1073 84.0 85.0 88.0
1x102 73.0 86.0 85.0
Sx10¢ 97.0 100.0 100.0
Cr3+ 1x 103 89.0 98.0 100.0
5x 103 75.0 83.0 80.0
1x 1072 62.0 67.0 65.0

Table 4. The % uptake of thorium ions by synthetic exchangers used, [Th**] = 10-3 M, Initial pH = 2.82

Exchanger Final pH % Uptake
Amberlite IR 120 351 100
Molecularsieve 4A 5.05 69
Dowex-50 2.14 100
Amberlite resin 272 0
Fe,O,Magnetic 3.15 42
Fe,0, 2.69 26
Fe, O, calcined - 2.95 57
TiO, 2.60 100
Alumina (basic) 5.23 40
Alumina {neutral) 5.00 52

1. Those sorbents having a final pH of < 3.5, the uptake varies in the range 0-
100%. Only Amberlite resin gave a zero uptake, while Dowex 50 and TiO, gave
100% at final pHs of 2.14 and 2.6 respectively. For iron oxides the uptake varies
between 26 and 57% and the pHs in the range 2.69-3.15.

2. In this category the pH range is ~ 4.6 — 6.1 and the precipitation of Th*+
is expected. In case of Amberlite IR 120, the uptake is 100% and the mechanism
seems to be mainly as due to ion exchange. For molecular sieve 4A the uptake is 69%
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and the precipitation of Th** is probably dominant due to the high pH value. The
most striking behavior was that of the Alumina (basic or neutral) where the pH is ~
6.1, but the uptake is 39 and 50% respectively. There is no ready explanation for this
behavior but it may be due to complex formation.

Three of the above mentioned sorbents were chosen to follow their uptake as a
function of [Th**] and the results are shown in Table 5. It is obvious that their initial
and final pHs as well as the uptake are dependent on [Th4*}. Thus, the final pHs for
Amberlite IR 120 and TiO, are close to each other but the uptake is rather different.
On the other hand, the final pH for Dowex 50 is less by about 2 pH units at the same
concentrations, but the uptake is similar. It is also clear that the Amberilite IR 120
and Dowex-50 have higher capacity than TiO, and the natural clays as can be seen in
Table 5. It is possible, however, to state that natural clays are very good sorbent for
thorium and their capacity is not far from the synthetic exchangers or some metal
oxides, and they have the advantage of having low prices.

Table 5. The % uptake of thorium by some synthetic exchangers

Exchanger Initial concentration Initial Final Uptake
pH pH
M mg/20mi : % mg/2 gm clay
16-3 4.64 3.05 4.06 100 4.64
5x10°3 232 3.02 3.80 100 23.2
Amberlite 102 464 2.90 3.42 98 45.5
IR 120 5x10-2 232 2.60 2.90 87 202
101 464 2.30 2.68 39 181
103 4.64 3.05 1.82 100 4.64
§x103 23.2 C3.02 1.76 . 100 23.2
Dowex 50 102 46.2 2.90 1.52 99 460
ix107? 232 2.60 0.98 87 202
10! 464 2.30 0.87 40 186
10-3 4.64 3.05 2.61 100 4.64
S5x1073 232 3.02 2.53 22 5.10
TiQ, 102 46.4 2.90 2.49 13 6.00
$x102 232 2.60 2.41 - -
101 464 2.30 2.21 - -

Table 6 shows the uptake of Th** by some clays using different compositions of
water and methanol. The initial and final pH values are also included in the table
where the initial pH is always less than the pH of precipitation. The final pH depends
on solvent and nature of the clay but it is clear that it is higher in case of 100% water
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and becomes less with the increase of methanol contents. For these systems where
pH > 4, it will be assumed that the uptake is mainly due to precipitation. In case of
systems having a final pH < 4 the main mechanism is ion exchange and C,, C5 and
C, are representative of this category. For these clays, the uptake is quite high (85-
100%) as long as water is present even if its content is as low as 25%. In case of pure
methanol the uptake values are 35, 48 and 59% for C,, C; and C, respectively and the
final pH is almost the same (2.3-2.7) for the clays. For the other two clays (C, and
C,), the uptake values are 70 and 27% and their final pHs are 3.5 and 2.8 respec-
tively. The differences in uptake values for these clays are reflections of the complex-
ity of the sorbents.

There are many interpretations of the change in sorption behavior of inorganic
exchangers upon the addition of an organic solvent. These include changes in the
electrostatic interactions of ions in solution and on solids [21], dehydration effects
[22], free energies of transfer or activity coefficients [21}. Therefore the interpreta-
toin of the behavior of Th** in the presence of methanol is difficult for the above
mentioned possible effects. In addition, the complication due to possible anionic
behavior of the clays cannot be ignored.

For tributyl phosphate (TBP), the spectrophotmetric determinaiton of thorium
was too difficult due to the difficulties associated with the formation of thorium-arse-
nazo complex.

In previous work [15, 16} it was shown that two mechanisms prevail in the sorp-
tion of Th** by natural clays. These are the fast film diffusion mechanism and the
slower particle diffusion mechanism. The first mechanism was the dominant in these
systems. This is supported by the fact that this mechanism is affected by stirring vel-
ocity as can be seen in Table 7. From this table we notice that the pH change is small
which may exclude the competition by H* at this pH. It is quite clear that the uptake
is changing considerably with shaking velocity. The kinetic behavior of Th**
adsorbed on the natural clays seems to be different from its behavior by some metal
oxides, such as hydrous tin oxide [13, 14].

It is also important to point out that, the intercalation of Th between layers of
the clay is the main reaction. This can be checked by an X-ray analysis which is hoped
to be studied in future. It is, however, possible to say that the intercalation reaction
can be deduced from the decrease in % uptake when the clays are preheated to high

temperatures which leads to the collapse of the layer sheet of the clay in C dimension
to~9A.
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Table 7. Effect of shaking velocity on the uptake of Th** by some natural clays

Velocity of C, Cs Ce
shaking
min! % Uptake Final % Uptake Final % Uptake Final
pH pH
0 14.5 -2.85 315 11.0

50 29.5 2.95 43.2 3.10 21.5 3.00

75 66.5 3.05 68.5 3.10 44.6 3.05

100 100 3.10 98.0 3.20 92.0 3.05
125 100 3.25 100 3.20 98.0 3.05

= 140 100 3.20 100 3.20 98.0 3.05

[Th**] =103M  initial pH = 2.80  Time of shaking = 50 min.
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