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Removal of 137Cs by Some Saudi Natural Clays

A. A. AL-SUHYBANI

Chemistry Department, College of Science
King Saud University, P.O. Box 2455, Riyadh 11451, Saudi Arabia

The sorption of cesium, from aqueous solution by natural clays is a
very fast reaction and seems to be under film diffusion mechanism.
Cesium exchanges weakly with clays of high Ca and Mg contents but
strongly with silico-aluminium clays of low Ca and Mg contents. Sorp-
tion of cesium by these clays has been studied under different experi-
mental conditions, pH, shaking time, etc. Heat and acid treatments
failed to improve the uptake quality of the clays.

INTRODUCTION

Cesium is one of the alkali-metals which are the most reactive group
of metals. It has many radioisotopes, the most important of which are
137Cs and !3*Cs. Both are fission products, the half-life of the first isotope
is ca. 30 years and the energy of its y line is ca. 662 kev. The second isotope
has a half-life of ca. 2.1 years and various photon energies of 569, 604 and
796 keV. The radiotoxicity of 13'Cs is classified as medium and this
isotope has many important applications, such as radioimmunological
tests, therapeutic treatment, industry research. . . etc.!

There has been a good deal of work concerning the sorption of
cesium by natural and synthetic exchangers. Thus, Brat? has used vermi-
culite and mica for the treatment of radioactive waste containing 137Cs
and %8r. Thomas® has reviewed the research and developments for the
treatment of low and intermediate levels of radioactive wastes using
vermiculite, bentonite, certain earths and clinoptilolite. The results indi-
cated that these clays are useful in removing Cs, Sr and other fission
products. In addition, Mitry and others* used natural clays, mainly
montomorillonite with traces of chlorite and illite to study the uptake of
long-lived fission products taking into account different factors: such as
pH, and contact time. Moreover, the sorption of radionuclides on natural
materials used for cementation of liquid radioactive wastes has been
carried out®.

The use of synthetic exchangers to remove cesium from contaminated
solutions has also attracted the attention of many workers. For example,
Ampelogova® and Crispino’ have studied the sorption of 137Cs by metal
oxides, such as magnetite, hematite and the oxides of Cr, Zr and Ti.

Regarding the local natural clays, it has been shown that the smectite
type clay shows the highest uptake (ca. 60%) in the pH range 4-9 within
5 min. reaction time., The heat treatment of the clay to 450°C has
improved the uptake by ca. 13%.8
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EXPERIMENTAL

Cesium nitrate, analytical grade, from BDH Chemical Ltd. and radio-
active cesium chloride in 1M HCl from Amersham International have
been used in this work.

The clay samples were taken from different places from Saudi Arabia
Kingdom. The chemical composition of these clays is shown in Table 1.
The clays were crushed, sieved and only the size fraction (0.5-0.8 mm)
was used.

The dried clays were heated for 2 hrs at various temperatures
(200-800°C) in a muffle furance, cooled again at room temperature and
used as such in our experiments.

Technique

2 gms of clay sample was contacted with 20 ml of 10-3M radioactive
cesium nitrate solution with continuous shaking, the uptake by clay was
followed by measuring the activity of 1 ml of clear solution at different
time Intervals. Measuring the activity was carried out using CANBERRA
Series 35 plus MCA connected to Nal (TL) detector Model 727. The
percent uptake was calculated as

% uptake = Ao — Ay % A‘x 100

0
where A is the original activity, A, is the activity at time t.
Doubly distilled water was used in all experiments which were carried
out in duplicate and when neccessary in triplicate and average values of
percentage removal were obtained.

RESULTS AND DISCUSSION

Table 2 shows the variation of % uptake as a function of shaking
time. The least possible time of shaking is 1 min. It is clear that
the uptake is very fast. Three clay samples show a very good uptake
(= 95%) while two show a low uptake. In all cases the results obtained
show that the uptake by used clays is between 0-7 and 1-5 mmol/100 g of
clay. C;, mainly Ca and Mg carbonate clay (nearly 40%), as well as
C; (55%) resisted exchange with Cs* as most of their exchangable sites are
saturated with alkaline earth elements, C4, Cs and Cg which are alumino-
silicate with only small contents of CaO and MgO were best suited for
cesium exchange with an uptake value greater than 959 which may
be considered as a high capacity. Although C; has a high content of SiO,
and ALO;, its uptake is lower than expected compared with Cy4, for
example. It is possible that there is some change in the structure of the
clay or some impurities are causing such behaviour.

Figure 1 shows the uptake of cesium ions by some clays at different

Asian J. Chem.



79

ws 88°1 90°0 0s°T o€ £0°0 or'1 or'e L6'LT  8TTL  pO'Lb umolg "o
0T (N - - o€l (%41 — %% TS L9t 8'8€ Ae1p o)
167l - - 8L'C 90°0 oL 900 10’1 10°€ 86'7€  6v'9F O
(enurjoey)) anym

1284 - - 9l 010 12T 60°0 SE'T Is°1 y8YE  19tP o
00'6 - - 0z'1 $S°0 LSO LYo §9°0 L9°0T  TELT  L0'8S  S[eYS pareusalrep O
9’6 - - 69°1 87°0 99°0 81°0 S0 8Ty YT Tw'sS ayM D
80°6 - — or'1 29T 0 LT'T $9°0 LT°01 €ISt Sg'6b 9[eys pay o)
9¢°¢ LS'1 96T 00> S00S €20 60°0 LSTT 670 ST'0  6h'8S EHUTN o)
80°LT 9L°0 S8'El SO0S  L0O L0°0 LO0  8b'SS  TI0 SE°0 9'1 aAgM o)
LO'6€E So°'T — $0°0 SO'T 121 €991 P'€T 99°¢ 89°¢ 8€°L mo[[ah 1317 ke

TO0"1 O'H s0°d tOLL o O*tN O3S O®D fO%g OV OIS
ano[o) o[dweg

A. A, AL-SUHYBANI

uonsodwod [esrway) %

SHTdINVS AVTO TVOO0T 40 NOILISOdIWOD TVOINAHD
14714VL

Vol. 4, Na 1 (1992)



80 REMOVAL OF 137Cs BY SOME SAUDI NATURAL CLAYS

TABLE 2

EFFECT OF CONTACT TIME ON THE UPTAKE OF Cs+
BY NATURAL CLAYS [CsNOs] 10-* M
Velocity of shaking = 125 vibrations min-!

Natural Time of shaking
clay 1 min 5 min 30 min 60 min 120 min
C 55.1 54 56.2 55.3
C: 25.8 26.9 24.8 25.4 25.5
Cs 94.5 96.4 95.6 96.4 96.4
Cs 95.4 96.4 96.4 96.4 97.2
Cs 94.5 93.7 97.6 96.0 94.2
Cr 74.3 78.6 79.4 78.6 78.8

initial pH values. From the figure we can see that the uptake seems to
increase with the increase of pH while it is always constant after pH
3.5. The low uptake at low pHs is attributed to the competition by H+
and it is clear from the figure that the 9 uptake becomes appreciable at
pH > 3 i.e. at [H*] ca. 10-3M which means that Cs+ starts to compete

100

° ' m— s

% Uptake

. 2 3 4 s € 7 8 9 10
pH
BC,AC,0Cs, X Csand @Cs
Fig. 1. Variation of % uptake of 10-*M Cs* with pH. Contact time = 30 min.,
shakisg velocity = 125 min-!

J

effectively with H+ when their concentrations are about equal and this
behaviour is unusual, since the diffusion coefficient of C* is less than that
of H+. It is also clear that the equilibrium uptake is attained at different
pH values and some clays show some kind of upward curvature. From
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the 9% uptake-pH curve the distribution coefficient K4 can be obtained
and the plot of K4-pH for some clays is shown in Fig. 2. The rapid increase
of K4 with pH may be related with a rapid increase of the ionization of
the hydrogens of the exchangers.
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0O C4, XCs and @ Cs

Fig. 2. Plot of distribution coefficient, K4, with pH. [Cs+] = 10—3M.
Contact time = 30 min, shaking velocity = 125 min-!

The effect of [Cst] on its uptake was investigated in the concentra-
tion range 10-%~10-2 M and the results are shown in Table 3. The data
of Table 3 was subjected to Freundlich isotherm which can be written
in the form:

1
log Cyq = log A + a log Cpun
where C,4 is the amount of Cs* adsorbed on clay, Bgyy is the total con-
centration of the ion in solution before adsorption and A and n are

constants. The plot of the above relationship gave two straight lines
indicating the operating of two mechanisms as can be seen in Fig. 3.

Vol. 4, No. 1 (1992)
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TABLE 3

EFFECT OF CONCENTRATION OF [CsNOs] ON THE UPTAKE OF
Cst BY NATURAL CLAY

Initial pH = 2.95, Temperature (25 4 1)°C

% Uptake at [CsNOs]M

Clay .
10—+ 5x10-4 10-3 2x10-? 5%x10-3 10-?
C, 58.8 57.3 48.6 44.6 30.7 29.8
Cs 21.4 12.0 12.3 16.4 15.3 14.3
Ca 97.9 96.4 96.4 90.0 73.4 57.0
Cs 96.4 96.4 96.4 93.9 82.8 66.6
Cs 96.6 94.8 94.8 94.2 87.5 78.8
Cy 84.8 81.1 77.2 69.2 51.0 25.2
Cie 81.4 62.9 55.1 41.7 21.7 20.6
-1.04
-2.04
3
©
o [ )
(-]
a
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Log Cayi
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Fig, 3. Freundlich adsorption isotherm of Cs* by some clays

Table 4 shows the effect of thermal treatment of the clays on their
uptake. It is clear that, for some clays, the uptake is decreasing a few %
between room temperature and 200°C. At higher temperatures, the
decrease with raising temperature is not the same. Thus for C4 and Cq
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TABLE 4

83

EFFECT OF THERMAL TREATMENT ON THE UPTAKE OF 10-* M CS+
Time of shaking = 60 min., shaking velocity = 125 min—!

Clay Uptake 9%,

25°C 100°C 200°C 400°C 600°C 800°C
C: 30.0 28.0 28.0 25.0 26.0 20.0
C; 25.5 24.0 24.5 25.0 23.0 23.0
Ca 96.4 94.0 92.9 93.6 79.7 52.3
Cs 96.4 97.8 93.9 69.7 72.3 29.0
Cs 97.7 95.8 95.3 94.8 83.3 36.1
(] 78.6 74.0 70.0 63.9 46.8 35.2

the uptake is very high (94%) at 400°C and decreases to 80% at 600°C.
The appreciable decrease is observed at 800°C. This behaviour indicates
that these clays are stable against degradation at least upto 600°C. For
Cs and C, the appreciable decrease was observed at ca. 600°C which
means that the stability of the last two clays is not as good as for Cg4

and Cq. The rest of clays have low uptake at all temperatures.

Two clays were examined to see the effect of added ions on the up-
take of Cst by these clays. It is clear from Table 5 that the general
behaviour is that all added ions reduce the sorption of Cs* though the

TABLE 5
EFFECT OF COMPETING IONS ON SORPTION OF Cs+* BY SOME
NATURAL CLAYS
[CsNOs] = 1073M, Initial pH = 2.58
Competing Natural Normal Concentration of competing ion
. T
ion clay 10— M 5%10= M 10 M
Na+ Cs 96.4 86.0 88.0 89.0
Cs 97.7 93.5 94.6 93.6
K+ C, 96.4 87.8 82.1 74.8
Cs 97.7 95.4 93.6 92.4
Mgt? Ca 96.4 81.6 70.7 62.8
Cs 97.7 93.8 86.1 82.1
Cat? C 96.4 79.6 73.2 66.5
C: 97.7 93.0 88.5 83.1
Sr+? C 96.4 82.9 69.8 67.7
‘ C: 97.7 87.3 91.0 83.6
Alt+? C 96.4 63.0 453 44.8
C: 97.7 89.1 71.4 59.6
Cr+3 C 96.4 55.3 53.1 45.5
C: 97.7 76.4 70.1 58.3
Fet? Cs 96.4 74.9 46.7 46.8
Ce 97.7 80.4 65.6 56.3

Vol. 4, No. 1 (1992)
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competitive sorption of these ions is not identical. Thus we can easily
see that the effect of these ions can be classified in the following order:
trivalent > divalent > monovalent. Within each group, the change in
sorption is very small to be used for the conclusion of a well defined
relationship; it is, however, interesting to mention that a good linear
relationship exists between the uptake of Cs* and ionic radii and an
inverse relationship between the uptake of Cs* and the change in hydra-
tion enthalpy of these ions. The results are shown in Figs. 4 and 5. In
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Fig. 4. The relationship between % uptake of Cs* and ionic radii of added
ions. [Cs*] = 1072 M; [ion] = 102 M.
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Fig. 5. The relationship between 9 uptake of Cs* and hydration enthalpy
of added ions
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the two clays examined, Nat+ and Mg?+ show some deviation from the
established relationships but this is not significant in such complicated
systems.

Table 6 shows the variation of Cs* uptake with the type of acid used
in treating the clays. The most interesting point is that the clays contain-
ing phosphate are less effective in removing Cs* after their treatment
with all acids. For other clays the Cs* uptake depends on the acid used
for the treatment. It can be generally concluded that the acid treatment
by HCl and HNOj; gave a good uptake which is comparable to the un-
treated clays and these two acids have almost the same effect. For H,SO4
and H;3PO4 the uptake is also comparable but it is less than for the
untreated clays. In conclusion, the acid treatment is not recommended
since it results in no improvement in the uptake of Cs*.

TABLE 6

EFFECT OF ACID TREATMENT OF NATURAL
CLAYS ON THE UPTAKE OF 10-3 M Cs+

Shaking velocity = 125 min—!
Time of shaking = 30 min

% uptake for clay treated with

Clay HCI HNOs  H.SO,  H:PO,
Cr 160 280 1.0 260
G 70 110 20 10.0
Ce 848 835 80.9 68.3
Cs 87.4 959 69.5 58.1
Cs 9.1 846 58.8 75.6
G 900 868 37.9 35.1

Table 7 presents some results obtained when 10-3 M Cst was shaken
with 1 g of these exchangers at different pHs. It can be seen that, in
general, the uptake is not affected, for most exchangers, by pH change
from 2.5 to 10.0. It is also obvious that only three have an uptake of
100% and one has an uptake of ca. 70% (basic Al,0;). The rest of exchan-
gers have much lower uptake and the dependence on pH is not uniform.
It is worth mentioning that the acid and neutral form of Al,O; have very
low uptakes. Silica gel, iron oxides and titanium oxide have low uptakes,
i.e. in the range of ca. 30%. Since these oxides are the main constituents
of the natural clays and because of the low uptakes of these oxides, this
leads to the conclusion that the complexation of these oxides in the net-
work of the clays plays an important role in improving their sorption
capacities.

Vol. 4, No. 1 (1992)
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TABLE 7

SORPTION OF 10-* M Cst BY SOME SYNTHETIC
EXCHANGERS AND OXIDES

Shaking velocity = 125 min—!
Shaking time = 30 min

Exchanger % uptake at pH

2.5 5.5 10.00
Dowex-50 99.7 99.6 99.6
AlL0O; acidic 10.9 4.3 2.7
AlLOs Neutral 2.1 16.4 12.3
Al,0; Basic 64.9 68.9 69.2
Fe10s 17.7 13.5 22.2
Fe;0; calcined 27.5 334 —_—
Fes04 20.0 21.4 30.5
TiO2 30.7 34.8 304
Amberlite IRA 400 229 66 —
Amberlite 129 96.8 98.5 —_
Silica gel 14.4 32.5 —
Molecular Sieve 98.9 99.2 99.4

It is possible, therefore, to conclude that for Cs+ the natural clays are
better decontaminants than many synthetic exchangers. To this is added
the advantage of being cheap and needs simple or no treatment.

Effect of Organic Medium

The effect of medium on the uptake of Cs* by natural clays has been
examined, using 50 and 1009 ethanol and comparing the results with
water as solvent. The results are shown in Table 8. It is clear that there
is no detectable change for mostly all clays. It is not possible, at this
stage, to explain the present observations concerning the similarity in the
uptake of Cs+ from aqueous and organic solvents. This similarity could
be due to different effects counterbalancing each other. For example, in
aqueous solutions the hydration of ions may favour sorption but the size
of hydrated ion will be bigger than unhydrated ion which may render
the sorption process. On the other hand, the smaller size of unhydrated
ion will make its accommodation by the clay lattice easier but the loss of
hydration may result in lesser affinity for sorption.

Asian J. Chem.
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TABLE 8

SOLVENT EFFECT ON THE UPTAKE OF Cs+
BY NATURAL CLAYS [Cs*] = 10—*M

Velocity of shaking = 125 min—'
time of shaking = 60 mins

% uptake for the solvent

Natural
clay Water  509% Ethanol 1002 Ethanol
C 54.8 50.0 48.5
C: 30.0 28.5 25.6
Cs 97.0 83.9 98.4
Cs 96.0 91.2 98.1
Cs 97.7 92.4 98.6
Cr 79.0 89.4 96.8

Kinetics of Cst Sorption

The uptake of Cst+ seems to be dominantly under film diffusion control.
This conclusion is based on the fact that no time effect was observed even
if the time of contact was as short as 1 min, which is the least measured
time for the present technique. In addition, there was no effect of shaking
velocity on the uptake of Cs* when the velocity was changed considerably
at different times of contact. The result of velocity is shown in Table 9.

TABLE 9

Initial pH = 5.95, final pH = 7.48,

[CsNOs;] = 10-3M, temperature = 25 + 1°C

Static 30 min-! 75 min-—! 125 min-! 225 min-!

Clay 60 min 3 min 60 min 3min 3min 60 min 3 min

Ci 44.0 46.0 48.4 47.0 54.0 48.6 55.0
C: 17.0 13.0 22.7 11.0 16.0 25.3 14.0
Cs 84.0 90.0 93.6 84.0 93.0 96.4 93.0
Cs 94.0 96.0 86.9 96.0 96.0 97.7 97.0
Cs 82.0 76.0 86.9 80.0 95.0 97.7 98.0
Cr 70.0 65.0 72.4 63.0 74.0 77.2 80.0

Moreover, the effect of solution temperature on the uptake of Cs+ by
some natural clays was examined and very little change was observed
upon changing temperature from 5 to 50°C as can be seen in Table 10,
This may support the conclusion that film diffusion mechanism isdominant.

Vol. 4, No. 1 (1992)
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The fact that there is no effect of temperature may indicate that the rate
determining step needs small activation energy.

TABLE 10

EFFECT OF SOLUTION TEMPERATURE ON
THE UPTAKE OF Cst* BY NATURAL CLAYS
SHAKING BY HAND

[CsNOs] = 10-* M

Solution temperature + 1°C

Clay
5.0 25.0 50.0
C 38.5 49.0 42.8
Cs 90.7 97.7 95.4
Cs 86.2 96.0 92.9

The sorption of Cs+ by natural clays appears to be simpler than other
ions, mainly due to the relative simplicity of the chemistry of this ion as
indicated by the absence of pH effect. However, this simplicity is not as it
appears from the first sight. This can be shown by using simple competi-
tion kinetics. Thus if the available site for sorption is given the symbol
S, then the following reactions may be written:

ki
S, + Cs* - Csy

k
S+ X—>P

where Csjy will be the sites occupied by Cs+ (simply the amount of Cs+
sorbed) and X is another species competing with Cst to give the products
P (simply the total sites minus those occupied by Cs+). The rate constants
of the respective reactions are k; and k,. Now, we can write:

k1[Cs*Jsoln

[Cs¥haa =8 Ki[Cs*]soln + K2[X]soln

This equation can be arranged to:

1 ___1_ 1+ kZ[X]soln
[Cst]aa - S, kl[cs+]soln

where [Cs*Jag, [Cstlson and [X]so1a are the concentrations of Cst sorbed,
Cst+ added originally and the competing species present initially. If these

versus should give

1 1
(Cs*laa [Cs*Isotn
a straight line. Fig. 6 shows that the this is in fact the case. The fact that
the pHs of solutions under investigation are all about 6 indicate that the

assumptions are correct, then a plot of

Asian J. Chem.



A. A. AL-SUHYBANI 89

competing species is not H+, since its concentration is at least two to three
orders of magnitude less than [Cs*]. In addition, the ratio kj/k; can be
evaluated from the graph and the obtained value was much higher than
could be accounted for by the ratio of the diffusion coefficient of H+ and

Cst.

4.0
-
e
3.07
<
° [
-l 207
24
o
1.0
°
()
LIO ZIAO
! -3
I:(:"":|S(>Ir|. x10
. Cl’ O C‘ and O Clo.
. 1 1
Fig 6. Plot of i i
2 [Csaa against iCsTooms for the absorption

of Cs* by some clays

For this reason one is forced to conclude that another species is com-
peting effectively for sorption by these clays. If the clays are behaving as
anionic exchangers, then NO3 may be the candidate for this process. If,
however, some complexes are being formed, they may be sorbed simul-
taneously with Cs*.

It is known that adsorption is a surface phenomenon and it is affected
by many factors, such as the structure of the solid surface, nature of
electrolyte and the structure of double layer.

Vol. 4, No. 1 (1992)
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A rough estimate of the free energy change of sorption can be found
by the application of the suitable isotherms such as those proposed by
Bockris and Swinkels® and Flory!®. These were formulated originally for
electrodes in contact with solutions containing some additives and were
found to explain some experimental observations, It is assumed that for
dilute solutions, the sorption takes place as a result of the reaction:

nH,0,4 + soluteso;n = soluteyy + nHzO501n

where n represents the number of water molecules sorbed by the surface
which has to be removed in order to accommodate one molecule of solute.
The sorption isotherms are given by:

o _ *
6 [0+ n(1—0) Csolue exp( AGad) (B.S. Isotherm)

1—46 n" 55.5 RT
6 _ Csolute —4G*
a1 — 6y 3555 exp( T ) (F.H Isotherm)

where 0 is the surface coverage by the suitable solute and is defined in
our system by:

9 — (% uptake)eq — (7 uptake)
(% uptake)gq

Here (% uptake)g, is the maximum uptake which can be obtained from
the highest concentration of solute (Cst) and (9% uptake), is the uptake
of solute at ¢ concentration. The uptake here is expressed as mol 1-1.

Since n can take many values (1, 2,...), then its proper value can

be found by plotting the LHS of the above isotherms [f(6)] against C.
The plot in which a straight line passing through the origin would
give the proper value of n and hence 4G} can be calculated. Figure 7
shows the plot of the above isotherms for the sorption of Cst by some
clays. It is obvious that the free energy change is negative indicating
strong interaction between the clays and Cs*. It is important to point
out that the above analysis is very approximate for many reasons, some
of which are:

1. The solid surfaces are heterogeneous and the application of the
above isotherms will be very limited.

2. The exchangers are complex systems and this will be practically
true for natural clays. In addition, the impurities associated with
clays will play an important role in influencing the reaction
mechanism.

3. It is known that metal oxides in aqueous solutions carry a surface
charge which depends on pH of solution. The potential assumed
by the surface will thus affect the adsorption process. This potential
is unknown for such systems.

Asian J. Chem.
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f(e)
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Fig. 7. Plot of F(®) versus [Cst]so1a for Bockris-Swinkel’s iso-
therm for various values of n

No matter what the exact situation may be, the above conclusions
may stimulate further work in this field in an attempt to find out the
proper kinetic and thermodynamic parameters which control the decon-
tamination processes.
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