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Batch experiments have been performed to study the sorption and transport properties of Cs™,
Sr2* and Eu®* on different clay minerals already established to be predominantly kaolinite and
montmorillonite. The uptake of these radionuclides increases in the order Cs < Sr < Eu. This
trend agrees perfectly with the overall sequence in ion-exchange equilibria.

1. Introduction
Disposal of nuclear wastes in geological media is
believed to be an adequate way of providing the
necessary protection for humans and the environment.
The ultimate disposal of nuclear waste has renewed
interest in the adsorption behaviour of various types
of repositories that have been proposed. From the
view point of radioactive waste isolation, the low
permeability, high sorption capacity, and plasticity
characteristics of clays make them an effective barrier
to radionuclide migration. Other isolation is achieved
by the emplacement of waste in clay formations. Pla-
cing the wastes encased in iron cannisters in an under-
ground repository is one method considered for
permanent disposal in many developed countries.
However, the radionuclides may leak out and be
transported with moving ground water (in fissures) in
the backfill. Information on the mobility behaviour of
radionuclides in the environment is essential for
assessment of safety hazards arising from potential
repositories in which wastes are stored. Of special
interest among the many media in which migration of
radionuclide can occur, are certain types of clay that
may be used as backfill, plugging and sealing cavities,
and fractures in other repositories which constitute
the geological barrier of nuclear waste disposal [1-8].
Clay minerals exhibit adsorption and/or chemical
reaction with radioactive or stable trace elements.
Some investigators [9-117] have found montmorillonite
clays to be the best natural agents for adsorption of
radioisotopes strontium, caesium, cobalt, other fission
and actinide products. The use of clay minerals is
particularly attractive because they are inexpensive
and widely available all over the world. However, the
results available in the literature on clays cannot be
directly applied to different clay mineral deposits be-
cause of well-known variability of characteristic of
clays with locality. A hazard analysis is required to
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establish the suitability of a specific clay site for
radioactive waste disposal hence the need for this
study.

The objective of this study is to determine the
sorptive properties and transport of radionuclides
(caesium, strontium, europium} with clay minerals as
potential backfill materials. Because the effectiveness
of a geological barrier is a key function for the long-
term safety of the disposal of nuclear waste, the clay
system is modified to study the variation of its mobi-
lity in both solution and adsorbed phases. The selec-
tion of these radionuclides was based on their re-
levance to low/intermediate level waste disposal and
the considerable hazard posed by radioactive wastes
which fall in this range. Additionally, caesium,
strontium and europium are suitable models in study-
ing the behaviour of uncomplex monovalent, divalent
and trivalent ion, respectively.

2. Experimental procedure

2.1. Sample preparation

Kaolinite and montmorillonite clay minerals used in
this study were characterized by X-ray powder diffrac-
tion [12] and neutron activation analysis techniques
[13]. Malvern instrument (series 2600), which uses a
laser dispersion method, was used to measure particle
size and specific surface area (Table I)

The raw clay mineral sieved to < 200 mesh size was
equilibrated with 1™ each of sodium and calcium
perchlorate solutions. The ratio of solid to liquid was
1 g:10 ml. Equilibration was accomplished by first
mixing the clay with standard solution and separating
the two phases by high-speed centrifugation after a
contact time of 1 week. The clay was then dried in an
oven (60-65 °C), and finely ground in an agate mortar.
The representative sample used for investigation in
each case was obtained by quartering technique from
the bulk clay mineral sample [13].
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TABLE I Properties of sample sorbents

Clay mineral Particle size Specific surface area

{(pm) (m? cm™?)

Kaolinte 28.4-31.1 0.06-0.07
Montmorillonite 8.1-8.8 0.18-0.21
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Figure 1 A comparison of pH change in contacting tests for differ-
ent clay forms ([£]) Unwashed kaolinite, (®) sodium kaolinite,
(¢) sodium montmorillonite.

2.2. Procedure

The sorption of caesium, strontium and europium
ions in distilled water on kaolinite and montmorillon-
ite were measured using the batch technique [4, 14].
These contacting tests were carried out in stoppered
polypropylene centrifuge flasks, each containing 20 ml
of the desired nitrates of each of the cation solution at
a predetermined initial pH and at concentrations
ranging from 10~6-10~2 m. The solution was contac-
ted with 0.5 g of the desired clay mineral and equilib-
rated for 24 h. All the flasks were placed in the shaking
bath, and the shaker speed was fixed at 140 strokes per
minute in all the experiments performed at room
temperature (20 £+ 2°C).

Then centrifugation was applied to separate the
liquid phase from the solid phase. An aliquot of the
supernatent fluid was removed from the centrifuge tube
for pH analysis using a Corning 240 pH meter and for
analysis of the cations of interest using a “Philips PW
4800” machine incorporating an Nal detector with a
microcomputer-controlled-automatic sample changer.
Blank experiments showed that no sorption of
caesium, strontium or europium on the walls of the
centrifuge tube was present. The initial and final solu-
tion pHs were noted in all experimentals and typical
results are shown in Fig, 1.

3. Results and discussion
It was observed that unwashed montmorillonite clay
mineral unlike kaolinite clay mineral did not give a
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Figure 2 Adsorption isotherm plots of strontium on (a) unwashed
kaolinite, (b) sodium kaolinite and (c) calcium montmorillonite at
different initial pHs: (3) pH2, (+) pH4, (O) pH7, (@) pH 10.

clear supernant after centrifugation was applied. Dif-
ferent sizes of millipore filters were used to correct this,
however a favourable result was not obtained. Prob-
ably this resistance might be due to some pigment
present in the clay having great affinity for water. The
anomally was, however, corrected for sodium and
calcium clay forms.

The distribution ratio, K,, were determined at the
desired pH for different clay minerals. K, expressed in
terms of the amount of ions sorbed by a unit mass of
solid sorbent, q (molg™!) divided by the equilibrium
ion concentration of aqueous phase, C (molml~!) was
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obtained by batch techniques. At constant temper-
ature, g can be represented by the Freundlich or
Langmuir type equation

Ky = q/c (1
qg = KCim (2a)
or
ac
1= 1+c¢h (2b)

where k, m, a and b are constants under given condi-
tions. Combining Equations 1 and 2 gives Equation 3

K, = kCcm 1 (3a)
or
a
K, =
¢ T T+eb (39)

The amount of ions adsorbed at concentration of ions
ranging from 10~ °-10"3 molml ™! were measured for
each ion except europium in which for unwashed and
sodium kaolinites, measurements were carried out at
107°-107° molml~! range. Representative adsorp-
tion isotherm of strontium at different initial pHs are
shown in Fig. 2a—c.

The graph was fitted with both Freundlich and
Langmuir-type equations (2a and b) and the constants
thus obtained are presented in Tables II-IV.

It was observed that the clay forms obeyed the
Freundlich isotherm fit with the coefficient of regres-
sion ranging from 0.94-0.99. Most of the clay forms
had values above 0.93 except for unwashed kaolinite
at pH 2, 4 and 8 for caesium; sodium kaolinite at pH 4,
6 and 8, and sodium montmorillonite at pH10 for
strontium. However, much deviation was observed for
the Langmuir fit for all sodium and calcium clay
forms. The unwashed kaolinite gave fairly good cor-
relation at pH 4, 6, 8 and 10 and the constants are

TABLE II Freundlich fit for caesium ions

Clay mineral Ion pH Freundlich constants

TABLE III Freundlich fit for strontium ions

Clay mineral

Ion pH Freundlich constants

k

m

Unwashed kaolinite

Sodium kaolinite

Calcium kaolinite

Sodium monmorillonite

Calcium monmorillonite

Sr

Sr

Sr

Sr

Sr

— — —
CNPAPNONANONRNOOITRERNODO BN

—

—_

488 x 1072
9.58 x 1073
129x1072
1.17x1072
248 %1073
839x10~4
486x107*
541 %1074
9.46 x 1074
3.51x1073
2.76 x 1073
1.12x 1073
422x1073
3.59%x 1073
7.55%x 1074
3.66x 1073
8.69x 1073
295 %1073
220% 1073
1.71x1073

9.35x107!
635x107!
6.51x 107!
636x 107!
636x107!
482x 107!
429x107!
445x 107!
6.11x107!
6.64x 107!
648 x 1071
577x107}
641 x107!
6.17x107!
551%107!
6.12x107!
6.97x 107!
6.39x 107!
6.15x107!
557x107!

TABLE 1V Freundlich fit for europium ions

Clay mineral Ion pH Freundlich constants
k m
Unwashed kaolinite Eu 4 339%x107% .633x107!
6 1.23 x 10! 8.75x107?
8 9.0 x10? 1.04 x 10°
Sodium kaolinite Eu 4 1.09x10* 9.39x107!
6 1.14 x 102 948 x107!
8 8.95 x 102 1.06 x 10°
Calcium kaolinite Eu 4 1.92x107Y 749x107!
6 365x107!  7.19x10°1!
8 7.17 x 10° 8.63x107!
Sodium monmorillonitt  Eu 4  795x1072 6.89x107?
6 3.18% 1072 642x107!
8 151107t 692x107t
Calcium monmorillonite  EFu 4  640x107%2 6.36x107!
6 323x107% 592x107!
8 215x107Y 6.95x1071

k m TABLE V Langmuir fit for unwashed kaolinite
Unwashed kaolinite Cs 2 270x107% 546x107! Clay mineral Ion pH  Langmuir constants
4 526x107* 543x107!
10 2.04x1073 588x10°1 a b
Sodium kaolinite Cs 2 227x107% 586x1071
4 504x107%2 723x10°! Unwashed kaolinite Sr 4 1.27x1073 471x10°?
7 349x1072 7.03x107! 6 940x107* 511x10!
10 235x107' 821x107! 8 1.50x1073 481x10°!
Calcium kaolinite Cs 2 303x107%2 804x10~! 10 1.33x1073 541x107!
4 135x107' 845x107! )
7 247x107! 881x107!
10 871x1073% 694x107!
i i i C 2 1.02x107% 503x10°? . .
Sodium monmorillonite  Cs 1 105 : 10-2 709 : lo-1 shown in Table V. The corresponding constants for
-2 -1 each fit are shown (Tables II-IV). The isotherm con-
7 317x107% 7.55x10
10 224x107! 815x107? stants obtained are of the same order of magnitude
Calcium monmorillonite  Cs 2 241 x 10:1 839 x 10:: with Konishi et al. [4] who performed a similar study.
4 481x107%  897x10~ However, every measured sorption parameter is valid
7 184x10° 938x107! v f ial set of diti The stronti
10 274%10-1 820x10-! only for a special set of conditions. The strontium
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uptake was least at pH 2 (Fig. 2a and b) for unwashed
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Figure 3 Variation of the amount adsorbed with initial concentra-
tion of strontium at pH 2 for (a) kaolinite clay mineral forms and
(b) montmorillonite clay mineral forms, and at pH 10 (c) for differ-
ent clay mineral forms. (a) 1 Unwashed kaolinite, (#) sodium
kaolinite, () calcium kaolinite. (b) ([]) Sodium montmorillonite,
(®) Calcium montmorillonite. (c) () Unwashed kaolinite,
(®) sodium kaolinite, (M) calcium kaolinite, ( + ) sodium mon-
tmorillonite, (A) calcium montmorillonite.

and sodium kaolinite clay minerals, while a change
from this general trend was observed for calcium
kaolinite (Fig. 2c). The amounts adsorbed were
observed in these ranges: 1.49x1079-2.38
x 10~¢ mol g~ ! (unwashed kaolinite), 1.38 x 10~°-2.6
x107%molg~! (sodium kaolinite), 1.4x 107°-9.1
x10"%molg~! (calcium kaolinite), 1.6 x 107°-1.24
x10"®molg~! (sodium montmorillonite) and 1.59
x1072-2.54 x 10" % mol g~ ! (calcium montmorillon-
ite). In Fig. 4 (see later) the highest uptake of un-
washed clay form occurred at pH 10 and pH 8 for
sodium and calcium forms whilst highest uptake for
sodium and calcium montmorillonite occurred at pH 8
and pH 4, respectively. The changes in the uptake of
nuclides on to sodium and calcium clay forms are not
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Figure 4 (A) caesium, (L) strontium and (@) europium uptake
on (a) unwashed kaolinite at pH 4, (b) sodium montmorillonite at
pH4, and (c) sodium kaolinite at pH 6.

remarkably distinct, although unwashed kaolinite is
always highest in this study. The amount adsorbed is
plotted as a function of initial concentration for differ-
ent clay forms Fig. 3a—c. The effect of nuclide uptake,
elemental concentration and different clay mineral
form are shown in the figures.

In the calcium clay forms uptake was highest for
caesium, unwashed kaolinite for strontium and
sodium kaolinite for europium as shown in Figs 2 and
3. These characteristics are probably due to the pre-
sence of impurities in unwashed kaolinite and the
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presence of the sheet of hydroxyl on one side of the
basal cleavage plane in its structure [10]. For sodium
and calcium clay forms, the amount adsorbed de-
creases within the pH ranges studied except for pH 8.
The change is likely due to an interplay of factors. This
decrease in amount adsorbed by other clay mineral
forms could also be due to the fact that caesium,
strontium and europium ions are more easily ex-
changed with hydrogen ion than with sodium and
calcium. The low uptake of ions by sodium and
calcium clay forms may also be explained by the
findings of Mistry et al. [15] where the cation loading
corresponds to 70%—-75% of total cation loading
capacity for UAR clays. Because the unwashed clay
forms were first treated with sodium- and calcium
available exchanged sites thus explaining the reason
for the reduction in the number of such sites available
for subsequent “reactions” hence the results obtained.
Generally, sodium and calcium montmorillonite clay
forms had slightly higher sorption than their kaolinite
form. Although the changes in uptake of both sodium
and calcium clay forms of kaolinite and montmoril-
lonite were minimal. The typical isotherms showing
the effect of nuclide, ionic charge, solution pH and
different clay form are presented in Fig. 4a—c.
The uptake of radionuclides by the clays studied in
this work increases in the order caesium < strontium
< europium. The trend obtained agrees with overall
sequence normally observed for ion exchange equilib-
ra, namely increasing affinity with increasing ionic
charge (for a given ionic radius) and decreasing radius
of hydrated cation [16,17].

4. Conclusion

The general agreement of results obtained in this work
with those in the literature lend some confidence to the
use of these data in-computation for sorption ratios.
However, it must always be remembered that the
sorption parameter is valid only for a special set of
conditions such as pH, concentration of nuclide, tem-
perature, etc. The behaviour of caesium, strontium
and europium in batch experiments is best character-
ized through adsorption isotherms of the Freundlich-
type under the conditions studied.
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Relative physiochemical properties of clay minerals
and the migration of nuclides are matching the hopes
initially based on clay options for geological backfill.
However, much work is needed in diffusion studies to
substantiate the results obtained for proper modelling.
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