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bstract

In the present study we investigated the sorption behavior of Cs in four different soils (sandyloam, loam, clayloam and clay) by using batch
xperiment. Cs sorption characteristics of the studied soils were examined at 4 mg L−1 Cs concentration, at various pH levels, at room temperature
nd with 0.01 M CaCl2 as a background electrolyte. Among different soils the decrease of kd (distribution coefficient) of cesium, at all pH
evels, followed the sequence sandyloam > loam > clayloam > clay, indicating that the particle size fractions and especially the clay content plays
redominant role on sorption of Cs. The effect of pH on cesium sorption displays a similar pattern for all soils, depending on soil type. At acid

H levels less cesium was sorbed, due to a greater competition with other cations for available sorption sites. The maximum sorption of Cs was
bserved at pH 8, where the negative charge density on the surface of the absorbents was the highest. For all soils was observed significantly lower
s sorption at pH 10.
2007 Published by Elsevier B.V.
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. Introduction

Radiocesium, as a contaminant, has been dispersed into the
nvironment by nuclear weapons testing, nuclear wastes and
ccidents such as that at Chernobyl in 1986. The interactions of
adioactive isotopes of Cs with soils are of concern in environ-
ental studies, due to the high transferability, wide distribution,

igh solubility, long half-life and the easily assimilation by liv-
ng organism. As a result of these properties, Cs radionuclides
re considered among the most hazardous products of nuclear
ssion, capable to reach the top of food chain and thus to become
risk factor for human health.

It is assumed that the fate of radionuclides in the environ-
ent follows the behavior of stable elements. According to many

uthors [1,2] the soil-to-plant transfer factor of radioactive Cs is
ell correlated with that of stable Cs, indicating that the prop-

rties of stable Cs in different ecosystems may be regarded as
useful tool in predicting the behavior of 137,134Cs. Therefore,
o facilitate experimental studies on radiocesium sorption and
obility in the environment, the utilization of stable Cs was

pplied.

∗ Corresponding author: Tel.: +30 2105294101; fax: +30 2105294101.
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Sorption reactions at soil–water interfaces are one of the most
mportant phenomena, which determine the fate, bioavailability,
nd transport of Cs in aquatic/soil environments and biota. A key
actor for Cs sorption is the content of clay and especially the
ype of clay minerals present in soils [3]. Cesium has very small
ydration energy, thus the electrostatic attraction of Cs ions by
lay particles is large and therefore are preferentially sorbed [4].
n addition to the dependence of Cs sorption on phyllosilicate
inerals, Cs sorption correlates also strongly with the cation

xchange capacity [5].
Several factors control Cs sorption to soil such as metal

oncentration [6], pH [7], ionic strength [8] and temperature
9]. However, the publications on the role of pH on Cs avail-
bility are only few and refer mostly to synthetic materials.
ccording to Wang et al. [7] the concentration of surface species

uncharged surface group, positively charged surface group, neg-
tively charged surface group) can be obtained as a function of
H, influencing the Cs sorption. Possible mechanisms of the
ffect of pH on Cs sorption include the increase of variable
egative charge, the modification of metal speciation, the dis-
lacement of the equilibrium of surface complexation reaction

nd the competition of H3O+ for negative sites.

The aim of the present work was to investigate the sorption
ehavior of Cs in four different soils, with different physico-
hemical properties and on various pH levels by using the batch

mailto:fgiannakopoulou@aua.gr
dx.doi.org/10.1016/j.jhazmat.2007.06.109
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Table 1
Physicochemical properties of the selected soils (n = 3)

Soil 1 Soil 2 Soil 3 Soil 4

Particle size analysis (g kg−1)
Clay 140 350 450 120
Silt 240 310 200 400
Sand 620 340 350 480
Texture SL CL C L
pH (1:1) (s/w) 5.6 6.5 7.2 7.8
Organic Matter (%) 1.14 3.97 2.32 1.61
C.E.C. (cmolc kg−1) 9 20 28 12
Exchangeable K+ (cmolc kg−1) 0.19 0.59 0.54 0.19
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CEC (Table 1). In order to evaluate the relationships between the
kd and soil parameters, correlation analysis was employed. The
results showed that the particle size distribution plays an impor-
tant role on sorption of Cs and that the distribution coefficient

Table 2
Distribution coefficient kd (ml g−1) of Cs on studied soils under different pH
levels
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ethod. Correct determination of Cs sorption mechanics on soil
olloids is important for understanding the fate of this pollu-
ant in environment and will facilitate successful environmental
emediation procedures.

. Materials and methods

.1. Soil analysis

Four surface soil samples from Northern Greece were chosen
n order to give a range of physical properties, e.g., clay content
ffecting Cs sorption. The soils were air-dried, passed through
2 mm sieve and stored before analysis.

Particle size analyses were made using the hydrometer
ethod with a 2 h reading for clay content [10]. Soil pH was
easured in a 1:1 soil/distilled water (w/v) suspension [11].
rganic matter was determined using the Walkley–Black wet
igestion method [12]. Cation exchange capacity and exchange-
ble K were measured according to the ammonium acetate (pH
.0) method [13,14]. The soil samples were treated in triplicate
nd the means reported.

.2. Sorption experiments

The soil sorption capacity was investigated in this study by
atch method. Sorption experiments were performed in 50 ml
crew cap centrifuges tubes containing 5 g of each soil. One
oncentration, 4 mg L−1 of CsCl, was prepared in the presence
f 0.01 M CaCl2 as a background electrolyte, at room tempera-
ure. In order to adjust the desirable pH 30 ml of buffer solution
t pH 5, 7, 8 and 10 was added. The ratio of mass of soil to
olume of solution was 1:10. After shaking for 16 h the solution
as immediately separated from suspensions by centrifuging

15]. The solutions from the above treatment were analyzed
or Cs using a Varian SpectrAA-300 atomic absorption spec-
rometer [16]. In all cases, standards (stock standard solution of
.000 �g ml−1 concentration) and blank were always treated in
he same way as the samples to minimize matrix interferences
uring the analysis.

Absorbed cesium concentrations in the solid phase were
etermined from the difference between the initial Cs con-
entration and the equilibrium concentration. The background
lectrolyte solution was used to simulate natural soil conditions
here there is often a large excess of Ca ions. This background

lectrolyte was intended to minimize the nonspecific sorption
f Cs so that specific sorption will predominate. The sorp-
ion experiments were conducted in duplicate and the means
eported.

The equilibrium distribution coefficient (kd) was used to char-
cterize Cs sorption:
d = Cs

Cl

here Cs is the amount of sorbate sorbed per unit mass of
bsorbent (mg g−1) and Cl is the equilibrium solution concen-
ration (mg ml−1).

p

1

Fig. 1. Correlation between clay content and CEC of the studied soils.

. Results and discussion

Selected physicochemical properties of the studied soils are
resented in Table 1. The soils were either slightly acidic or
lkaline (pH > 5.5) and contained various amounts of organic
atter. Exchangeable K, as an index of soil available K for plant

ptake in all cases was low, although the soils 2 and 3 contained
hree times more potassium than soils 1 and 4. Sand content
anged between 340 and 620 g kg−1 and clay contents between
20 and 450 g kg−1. The cation exchange capacity (CEC) was
ighly correlated to clay content (r = 0.97***, p < 0.05; Fig. 1).

The effect of soil type on Cs sorption was highly significant,
t all pH levels. The kd values indicate that the clay soil (soil 3)
xhibit the higher sorption of Cs, followed by the clayloam (soil
) and the loam soil (soil 4) (Table 2). The minimum sorption
f Cs was displayed by sandyloam soil (soil 1), with the lowest
H Soil 1 Soil 2 Soil 3 Soil 4

5 11.73 20.56 89.50 20.21
7 11.06 21.90 23.20 16.04
8 49.35 135.50 209.80 75.47
0 10.57 24.45 54.10 15.72
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Table 3
Correlation coefficient between kd of Cs under the different pH levels and clay
content of studied soils

pH Clay content

5 0.79
7 0.90*

8 0.96**

10 0.90*
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* p < 0,1.
** p < 0,05.

xhibited a certain correlation with clay content in all pH values
Table 3). This supports the hypothesis that the clay fraction of
oils, which consists by sheet silicate minerals, has a high affin-
ty for sorption of Cs [15]. The 2:1 layer silica minerals in soils
nd sediments and especially illite is considered to be a major
actor in Cs selectivity and sorption [17]. X-ray diffraction data
ave shown that the mineralogical composition of soil 3 domi-
ated by the presence of 2:1 phyllosilicate clay minerals (illite
nd vermiculite), interpreting the high sorption capacity of this
oil (unpublished data).

The affinity of illite for Cs is generally assumed to be due to
he presence of frayed edge sites (FES). Their strong affinity for
s is due to the small hydration energy of the cation, inducing

otal or partial collapse of clay layers [18].
Several authors have also found that Cs sorption related to

oil physicochemical characteristics, such as CEC, clay content,
H and potassium availability [19,20].

The pH of aqueous solution in batch experiments is an impor-
ant factor for the sorption of metals by geochemical materials.
he pH dependence of Cs sorption on four studied soils, at an

nitial Cs concentration 4 mg L−1, is showed by a kd versus
H plot (Fig. 2). The effect of the pH on Cs sorption dis-
lays a similar pattern for all studied soils, depending on soil
ype.

The kd is relative low at acid pH and this may be attributed
o H+ competition for available Cs+ sorption sites. According to
amura and Jacobs [21], H+ ions are effective in removing Cs+

ons that are fixed at the lattice edges of clay minerals. In addition
t the acid pH levels there is a greater dissolution of clay minerals

ith a destruction of some of the sites responsible for fixing Cs+

esulting to lower cesium sorption. Heinrich [22], suggests that
he acidic nature of soils increase the bioavailability of Cs. As
llustrated by Fig. 2, at pH 7 very little sorption occurs. Under

Fig. 2. The kd values of Cs as a function of pH of four studied soils.
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hese specific experimental conditions, it can be also supported
hat the four soils exhibit a similar behavior when the pH is
eutral.

The results of the present work showed that the maximum
orption of Cs was observed at pH 8. The high sorption levels
f Cs indicate a high fixation capacity of the studied soils for
esium ions in this pH region. According to the values of kd, it
eems that the clay soil (soil 3) was influenced greatly from the
hanges of the pH. The kd of clay soil at pH 8 was higher by
factor of 4 compared with the respective kd of the sandyloam

oil (soil 1).
The increase in kd for pH 8 is ascribed to the significant high

egative charge density of the clay minerals. As pH increasing,
he number of protons on the soil surface decreasing and more
lectrostatically attractive surface to the cations occur, allowing
ore Cs+ to be sorbed. Wang et al. [23] found that at high pH,
s sorption on bentonite may be dominated by surface complex-
tion and thus the distribution coefficient of Cs is higher at high
H values than those at low pH. According to Oscarson et al.
24] less Cs is sorbed at pH 5 than at pH 8.5.

Significantly less Cs sorbed by the studied soils at pH 10.
possible formation of carbonate or hydroxide species at

his high pH level is likely to caused complexation of Cs+

ons resulting to lower Cs amount of available for sorption
25].

. Conclusions

Based on our results, the increase of pH affects the mecha-
isms of Cs sorption by clay fraction, thus controlling the fate
nd the mobility of Cs. At low pH values the sorption is relative
ow for all soils. This is of great concern, since the acidifica-
ion of soils (use of fertilizers, acid rain etc.) can cause the Cs
n soils to desorb and thus become more bioavailable in the
nvironment.
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