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a b s t r a c t

Utilization of local Taiwan laterite (LTL) to remove aqueous cesium was investigated in this work under the
conditions of various contact time, cesium (Cs) loading and temperature. Experimental results show that
adsorption is instantaneous. Freundlich and Langmuir simulation results demonstrate that local Taiwan
laterite has high affinity and sorption capacity for Cs at low temperatures, which may be attributed to
vailable online 20 March 2008

eywords:
dsorption
adionuclides

enhanced desorption as temperature increased. Thermodynamic parameters including �H, �G and �S
were calculated and it is indicated that Cs adsorption on LTL is an exothermic, spontaneous and physical
adsorption reaction. Moreover, the adsorbed Cs is distributed evenly on the LTL surface, which is confirmed
by SEM/EDS mapping images. Furthermore, the absence of apparent shifting or broadening of the kaolinite
signal in XRD patterns after Cs adsorption is an indication of the non-expanding characteristic of kaolinite
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. Introduction

There is a great concern about global warming among the sci-
ntific and political communities. This “inconvenient truth” is the
mpetus driving development of alternative energies with minimal
arbon dioxide emissions. Among many sources of power sup-
ly, nuclear energy is controversial because released radionuclides
re environmentally harmful. However, as a cheap energy with no
O2 emissions, nuclear energy plays an important role in Taiwan’s
ower supply system. To achieve a balance between economic and
nvironmental concerns, extensive studies of the fate and transport
f radionuclides through geological substances have been carried
ut.

Laterite is a kind of red soil with abundant clay minerals along
ith iron oxides (amorphous iron oxides, goethite, hematite etc.).

hese iron oxides are important sorbents regulating concentrations
f heavy metals and organic contaminants in nature [1–3]. Addi-
ionally, clay minerals show a high affinity for immobilizing cationic

r organic contaminants because of their large specific surface area
nd negatively charged surface [4,5]. With these two advantages,
aterite could be a potential buffer material for use at radioactive
aste repositories. Since the content of laterite may vary by loca-
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ions, the laterite used in this work is designated as local Taiwan
aterite (LTL).

Cesium (Cs) is the concerned contaminant due to its high yield
n spent nuclear fuel and long half-life of 30 years. The transport of
esium nuclide is a key criterion for safety assessment because of
ts high mobility in aquifer. Although Cs nuclide is easily spread by
queous medium, its concentration can be significantly reduced by
dsorption onto surfaces of buffer material [6,7]. In this study the
easibility of using LTL as buffer material to remove Cs from aqueous
olutions is estimated. A series of batch experiments are conducted
s a function of contact time, Cs loading and reaction temper-
ture. X-ray diffraction (XRD) and scanning electron microscopy
quipped with energy dispersive X-ray spectroscopy (SEM/EDS) are
lso employed to identify the sorption mechanism and distribution
f adsorbed Cs on LTL surfaces.

. Material and methods

.1. Solid characteristics

Samples of local Taiwan laterite were collected from surface soil

f 2–4 m depth in Toayuan County, Taiwan. These LTL soils were
ieved and the fraction of particles with diameters <0.074 mm was
ollected for characteristic analyses and batch experiments. The
pecific surface area of LTL is 32.25 m2/g (N2-BET) and its cation
xchange capacity (CEC) is 14.3 meq/100 g. The EDS (SEM/EDS,

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:spteng@ess.nthu.edu.tw
dx.doi.org/10.1016/j.jhazmat.2008.03.050
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Table 1
The values of n, ln k and R2 obtained by the Freundlich isotherm and Bmax, k3 and R2

values by the Langmuir isotherm simulation

T (◦C) Freundlich isotherm Langmuir isotherm
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eo 1530) results indicate that average elemental content on LTL
urface is O (45.81%), Al (15.38%), Si (20.78%), K (2.27%) and Fe
14.12%). The major minerals in LTL determined by XRD (Philips
W1300) are quartz, kaolinite and goethite.

.2. Batch experiments

Adsorption experiments were carried out within serum bottles
Schott, Germany) at two temperatures of 25 and 55 ◦C. To explore
he process of cesium adsorption on LTL, 15 g of LTL was added to
50 mL deionized water (DW). The Cs concentrations (CsNO3) of
hese DW solutions were 1 mM to 0.1 �M and spiked with appro-
riate amounts of radioactive Cs-137 tracer. The 15 g of LTL was
tilized to reduce the possible influences from a laterite matrix. The
ixtures were then transferred into a water bath shaker equipped
ith a temperature controller. These Cs solutions were collected at

, 2, 4, 8, 12, 24, and 48 h, and 4 and 7 d. During each sampling, 1 mL
f Cs suspension was collected, filtered through a 45 �m Minipore
ell, and then its radioactivity was measured with an NaI detector
Wallac 1470 Wizard). After measurements, the suspension was
mmediately returned to the reaction serum bottle to minimize
hanges on experimental conditions. Decreases of radioactivity in
iquid were interpreted as the amount of Cs being adsorbed to LTL.
nother non-radioactive batch experiment with the same exper-

mental conditions was conducted at 25 ◦C for XRD and SEM/EDS
tudies.

.3. The distribution of adsorbed Cs on LTL surface

The LTL samples before and after Cs adsorption were ana-
yzed by XRD (Philips PW1300) and scanning electron microscopes
quipped with an energy dispersive X-ray spectroscope (SEM/EDS,
eo 1530). To prepare XRD specimens, the solutions of these sam-
les were first discarded. The solids were then dried at 45 ◦C under
educed pressure to prevent phase transformation at high temper-
tures. The XRD spectra were recorded in the range of 5–50◦ (2�)
y CuK� radiation (� = 1.5406 A) at 40 kV and 40 mA. Step size was
.020 with a time-per-step duration of 60 s. The SEM/EDS was used
o identify the locations of adsorbed Cs on LTL surface. For SEM/EDS
pecimens, powdered LTL samples were adhered onto a conduc-
ive carbon tape on metallic disks. Images of the LTL surface along
ith EDS mappings were used to identity sorption sites. The EDS
appings were carried out at a voltage of 15 kV under vacuum.

. Results and discussion

.1. Kinetic results

Kinetic adsorption experiments were carried out as a function of
ontact time under conditions of five initial Cs concentrations rang-
ng from 10−3 to 10−7 M at two temperature settings, 25 and 55 ◦C.
t is noted the adsorptions were instantaneous under given exper-
mental conditions and all equilibriums were reached within the
rst hour. This fast adsorption is the typical adsorption character-

stic of Cs on minerals such as biotite, illite, hornblende, calcite and
ontmorillonite, in which fast adsorption is related to adsorption

ccurring on accessible sorption sites of the solid external surface
8]. By fitting kinetic results with a first-order equation, the rate
onstant at high and low temperature would be estimated. These

ate constants could further be used to compute the activation
nergy (Ea) of adsorption (kJ/mol) by following equation:

n
(

k(T2)
k(T1)

)
= −Ea

R

(
1
T2

− 1
T1

)
(1)

L

o
b
s

n log k (mol/g) R2 Bmax (mmol/g) k3 (L/mmol) R2

5 1.657 2.47 0.999 0.2 0.12 0.999
5 1.502 2.76 0.999 0.3 0.19 0.999

here R is the ideal gas constant (8.314 J/mol), and k(T1) and k(T2)
re rate constants under high and low temperatures, respectively.

Special caution should be paid to interpretation of these derived
a values since there are only two data before equilibrium, one is
tarting concentration, and the other is the concentration after 1 h
f reaction. In this case, the absolute Ea value obtained by modeling
ill be used with care. However, by only considering the Ea values
hich are very close to zero, it is recognized that Cs adsorption on

TL is physicosorption, in which van der Waals force associated with
eak electrostatic force induce ion-exchange reactions [9–11].

.2. Isotherms and thermodynamic parameters

Freundlich and Langmuir isotherms are the most frequently
sed models for describing the relationship between adsorbed Cs
n solids and remaining in solutions. Freundlich isotherm is based
n concept of multilayer adsorption associated with adsorption on
eterogeneous surfaces [10] and its linear form is expressed as

og [Cs]s = log k + 1
n

log [Cs]l (2)

here [Cs]s is the amount of adsorbed Cs on a solid (mol/g), which
s obtained by Eq. (3),

Cs]s = ([Cs]0 − [Cs]l) ×
(

V

M

)
(3)

here [Cs]0 is the initial Cs concentration (mol/L), V is volume of the
s solution (L), and M is the mass of the LTL sample (g). The k value

n Eq. (2) is the Freundlich constant and n is a constant describing
dsorption linearity.

Fig. 1 plots experimental data after 7 d of adsorption, and Table 1
ists fitting results. The magnitude of the k value (in terms of log k)
s referred to as the relative adsorption affinity toward Cs [8,12].

A relatively high k value is obtained at low temperature, indicat-
ng a high affinity of LTL toward Cs adsorption at low temperature.
dditionally, a severe departure of n value from unity obtained in

he high temperature (n is 1.502 at 25 ◦C and 1.657 at 55 ◦C). It
eans that the sorption energy barrier is increased exponentially
hen the neighboring sorption sites on the LTL surface are gradu-

lly occupied by Cs ions [12,13]. This entity is also accounting for
he low k value determined at an elevated temperature.

In addition, these experimental data were also fitted by using
he OneSiteBind program (a built-in fitting curve within Origin 6.0
rofession). The OneSiteBind program is a derivative of the Lang-
uir isotherm model that describes the concept of one site binding

irectly to one element. The equation of OneSiteBind program is
xpressed as

Cs]s = Bmax[Cs]l

k3 + [Cs]l
(4)

here Bmax represents the maximum sorption sites and k3 is the

angmuir constant.

Langmuir isotherm is a physically plausible isotherm based
n the following three assumptions: (a) sorption cannot proceed
eyond monolayer coverage; (b) all sites are equivalent and the
urface is uniform; and, (c) the possibility of a molecule to be
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3.3. SEM/EDS studies of the Cs sorption

It has been reported that minerals with a sheet structure, such
as kaolinite [9], illite [14], and some micaceous minerals [15–17]
have excellent affinity toward Cs adsorption. In cases of LTL, the

T
T

I

Fig. 1. Isotherm simulations at 55

dsorbed at a given site is independent of the occupation of neigh-
oring sites [8]. Accordingly, OneSiteBind simulation is particularly

nformative for quantifying the sorption capacity of LTL toward Cs
ons. It is observed that all R2 values are close to unity and the
max value decreases as temperature increases (0.3 mmol/g at 25 ◦C
nd 0.2 mmol/g at 55 ◦C) (Table 1), indicating that roughly 33% of
orption is reduced at elevated temperatures.

This study further determines the thermodynamic parameters
f Cs adsorption to LTL. By determining the Kd values in advanced
rom the differences of equilibrium and initial concentrations, ther-

odynamic parameters of enthalpy, Gibbs energy and entropy of
s adsorption can be obtained using Eqs. (5–8) [9,11] (shown in
able 2).

d = [Cs]s

[Cs]l
(L/g) (5)

H◦ = R ln
Kd(T2)
Kd(T1)

× (T1T2)
(T1 − T2)

(kJ/mol) (6)

G◦ = − RT ln Kd (kJ/mol) (7)

S◦ = �H◦ − �G◦

T
(J/mol K) (8)

he negative enthalpy �H◦ < 0 with an average value around
22 kJ/mol shows that Cs adsorption is exothermic. This observa-

ion is consistent with the isotherm result, indicating that forward

eaction is favored at low temperatures. The magnitude of enthalpy
hange (>−25 kJ/mol) implies that an ion-exchange reaction is
riven by van der Waal force [9]. The negative Gibbs energy (an
verage value about −19 and −18 kJ/mol for low and high tem-
eratures, respectively) indicates that the Cs adsorption reaction is F

able 2
he derived thermodynamic parameters �H◦ , �G◦ and �S◦

nitial [Cs]0 Kd (mL/g) (25 ◦C/55 ◦C) �H◦ (kJ/mol)

10−3 M 6.1/3.3 −16
10−4 M 23.0/9.5 −24
10−5 M 25.0/11.0 −23
10−6 M 25.0/11.0 −23
10−7 M 25.0/11.0 −23
5 ◦C (a) Freundlich (b) Langmuir.

pontaneous. Moreover, an ion-exchange mechanism is suggested
y considering the magnitude of changes in Gibbs energy [12]. Neg-
tive entropy was the result of a stable arrangement of adsorbed Cs
n the LTL surface [9], whereas relatively less negative entropy at
levated temperature was attributed to the increased desorption.
ig. 2. The surface of Taiwan locally laterite amplified by five thousand times.

�G◦ (kJ/mol) (25 ◦C/55 ◦C) �S◦ (J/mol K) (25 ◦C/55 ◦C)

−16/−16 −1.9/−0.2
−19/−19 −16.1/−1.5
−19/−19 −13.0/−1.2
−19/−19 −13.6/−1.2
−19/−19 −13.6/−1.2
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Fig. 3. The EDS mapping of Taiwan locally laterite with
ominant sheet mineral is kaolinite. As a result, the distribution
f adsorbed Cs on the kaolinite surface was analyzed via SEM/EDS
mages. Additionally, a mapping technique was also employed to
isualize the locations of these adsorbed Cs.

i
e
s

Fig. 4. XRD patterns of fresh and Cs-adsorbed LTW (a). The signals of kaolin
rance (a), Fe signals (b), Cs signals (c), and K signals (d).
The surface of kaolinite amplified by 5000 times was shown
n Fig. 2. In addition to small debris along with the frayed edge on
ach sheet, there are still many available surfaces lying between the
heets and as a whole, increasing the number of accessible sorption

ite after filtering out the signals of quartz are especially amplified (b).
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tion of Cs+ to micaceous subsurface sediments from the Handford site, USA,
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ites. The SEM image (Fig. 3a) associated with mapping results of
e (Fig. 3b), Cs (Fig. 3c) and K (Fig. 3d) signals are presented. The
dsorbed Cs (Fig. 3c) is evenly distributed over the kaolinite sur-
ace. This observation is in good agreement with the negative value
or entropy change, which represents the ordered distribution of
dsorbed Cs. It is noted that signals of K and Fe are also evenly dis-
ributed on kaolinite surface, demonstrating that Cs adsorption has
o preferential sorption environments whether K or Fe elements
re present or not.

.4. XRD analysis of the Cs-loading LTW

Fig. 4a presents the XRD patterns of LTL before and after Cs
dsorption which have been processed by commercially available
rogram MDI Jade 6.0 to identify the mineral composition of LTL.
dditionally, the pattern from high Cs-loading samples (0.1 M)
as also presented for comparison. Fig. 4b shows the result for

he kaolinite signal (d001) after filtering out the interference of
uartz. Notably, although only the changes in kaolinite structure
re considered—since it is the only recognizable clay mineral in
TL—the high CEC along with high specific surface area of LTL imply
he possibility of the existence of some impurities, such as smectite
r illite in LTL samples [18].

Since kaolinite is a relatively non-expanding structure, adsorp-
ion of metals on kaolinite is mainly restricted to the structure edges
nd surfaces [18]. However, the stress induced by adsorbed heavy
etals on kaolinite is also reported, which could result in changes

n swelling capacity, compaction, and the double-layer behavior of
aolinite [9,18]. In this study, there is no substantial evidence of
uch changes in kaolinite structure after Cs adsorption (Fig. 4b),
lthough some fluctuations in intensity of kaolinite signal were
bserved (Fig. 4a) which are believed stemming from grain size
rientation of the powder samples [9]. Therefore, no change hap-
ens in the interlayer space of the kaolinite structure during Cs
ptake according to this XRD pattern. This fact reflects the instinct
hat tight hydrogen bonding between kaolinite layers restricts dif-
usion of adsorbed Cs to the interlayer sorption sites. This finding is
n good agreement with those in other studies, in which Cs adsorp-
ion is reported occurring only at the first ten angstroms on the
aolinite surface [19].

. Conclusions

In this work, removal of aqueous Cs by adsorption onto local Tai-
an laterite (LTL) was investigated, with particular attention paid to

spects of kinetic and isotherm adsorption, and the distribution of
dsorbed Cs. Kinetic studies showed that equilibriums are reached

ithin the first hour in given conditions. Fitting isotherm results by
sing both Freundlich and Langmuir models showed that adsorp-
ion is favored at low temperatures. For elevated temperatures,
esorption is enhanced and thus the sorption capacity is signif-

cantly reduced. Calculated thermodynamic parameters indicate

[

[

s Materials 160 (2008) 638–642

hat the Cs adsorption to LTL is exothermic and spontaneous. Addi-
ionally, negative entropy change clearly suggests that adsorbed
s is evenly distributed on LTL surface, which is in a good agree-
ent with EDS mapping results. The XRD patterns show that no

ignificant effect of Cs uptake on kaolinite structure.
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