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a b s t r a c t

The adsorption of cesium onto crushed granite was investigated under different physicochemical condi-
tions including contact time, Cs loading, ionic strength and temperature. In addition, the distribution of
adsorbed Cs was examined by X-ray diffraction (XRD) and EDS mapping techniques. The results showed
that Cs adsorption to crushed granite behaved as a first-order reaction with nice regression coefficients
(R2 �0.971). Both Freundlich and Langmuir models were applicable to describe the adsorption. The maxi-
mum sorption capacity determined by Langmuir model was 80 �mol g−1 at 25 ◦C and 10 �mol g−1 at 55 ◦C
The reduced sorption capacity at high temperature was related to the partial enhancement of desorption
from granite surface. In general, Cs adsorption was exothermic (�H < 0, with median of −12 kJ mol−1) and
spontaneous (�G < 0, with median of −6.1 at 25 ◦C and −5.0 kJ mol−1 at 55 ◦C). The presence of competing
cations such as sodium and potassium ions in synthetic groundwater significantly reduces the Cs adsorp-
tion onto granite. The scanning electron microscopy–energy dispersive X-ray spectroscopy (SEM/EDS)
mapping method provided substantial evidences that micaceous minerals (biotite in this case) dominate
Cs adsorption. These adsorbed Cs ions were notably distributed onto the frayed edges of biotite minerals
More importantly, the locations of these adsorbed Cs were coincided with the potassium depletion area

implying the displacement of K by Cs adsorption. Further XRD patterns displayed a decreased intensity
of signal of biotite as the Cs loading increased, revealing that the interlayer space of biotite was affected
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by Cs adsorption.

. Introduction

Nuclear power is one of the reliable and abundant power sources
ith an attractive advantage of zero carbon dioxide emission. How-

ver, the safety of spent nuclear fuel is of concern to the general
ublic because it requires thousands year’s of disposal. To reduce
he possibility of the release of these radionuclides into environ-

ent, the design of a multilayer repository is adopted. The selection
f buffer/backfill materials and geochemical host rock of the repos-

tory site should provide a high affinity environment to tightly
etard the released radionuclides. The principal concept behind
uch design is to immobilize these released radionuclides via their
dsorption or precipitation in buffer/backfill materials. Accord-
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sinchu 300, Taiwan, ROC. Tel.: +886 3 5742670; fax: +886 3 5720724.
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ngly, a better understanding of the physicochemical behavior of
adionuclides under possible geological environments is impor-
ant to an accurate evaluation of the fate of these radionuclides.
lthough the geochemical conditions of waste repository sites
ight vary significantly even within meters, the laboratory scale

nvestigation is still informative to quantify some transport-related
arameters, i.e. Kd, distribution coefficient, for further hydrochem-

cal transport simulations [1,2].
Among the radionuclides of concern, 137Cs is an indicative

uclide because it is a high yield fission product and is a strong
emitter. Together with its half-life of 30 years and high mobility

n aqueous media, the migration of 137Cs becomes a key criterion
f performance assessment of radioactive waste repository. The
obility of these Cs radionculides can be considerably reduced
y transferring them from aqueous phase onto rocks and min-
rals surface by an ion-exchange reaction [3–5]. In this work,
ranite is the rock of interest since it is a potential host rock for
adioactive waste repository in Taiwan. Granite is a kind of igneous
ock with advantages of abundance, toughness, and low porosity,

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.2008.04.044
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hich is especially beneficial to the reduction of the migration
f released radionuclides. In this report, a series of batch exper-
ments is conducted to investigate the Cs adsorption onto granite
nder different physicochemical conditions including contact time,

oadings of aqueous Cs ions, different ionic strength and reaction
emperature. In addition, techniques of X-ray diffraction (XRD)
nd scanning electron microscopy–energy dispersive X-ray spec-
roscopy (SEM–EDS) are also utilized to examine the distribution
f adsorbed Cs onto granite surface.

. Materials and methods

.1. Solid and liquid phases and chemicals

Granite rock samples were originated from Taiwan local area.
he crushed granite samples were sieved and washed with ultra-
ure deionized water (DW, 18 M�, Milli-Q) to remove fine particles.
he granite sands were stored in an oven at 60 ◦C under a reduced
ressure to minimize the probability of any further phase trans-
ormation. The major constituent minerals were quartz, albite,
iotite and goethite. The predominant elements, identified by ICP-
S (Sciex Elan 5000, PerkinElmer), presented as oxides were SiO2

72.56%), Al2O3 (12.9%), K2O (8.84%), Na2O (4.20%) and Fe2O3
1.13%). The particle size of crushed granite samples used in this
ork was about 0.250–0.180 mm. The composition of synthetic

roundwater (GW) and of synthetic seawater (SW) are shown in
able 1.

.2. Batch experiments

The adsorption experiments were performed within serum bot-
les at two distinct temperatures of 25 ◦C and 55 ◦C, respectively. To
nvestigate the characteristic of cesium adsorption to granite, 15 g
f granite was immersed in 450 mL of CsNO3 solution with con-
entration in the range of 1 × 10−3 M to 1 × 10−7 M, spiking with an
ppropriate amount of radioactive Cs-137 tracer. The utilization of
5 g of crushed granite was to reduce the influences from complex
atrix of granite. The mixtures were then transferred into a water

ath shaker equipped with a temperature controller. These Cs solu-
ions were collected in the time period of 10 min, 30 min, 1 h, 2 h,
h, 8 h, 24 h, 48 h, 4 d and 7 d, respectively. During each sampling,
mL of the suspension was collected, filtrated through a 0.45 �m
illipore filter cell. Then, the radioactivity of these suspensions

as counted with a NaI(Tl) detector (Wallac 1470 Wizard). After
easurement, the suspension was immediately put back into the
ixture to prevent any alterations of experimental conditions. The

ecrease of the radioactivity in these suspensions was deemed as
he amount of adsorbed Cs ions on granite. At the same time, a par-

able 1
he composition of synthetic groundwater (GW) pH ∼7.12, and of seawater (SW) pH
7.32 used in this study

GW (mol L−1) SW (mol L−1)

l− 1.78 × 10−1 5.50 × 10−1

r− 5.01 × 10−4 8.39 × 10−4

− 8.00 × 10−5 6.80 × 10−5

CO3
− 1.64 × 10−4 –

O4
2− 5.83 × 10−3 2.81 × 10−2

O3
3− – 4.16 × 10−4

a+ 9.13 × 10−2 4.70 × 10−1

+ 2.07 × 10−4 1.02 × 10−2

i+ 1.44 × 10−4 2.50 × 10−5

a2+ 4.72 × 10−2 1.03 × 10−2

g2+ 1.73 × 10−3 5.31 × 10−2

r2+ 4.00 × 10−4 8.70 × 10−5
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llel experiment without spiking radioactive tracer was conducted
t 25 ◦C in order to collect further XRD and SEM/EDS information. To
tudy the effect of ionic strength, a series of batch experiments was
onducted with Cs loading of 1 × 10−4 M at 25 ◦C. The concentration
f background electrolyte of four individual cations (Na+, K+, Ca2+

nd Mg2+) was in the range from 1.0 M to 1.0 × 10−3 M. In addition,
s adsorption in synthetic groundwater and in synthetic seawa-
er was also conducted to simulate the Cs adsorption behaviors
n the real environment. These samples were continuously shak-
ng for a week and the suspensions were collected following the
forementioned procedures.

.3. Surface distribution of adsorbed Cs

To study the microscale distribution of adsorbed Cs ions, the
ranite sands were analyzed before and after Cs adsorption by XRD
echnique (Philips PW1300) and scanning electron microscopes
quipped with energy dispersive X-ray spectroscope (SEM/EDS,
eo 1530). The XRD spectra were recorded in the range of 5–50◦

2�) by Cu K� radiation (� = 1.5406 Å) at 40 kV and 40 mA. The step
ize was 0.020 with a time duration of 60 s per step. The SEM/EDS
as used to visualize the changes of adsorbed Cs on granite sur-

ace. The granite samples were adhered onto a conductive carbon
aps on metallic disks. The EDS mappings were carried out at a
oltage of 15 kV under vacuum condition and images of granite sur-
ace along with EDS mappings were recorded to study the sorption
ites.

. Results and discussion

.1. Kinetic analysis

The kinetic adsorption experiments were conducted with five
nitial Cs concentrations ranging from 1 × 10−3 M to 1 × 10−7 M at
wo distinct temperatures of 25 and 55 ◦C. The variations of Cs con-
entration in solutions along with contact time were plotted in
ig. 1a (25 ◦C) and b (55 ◦C). It is observed that Cs adsorptions are
nstantaneous at given concentration range and the equilibria are
eached within 8 h. This fast equilibrium is a typical adsorption fea-
ure of Cs onto minerals such as biotite, illite, hornblende, calcite
nd montmorillonite. It is noticed that this phenomenon is related
o the adsorption taking place at the accessible sorption sites on
xternal surface of these minerals [3,5] (Fig. 2).

For a better description of the kinetics of Cs adsorption, all the
xperimental data were fitted by a built-in first-order equation
ithin Origin 6.0 Profession program (Microcal Software, USA) and

xpressed as the following:

Cs]l = a + b e−kt (1)

here [Cs]l is the aqueous concentration of Cs ions at time t
mol L−1), a and b are constant (mol L−1) and k is the first-order
ate constant (h−1). All the fitting results were listed in Table 2.

All R2 values shown in Table 2 were close to unity, indicating that
he Cs adsorption data was well fitted by the first-order equation.
ccordingly, it is recognized that the Cs adsorption has a straight-

orward correlation with the Cs loading, which is consistent with
he general description of Cs adsorption as the following:

STi − K + Cs+ ↔≡ STi − Cs + K+
here ≡STi stands for the ion-exchangeable site on granite surface,
is the potassium ion representing the exchangeable cation on
icaceous minerals surface, i.e. biotite in this case [2].
With the help of kinetic fitting, it is observed that the rate con-

tant, k, increases as Cs loading increases, implying that a slower
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Fig. 1. Variation of remaining amount of Cs (M) in solution with reac

quilibrium is reached under low Cs loading condition. It has been
eported that under diluted condition (�10−7 M), the diffusion
f adsorbed Cs ions on the external surface of minerals towards
heir internal sorption sites is accounted for the slower equilibrium
3,6,7]. However, the amount of these internal sorption sites is rela-
ively few and hence it is difficult to observe the contribution from
his factor on Cs adsorption under higher Cs loadings as shown in
his work. More importantly, this diffusion is reduced under higher
oadings because the rate of adsorbed ions transferring from the
urface to internal sorption sites decreases as the loading increases
8].
At an elevated temperature, it takes more time to reach adsorp-
ion equilibrium. In other words, k value is higher at 25 ◦C than at
5 ◦C. It is due to the fact that these adsorbed Cs ions have higher
nergy (thermal energy) to escape from the granite surface. It is
lso noted that the difference between these two k values becomes

w
c
t
t
d

ime. (a) At low temperature (25 ◦C); (b) at high temperature (55 ◦C).

nsignificant as Cs loading decreases. This is related to the variety
f sorption sites of granite surface. It will be further discussed in
he following section.

We also compute the activation energy (Ea) of adsorption
kJ mol−1) by comparing two rate constants determined under two
emperatures using the equation:

n
k2

k1
= −Ea

R

(
1
T2

− 1
T1

)
(2)
here R is the ideal gas constant (8.314 J mol−1), k1 and k2 are rate
onstants under high and low temperatures. As shown in Table 2,
he median value of Ea was 7.8 J mol−1, suggesting that Cs adsorp-
ion is a physicosorption reaction, in which weak electrostatic force
rives the ion-exchange reaction [8–12].
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Fig. 2. Freundlich (a) and Langmuir isotherms (b)

.2. Isotherms and thermodynamic parameters

The correlation between adsorbed Cs ions on solid surface and
hose remaining in solution is described by isotherm models. All
xperimental data were first fitted with Freundlich isotherm model.
he concept of Freundlich model is based on multilayer adsorption
ssociated with adsorption on heterogeneous surfaces [9] and its
inear form is expressed as

n [Cs]s = ln k + 1/n ln [Cs]l (3)

here the [Cs]s is the amount of Cs ions adsorbed on solid surface
mol g−1) and was obtained using the following equation:

Cs]s = [Cs]0 − [Cs]l

V/m
(4)

Cs]0 is the initial Cs concentration (mol L−1), V is the volume of
he Cs solution (L) and m is the mass of the granite sample (g).
he k value in Eq. (3) is the Freundlich constant and n is a con-
tant related to the adsorption linearity. The magnitude of k value
an be viewed as a rough indicator of adsorption affinity of gran-
te samples towards the Cs ions [8,11,13]. As shown in Table 3, the
eaction temperature has little effect on n value. Almost identical
values are observed under given reaction temperatures (n = 1.08).
he fact that these two n values are very close to unity indicates
hat the effect of heterogeneous structure on the surface of adsor-

ents is not significant [8,10,11,13]. On the other hand, a relatively
igher k value at low temperature demonstrates that granite has a
ecreasing affinity towards Cs ions with the increase of tempera-
ure. This can be attributed to the enhancement of Cs desorption at
n elevated temperature.

E
i
o
t
e

able 2
he values of a, b and k obtained by the first-order kinetics simulation [Cs]l = a + b e−kt

nitial [Cs]l a (25 ◦C/55 ◦C) b (25 ◦C/55 ◦C)

0−3 M 8.1 × 10−4/8.1 × 10−4 1.9 × 10−4/1.9 × 10−4

0−4 M 7.0 × 10−5/8.0 × 10−5 3.0 × 10−5/2.0 × 10−5

0−5 M 7.0 × 10−6/7.5 × 10−6 3.0 × 10−6/2.5 × 10−6

0−6 M 6.8 × 10−7/7.2 × 10−7 3.2 × 10−7/2.8 × 10−7

0−7 M 6.7 × 10−8/6.9 × 10−8 3.3 × 10−8/3.1 × 10−8
ation at low (25 ◦C) and high temperature (55 ◦C).

Our experimental data were also fitted by the Langmuir
sotherm model expressed as the following:

Cs]s = Qmb[Cs]l

1 + b[Cs]l
(5)

here the Qm represents maximum (saturated) sorption sites and
is the Langmuir constant.

Langmuir sorption model is the simplest physically plausible
odel based on three assumptions: (a) sorption cannot proceed

eyond monolayer coverage; (b) all sorption sites are equivalent
nd the surface is uniform; (c) the ability of a molecule to be
dsorbed at a given site is not affected by the occupation of the
eighboring sites [9,14]. As shown in Table 3, the R2 values are very
lose to unity, demonstrating the nice fitting of Langmuir model
o these adsorption experiments. It is important to note that Qm

alue decreases as temperature increases (80 �mol g−1 at 25 ◦C and
0 �mol g−1 at 55 ◦C), which is in agreement with the observa-
ions that the Cs adsorption is relatively lower under an elevated
emperature.

We further calculate the thermodynamic parameters of Cs
dsorption onto granite by considering results from both kinetic
nd isotherm fittings. According to the definition of the value a of

q. (1), it can be regarded as the equilibrium concentration of Cs
ons in solutions. Substituting the value a into Eq. (5), the amount
f adsorbed Cs ions at equilibrium is thus determined. Following
he sequence of Eqs. (6)–(9), the thermodynamic parameters of
nthalpy, Gibbs energy and entropy of Cs adsorption are obtained

k (25 ◦C/55 ◦C) R2 (25 ◦C/55 ◦C) Ea (kJ mol−1)

1.077/0.799 0.976/0.992 7.8
0.596/0.187 0.987/0.995 30.3
0.471/0.345 0.992/0.997 8.1
0.410/0.333 0.971/0.981 5.4
0.360/0.486 0.997/0.973 −7.8
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Table 3
The values of k, n and R2 obtained by the Freundlich isotherm and that of Q0, b and R2 by the Langmuir isotherm simulation for Cs adsorption

T (◦C) Freundlich isotherm Langmuir isotherm

n k (mmol g−1) R2 Q0 (mmol g−1) b (L mmol−1) R2
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frayed edge, piles of debris and isolated fractures may be the result
of weathering (Fig. 4b). As shown in Fig. 5, the appearance (Fig. 5a
and b) associated with mapping images of Cs (Fig. 5c and d) and K
(Fig. 5e and f) signals clearly point out the locations of these two
elements on biotite surface. The Cs signals (bright spots, Fig. 5c
5 1.08 ± 0.004 4.98 ± 0.09 0.999
5 1.08 ± 0.006 4.37 ± 0.11 0.999

8,10,11] and are summarized in Table 4.

d = [Cs]s

[Cs]l
(L g−1) (6)

H0 = R ln
Kd(T2)
Kd(T1)

T1T2

T2 − T1
(kJ mol−1) (7)

G0 = −RT ln Kd (kJ mol−1) (8)

S0 = �H0 − �G0

T
(J mol−1 K−1) (9)

The negative value of enthalpy (�H0 < 0) around −10 kJ mol−1

eveals that Cs adsorption is exothermic. Hence the adsorption is
avored under lower temperatures. The less negative enthalpy value
<−25 kJ mol−1) strongly points to a physicosorption reaction, in
hich the weakly electrostatic force drives this ion-exchange reac-

ion [9]. The negative Gibbs energy (with median value about −5.0
nd −6.1 kJ mol−1 at low and high temperature) indicates a sponta-
eous adsorption reaction. The negative entropy was interpreted
s the result of a stable arrangement of adsorbed Cs on granite
urface [8,11]. Although the steady thermodynamic parameters are
chieved only at the Cs loading less than 1.0 × 10−5 M, it is in agree-
ent that Cs adsorption onto granite is exothermic, spontaneous

nd favorable at lower temperatures.

.3. Effect of ionic strength

To clarify the effect of ionic strength on Cs adsorption, a series
f batch experiments were carried out with competing cations of
a+, K+, Ca2+ and Mg2+ whose concentration range from 1 × 10−3 M

o 1.0 M. These four cations are selected due to their abundance in
ature water. In addition, synthetic groundwater and synthetic sea-
ater were also utilized as the nature aquifer analogs. As shown

n Fig. 3, it is noted that the Cs adsorption sharply decreases as
he ionic strength increases. The Cs adsorption ratio in DW (no
ompeting cations present), which is not plotted in Fig. 3 due to
he logarithm scale, is about 23%. The presence of divalent cation,
a2+ and Mg2+, inhibits about half of the Cs adsorption. Also, a
ignificant negative correlation between the increasing Na+ con-
entration and Cs adsorption is clearly observed. Among these
ations, the presence of K ion strongly constraints the Cs adsorp-
ion, especially when potassium concentration exceeds 0.01 M. This

s in good agreement with other investigations that Cs adsorp-
ion is via cation-exchange reactions, in which cations with similar
adius and hydration energy compete more effectively against Cs
ons on the mineral surface [6]. Accordingly, it is recognized that
n GW and SW solutions the reduction of Cs adsorption is mainly

able 4
he values of �H, �G and �S calculated from Cs adsorption

nitial
Cs]0

Kd (mL g−1)
(25 ◦C/55 ◦C)

�H
(kJ mol−1)

�G (kJ mol−1)
(25 ◦C/55 ◦C)

�S (J mol−1 K−1)
(25 ◦C/55 ◦C)

0−3 M 7.1/7.1 4.1 −4.9/−4.5 0.03/0.03
0−4 M 11/7.6 −10 −6.0/−5.0 −0.01/−0.02
0−5 M 12/7.6 −12 −6.1/−5.0 −0.02/−0.02
0−6 M 12/7.6 −12 −6.2/−5.0 −0.02/−0.02
0−7 M 12/7.6 −12 −6.2/−5.0 −0.02/−0.02
0.83 ± 0.00 10.47 ± 2.89 0.999
0.01 ± 0.00 0.83 ± 0.00 1.000

elated to the presence of K ion (ionic radius of 138 pm in com-
arison with 167 pm of Cs ions, and similar hydration energy)
15]. While Ca2+ as well as Na+ also affect the Cs adsorption to

certain extent, it is due to their high contents in GW and SW
olutions.

.4. SEM/EDS studying of Cs adsorption

Another parallel experiment without spiking radioactive Cs
racer was conducted for further studying the microscale distribu-
ion of adsorbed Cs ions on the granite surface. The crushed granite
amples were collected by filtration and dried under reduced pres-
ure at 55 ◦C for 2 days. By integrating the SEM/EDS images with
apping results, the distribution of adsorbed Cs ions on the sur-

ace of these samples is clearly visualized. It has been reported that
he laminar minerals have excellent affinity toward Cs ions, such as
aolinite [8], illite [16,17], and some micaceous minerals [3,6,7]. In
rushed granite samples, the micaceous mineral identified by XRD
atterns is biotite. As shown in Fig. 4a, the appearance of biotite
ithin SEM image was enlarged by 500 times. Although Cs ions
ill also be adsorbed in the surface of other minerals, i.e. quartz

n the granite samples, this is not observed due to the limitation of
he SEM/EDS mapping technique. The frayed edge sorption sites of
iotite are particularly highlighted with red rectangle (Fig. 4a) and
nlarged by 8000 times (Fig. 4b). It has been reported that these
isrupted frayed edges are of particularly favorite environment for
s adsorption [3,6,7]. As a result, further SEM/EDS mapping was

ocused on recording Cs signals within this specific regime. At the
Fig. 3. Effect of ionic strength on Cs adsorption.
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ig. 4. A typical SEM image of macaceous minerals, biotite in this case, (a) 500× an
olor in this figure legend, the reader is referred to the web version of the article.)
nd d) are particularly concentrated within the fractures and layer
dges, the so-called frayed edges sorption sites (red arrows, Fig. 5a
nd b). In contrast, relatively fewer Cs signals are detected on the
asal plane. This is due to the fact that the sorption sites of basal

p
t
p
a

Fig. 5. SEM images of biotite surface being mapping (a and b), Cs signal
nlarging the area within red box by 8000×. (For interpretation of the references to
lane contribute little to Cs adsorption. In addition, it is significant
hat the bright-spot area of Cs signals is the counterpart of dark
lateau of K signals, reflecting the depletion of potassium (Fig. 5e
nd f). The negative correlation between Cs and potassium is a typ-

s (c and d), K signals (e and f), mapping area is 183 �m × 136 �m.



860 S.-C. Tsai et al. / Journal of Hazardous Materials 161 (2009) 854–861

ed int

i
e
t
b
l

s
F
t
m
a
b
H
n
t

3

m
p
d
s
s
i
i
C
c
n
a
t
n
c

s
o
g
i
m
s
m
g

4

w
o
C
k
t
d
×
2
t
t
e
w
a
e
r
t

Fig. 6. XRD spectra of granite before and after Cs adsorption in normaliz

cal ion-exchange reaction, in which Cs replaces K at the frayed
dge. Moreover, the bright plateau of K signals is in sharp contrast
o the gloomy zone of Cs signals in the corresponding sites on the
asal plane of biotite surface, implying a less Cs adsorption on this

ocation [3,6,7].
The Fe (hydro)oxides have also been referred to as an important

orbent immobilizing Cs ions [3,12,18,19] though some crystalline
e oxide has been synthesized for Cs adsorption [20]. However, in
his work, no signals of Cs are detected even they were directly

apped onto the Fe oxides surface (i.e. goethite). This is in
greement with the observations that no significant relationship
etween Cs adsorption and Fe (hydro)oxides is proposed [1,21,22].
owever, the probability of Cs adsorption onto iron oxides should
ot be completely ruled out based upon our EDS results because
he detection limit of EDS is about 1% by weight.

.5. XRD analysis of the Cs-adsorbed granite

XRD technique is utilized to examine the changes of micaceous
inerals (biotite, in this work) by comparing the obtained XRD

atterns before and after Cs adsorption. It has been reported that
iffusion of adsorbed Cs from frayed edge site towards interlayer
orption sites will cause either swelling or collapse of the interlayer
pace. This phenomenon is frequently observed from the broaden-
ng and shifting signals within XRD pattern [3,6,7,23]. As shown
n Fig. 6a, the normalized XRD patterns of granite before and after
s adsorption seem to be identical. The d001 signal of biotite (indi-
ated by black arrow) is enlarged in Fig. 6b. It is obvious that the

ormalized intensity of biotite signals becomes weak and shifted
s the Cs loading increases. At the highest Cs loading (1 × 10−3 M),
he biotite peak becomes blurred and faded into background sig-
als. Although a substantial alteration in XRD patterns is observed,
autions should be taken to interpret this result since the inten-

d
s
t
r
m

ensity. (a) The whole scanning angle; (b) enlarging the signals of biotite.

ity of biotite signals is quite low. Accordingly, a better explanation
f XRD results is that biotite minerals dominate Cs adsorption onto
ranite and their interlayer spaces are greatly altered as the Cs load-
ng increases. However, future work is required to investigate the

agnitude of such interlayer alterations of biotite minerals. This
hould include further adsorption experiment with pure biotite
inerals instead of the complex composition samples such as

ranite.

. Conclusions

The Cs adsorption onto granite was conducted in deionized
ater to better understand its adsorption characteristics. Effects
f factors including contact time, Cs loading and temperature on
s adsorption were studied by a series of batch experiments. The
inetic adsorption was well simulated by a first-order kinetic equa-
ion. Both Freundlich and Langmuir sorption models were able to
escribe the Cs adsorption at given concentration (1 × 10−3 M to
10−7 M) and the maximum sorption sites were 80 �mol g−1 at
5 ◦C and 10 �mol g−1 at 55 ◦C. The elevated temperature enhanced
he desorption and thus produced a relatively lower adsorp-
ion. Generally speaking, the Cs adsorption onto granite was an
xothermic (�H < 0), spontaneous reaction (�G < 0) and the for-
ard reaction was favorable at low temperatures. Results of Cs

dsorption under different ionic strength indicated that the pres-
nce of potassium remarkably reduces Cs adsorption. The mapping
esults clearly pointed out the adsorbed Cs is concentrated on
he frayed edge of micaceous minerals at which potassium was

epleted. In addition, XRD patterns showed the changes on biotite
ignals, indicating that biotite minerals are involved in Cs adsorp-
ion in granite. It is acknowledged that more experiments are
equired to investigate the magnitude of such changes of biotite
inerals on Cs adsorption.
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