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Abstract

A montmorillonite–illite clay was modified using alkaline hydrothermal treatment (reflux method) and applied to the removal of aque+
ions. The alkaline solutions were prepared by dissolving NaOH in seawater and in distilled water, and the effect of the two alkaline me
sorption capacities of the modified clay was discussed. The modified materials were characterized using XRD, SEM/EDS, and FTIR.
of the modification, the original mineral was partially transformed into a zeolitic material with spherical morphology. The results show
the modification improved the Cs+ uptake capacity of the starting clay, with the clay modified in distilled water medium demonstrating
sorption capacity. The sorption data were adequately described using the Freundlich and Dubinin–Radushkevich isotherm models.
 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Montmorillonite and illite are among the best-known cl
minerals, which are widely studied by many researchers as+
sorbents (e.g.,[1–6]). The alkaline hydrothermal treatment
montmorillonite is less common than that of kaolinite, wh
such treatment leads to the formation of hydrated feldspat
or hydroxysodalite[7]. The aim of this treatment is to con
vert the layered (lamellar) structure of the clay into a por
structure composed of channels and cavities that can pro
sorption locations for sorbate ions/molecules. During the
drothermal alkaline treatment, ions such as Na+ and K+ act as
templates around which the aluminosilicate units polymeriz
produce large pores in the structure[8]. The morphology and
grain size of the produced zeolitic material depend on the
action conditions and the silica content of the starting mate
This modification aimed at increasing the uptake capacity o
solid and obtaining products that can behave selectively tow
a particular cation. Zeolitic material synthesized in seaw
medium from bentonite using reflux and autoclave methods
reported to show selectivity toward NH+

4 ions in seawater[8].
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Cesium is important from a radioactive waste viewpoint
has several radioactive isotopes, the most important of w
are 134Cs (t1/2 = 2.06 years),135Cs (t1/2 = 3.0 × 106 years),
and137Cs (t1/2 = 30.17 years), produced in nuclear fission. D
to their long half-lives, both135Cs and137Cs are principal ra
diocontaminants.

In this study, hydrothermal alkaline treatment was perform
using the reflux method. Seawater and distilled water w
used in the preparation of the alkaline solutions and their
fect on the modified clay was discussed. The produced
terial was characterized using X-ray diffraction (XRD), sca
ning electron microscopy (SEM), energy dispersive X-ray sp
troscopy (EDS), and infrared spectroscopy (FTIR). The s
thesized solids were then tested as sorbents for Cs+ ions and
their uptake capacity was compared with that of the star
montmorillonite–illite clay. The concentrations of both io
in the filtrates following the sorption experiments were de
mined using atomic absorption spectroscopy (AAS).

2. Experimental

The clay mineral used in this study was obtained fr
Aldrich (Cat. 28,152-2). The alkaline solutions were prepa
with a concentration of 3.75 M NaOH dissolved in seawa
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obtained from the Bay of Urla town situated on the Aege
coast of Turkey. A sample of 15 g of the clay was then adde
each solution and the mixtures were heated in an oil-bath u
the boiling point under reflux with continuous stirring for 8
The suspensions were then left for an aging period of 16
dry and dark medium. The samples were finally filtered, was
with deionized water, and oven-dried. The produced pow
were then characterized and used in the sorption experim
The experiments were repeated by applying alkaline solut
in which NaOH was dissolved in distilled water.

The sorption experiments were performed using the b
method. Kinetic studies were carried out at concentration
5 × 10−3 and 1× 10−4 M of CsCl over mixing periods rang
ing from 10 min up to 48 h in order to reveal the time requi
for equilibrium. To study the effect of loading on the sorpti
process, 10-ml aliquots of 5× 10−3, 1× 10−3, 5× 10−4, and
1× 10−4 M CsCl solutions were mixed with 0.1 g of the soli
using a magnetic stirrer for 24 h at 25◦C. The solid phases wer
finally separated from the liquid phases by centrifugation.
filtrate was then analyzed by flame AAS using a thermal
mental SOLAAR M6 Series-type instrument.

The FTIR spectra were recorded using a Nicole Magna
type instrument in the range 400–4000 cm−1. The samples wer
introduced as pellets of powders diluted with KBr powder. T
resolution was 4 cm−1 and a total of 32 scans were record
for each spectrum. The software used to process the re
was Omnic 1.3. XRPD analysis of the mineral phases was
formed using a Philips X’Pert Pro diffractometer. The samp
were first ground, mounted on holders, and then introduce
analysis. The source consisted of CuKα radiation (λ = 1.54 Å).
Each sample was scanned within a 2θ range of 2◦–60◦. The step
size was 0.020 with a time per step duration of 60 s. SEM/E
characterization was carried out using a Philips XL-30S F
type instrument. Prior to analysis, the solid samples were s
kled onto adhesive carbon tapes supported on metallic d
o
to

n
d
s
ts.
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Images of the sample surfaces were then recorded at diff
magnifications using SEM. The samples analyzed by EDS w
sputter-coated with a thin conductive layer of gold to minim
the effect of charging arising from the application of high
voltages (10–15 kV). EDS elemental analysis was performe
several randomly chosen points on the surface, and EDS
ping analysis was carried out at a magnification of 60× 65 µm.

3. Results and discussion

The clay fractions applied in this study were first charac
ized as received. The XRPD diagram of the montmorillon
illite (MI) clay, shown in Fig. 1a, revealed that it containe
primarily montmorillonite and illite, in addition to some quar
The 001 feature of montmorillonite looks very broad, pro
bly reflecting the amorphous nature of the mineral. The F
spectrum of the clay presented inFig. 2a indicated the presenc
of a variety of aluminosilicate bands. The features at 3625
3440 cm−1 stem from the stretching vibrations of AlAl–OH an
H-bonded water in the clay structure, respectively. The ban
1046 cm−1 is referred to the stretching vibrations of the Si–
bond, and the one at 915 cm−1 to the AlAlOH bending mode
SiOAl and SiOSi bending modes are reflected in the feat
appearing at 522 and 470 cm−1, respectively. The variations i
these bands upon modification of the mineral are discussed
in this text. On elemental basis, the EDS analysis revealed
the percentage composition of MI is 62.47 O, 25.71 Si, 7
Al, 2.36 Fe, 1.09 Mg, 0.65 Na, 0.58 K, and 0.27 Ca. Accord
to SEM images, the particles of the mineral look like mass
aggregates of irregular shapes, of sizes that amounts to se
micrometers.

Upon modification of the clay, serious changes in its Na
Si content were observed. The EDS results showing the com
sition (as oxides) of MI clay and the one modified in seawa
medium (MIS) are given inTable 1. The alteration of the min
Fig. 1. The XRPD patterns of (a) MI, (b) MIS. M: montmorillonite, I: illite, Q: quartz.
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Fig. 2. FTIR spectra of (a) MI, (b) MIS.
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Table 1
Oxide ratios of elements in MI, MIS, and MID

Ratio MI MIS MID

SiO2/Al2O3 7.32 4.01 3.30
Fe2O3/Al2O3 0.34 0.41 0.42
MgO/Al2O3 0.31 0.62 0.33
CaO/Al2O3 0.04 0.08 0.07
Na2O/Al2O3 0.09 2.31 1.75
K2O/Al2O3 0.08 0.11 0.12

Note. All data are obtained from the EDS measurements.

eral is evident from the sharp changes in the SiO2/Al2O3 and
Na2O/Al2O3 ratios. Less significant changes are observe
the ratios of other oxides. The XRPD patterns are compare
Fig. 1. The figure reveals a partial transformation of the star
MI clay upon alkaline hydrothermal treatment. The fact that
treatment requires a high ratio of solution to solid to give h
volume yields (product weight/reaction volume) is reported
be responsible for the limited conversion of the starting min
into a zeolitic mineral[9]. The new features of the XRPD pa
tern of MIS (marked with dashed lines) apparently stem fr
more than a single type of zeolitic structures, as our searc
sults did not yield a particular type of zeolite that could ma
all the reflections at once. Although a precise identification
all the peaks was difficult, the primary peaks with reflectio
at 2θ values of 14.28◦, 24.8◦, 34.19◦, and 43.30◦, correspond-
ing to d (Å) values of 6.20, 3.59, 2.62, and 2.09, correspon
sodalite octahydrate-type zeolite.

The FTIR spectra given inFig. 2 confirm a loss of inten
sity in the bands of the starting clay upon alkaline hydroth
mal treatment and the development of new bands at 850
1463 cm−1 in the MIS spectrum. Typical SEM micrograph
of MI and MIS are given inFigs. 3a and 3b. Fig. 3b shows
part of the mineral structure in which a transformation int
spheroid granule morphology took place with a particle s
that ranged approximately from 0.5 to 1 µm. It was early
n
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(a)

(b)

Fig. 3. Typical SEM micrographs of (a) MI, (b) MIS.

ported that one of the factors that affect the morphology of
produced material in a zeolitization process is the charact
tic of the medium, and that ions such as Na+ and K+ act as
templates around which the aluminosilicate units polymeriz
produce large pores in the structure[8].
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Fig. 4. An EDS map showing the distribution of Al, Si, Na, and Cs on the surface of Cs-sorbed MIS.
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The effect of Cs+ sorption on the clay prior to and follow
ing modification was first examined using EDS. Multiple me
surements on the surfaces of the minerals exposed to a 0
concentration of Cs+ showed that the atomic percentage of t
element on MI clay ranged from 1 to 1.5. In the case of so
tion on MIS, however, the atomic percentage of Cs increa
approximately by one-third, amounting to a value of abou
The EDS map of Cs on part of the solid surface rich with
olited particles is shown inFig. 4. The figure shows as we
the distribution of Na, Al, and Si and corresponds to an a
of 60× 65 µm. The maps demonstrate the association o
with Al and Si in the zeolited fractions, but it is not possib
to conclude what fraction of Na is structural and/or simply
tached to the mineral surface. In general, a sharp decrea
the Na content of MIS was observed upon exposure to Cs+ so-
lutions. This large drop suggested that only a small fractio
the Na+ ions available in the aqueous alkaline medium (o
inating from both seawater and NaOH) are occupying ske
positions in the modified clay, with the remaining larger fr
tion being loosely bound to the structure of the modified so
This sharp drop in Na content was also verified by the
tense characteristic Na signals upon analysis of the filtrat
the sorption experiments with atomic emission spectrosc
(AES).

The modification experiments were repeated by apply
distilled water as a substitute for seawater. Characterizatio
the resulting new materials (MID) produced XRPD and FT
features that largely resemble those of MIS. From the o
compositions given inTable 1, it can be seen that replacing se
water with distilled water led to a decrease in the Na con
of the modified clay. An important difference was also impl
M
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by the decrease in the number of particles possessing sph
granular morphology. The MID solid was then applied as a
bent for aqueous Cs+ ions and its performance was compar
with that of MIS. Preliminary results based on EDS meas
ments indicated that applying distilled water as a substitute
seawater in alkaline hydrothermal treatment yielded an im
tant further increase in the sorption capacity of the synthes
material for Cs+ ions. Typical EDS spectra of Cs-sorbed M
MIS, and MID are shown inFig. 5. It must be stressed that,
general, EDS results should be handled with care due to th
rors that can arise because of inherent factors (poor dete
ability for elements with atomic percentages below 5), in
dition to possible anomalies that might originate from surf
heterogeneity. Nevertheless, the conclusions drawn above
also confirmed by studying the sorption of Cs+ on MI, MIS,
and MID at multiple concentrations and analyzing the filtra
using AAS as shown below.

Preliminary kinetic studies performed at concentrations
5 × 10−3 and 1× 10−4 M over mixing periods ranging from
10 min up to 48 h revealed that equilibrium was achieved wi
the first 2 h of mixing and that the equilibrium concentration
Cs+ did not change over the remaining period. Based on
the mixing period was fixed at 24 h in further experiments
tended to investigate the effect of concentration (at initial va
of 5×10−3, 1×10−3, 5×10−4, and 1×10−4 M) on the extent
of retention of Cs+ by MI, MIS, and MID. Following sorption,
the concentration of aqueous Cs+ ions was measured usin
AAS. The concentration of sorbed ions on the solid pha
meq/g, was then calculated from

(1)[C]s = ([C]o − [C]l
)
(V/M).
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(a) (b)

(c)

Fig. 5. Typical EDS spectra of Cs-sorbed minerals: (a) MI, (b) MIS, (c) MID.
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Table 2
Percentage sorption of Cs+ ions on MI, MIS, and MID at various loading value

Initial conc., M MI MIS MID

5× 10−3 34 46 78
1× 10−3 44 65 89
5× 10−4 74 75 95
1× 10−4 86 92 97

Here[C]o is the initial concentration (meq/ml), [C]l is the con-
centration in the liquid at timet (meq/ml), V is the volume of
the solution (L), andM is the mass of the solid (g). The pe
centage sorption (PS) was calculated utilizing the formula

(2)PS= [C]o − [C]l
[C]o × 100%.

The obtained values of PS are given inTable 2. The values
clearly indicate that the sorption capacity of the minerals
creases as MI< MIS < MID at all the studied concentrations

The sorption data were fitted to the sorption isotherm m
els. The results showed that sorption can be best described
the Freundlich isotherm model and the Dubinin–Radushke
(D–R) model; the formulas are given by

(3)[C]s = k[C]nl ,
(4)[C]s = Cm exp(−Kε2),

where[C]s is the equilibrium concentration of the ion on t
solid (meq/ml), [C]l is the equilibrium concentration of tha
ion in the liquid phase, andn and k are the Freundlich con
stants. In the D–R isotherm,ε is given byRT ln(1 + 1/[C]l),
R is the ideal gas constant (8.3145 J/mol K), T is the absolute
-

-
ing
h

Table 3
Freundlich constantsn, k and D–R constantsCm (meq/g) and the sorption
energyE (kJ/mol), obtained from the sorption data of Cs+ ions

Solid n k Cm E

MI 0.52 2.95 0.36 10.1
MIS 0.62 12.0 0.79 9.6
MID 0.69 63.1 2.20 9.5

temperature (K), andCm andK are constants. The constantsn,
k andK , Cm are obtained from the least-squares fits of the s
tion data constructed using the linear forms of Eqs.(3) and (4).
Freundlich and D–R plots are given inFig. 6. The values ofn,
k, andCm are all provided inTable 3. The closer the value ofn
to unity, the closer will be the sorption process to linear beh
ior. Linear sorption implies no change in the energetic bar
against sorption as coverage is increased or decreased,
other words, that no significant change in the extent of sor
amount occurs when the initial concentration of the sorba
changed. The value of the Freundlich constant,k (meq/g), can
be correlated with the capacity of a particular solid for sorpt
under the particular experimental conditions. However, s
the Freundlich isotherm does not predict a maximum cove
for a given sorbent, it is hard to say thatk corresponds to th
maximum sorption capacity. The value ofk can, nevertheless
be useful in providing a qualitative comparison for the fix
tion affinity of a given sorbent toward different sorbates.
the other hand, the D–R constant,Cm (meq/g), can be used a
an estimate of the coverage capacity of the solid surface. F
Table 3, it is evident that the linearity of sorption and sorpti
capacity increase in the order MI< MIS < MID.
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Fig. 6. Isotherm plots of Cs+ sorption data: (a) Freundlich and (b) D–R isotherm.
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The D–R constantK , obtained from the slope of the D–
plots, is related to the sorption energy,E, through

(5)E = 1√−2K
.

Here E (kJ/mol) refers to the amount of energy required
transfer one mole of sorbed ions from infinity in solution
the solid surface. TheE values are also included inTable 3.
The values are indicative that electrostatic types of forces
operative between the sorbate and the sorbent sites. The
conclusion can be drawn also from the values of�G◦ of sorp-
tion presented inTable 4and calculated using the equation

(6)�G◦ = −RT lnRd.

The table provides also the corresponding values of the d
bution ratio,Rd (ml/g), which represents the ratio [Cs]s/[Cs]l ,
and is approximated here as an observed equilibrium con
that is valid at a particular initial concentration. The nega
sign of the�G◦ values is referred to the spontaneous natur
the sorption process. It is reported that if the sorption ene
lies in the range 8–16 kJ/mol then an ion-exchange mechanis
will be dominant[10]. Earlier studies have discussed the la
contribution of ion exchange in the sorption processes of
sium ions on montmorillonite and illite minerals (e.g.,[3,6]),
suggesting that external sites, as well as frayed edge sites (
layer sites exposed along the edges of the clay platelets[6]), are
involved in the exchange process. In a geological mixture c
taining montmorillonite and illite, both fractions are expec
to take place in the exchange process, but the contributio
montmorillonite is reported to be more than two orders of m
nitude larger than that of illite[11]. As outlined previously, the
modification process results in a partial transformation of
lamellar structure into a porous one of zeolitic nature. Suc
transformation could possibly affect the kinetic aspects of
e
me

i-

nt

f
y

-

er-

-

of
-

a
e

Table 4
Values ofRd (ml/g) and�G◦ (kJ/mol) of sorption for Cs+ retention by MI,
MIS, and MID at various initial concentrations

Initial conc., M MI MIS MID

Rd �G◦ Rd �G◦ Rd �G◦

5× 10−3 51 −9.7 167 −12.7 669 −16.1
1× 10−3 79 −10.8 184 −12.9 858 −16.7
5× 10−4 284 −14.0 296 −14.1 2074 −18.9
1× 10−4 617 −17.6 1200 −17.6 3133 −19.9

sorption process (extent of external diffusion versus pore d
sion), the elaboration of which necessitates a separate de
study. Since the modification process involves introducing
large amount of Na+ ions into the mineral structure, with on
part of these ions occupying skeletal positions, as outlined
fore, the reaction in which Na+ is exchanged for Cs+ in the
modified mineral is expected to constitute a large part of
cation exchange process.

4. Conclusions

Alkaline hydrothermal treatment suffers mainly from t
disadvantage of requiring large amounts of NaOH and
achievement of only partial conversion (under reflux) of
starting montmorillonite–illite clay. However, this treatment
fers a means by which the sorption capacity of the clay tow
Cs+ is improved further. Within the studied range of Cs+ con-
centration, the treatment process carried out using distilled
ter as a substitute for seawater is seen to be more effecti
enhancing the sorption capacity of the zeolited material.
sorption data of Cs+ on the three minerals MI, MIS, and MID
was adequately described by Freundlich and D–R adsorp
models. Further studies are being carried out to test the e
of the modification process on the uptake capacities of th
solids toward other cationic sorbates.
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