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a b s t r a c t

X-ray powder diffraction (XRPD) analysis demonstrated that the main montmorillonite component of
Unye bentonite was more effective in the Pb2+, Cu2+, Ni2+, Co2+, Zn2+, Al3+ and Fe3+ fixation processes in the
interlayer space of the mineral than the nonclay fractions. All cation-exchanged bentonites experienced
slight shifts in non-lattice bands whereas the features emerged at ∼3400 and 3200 cm−1 are unique to
the newly inserted cations. The clay dehydration up to 150 ◦C and then the release of the water of the

◦

entonite
ation exchange
RPD
TR
hermal analysis
urface area

cation hydration shell in the temperature range of 150–300 C were followed by dehydroxilation between
300 and 700 ◦C, after which no water remains in the bentonite structure. Additional features observed
at elevated temperatures were assigned to the cation migration and the collapse of the clay framework.
The surface areas of the Zn- and Fe-bentonites and those of the Pb-, Cu-, Ni-, Co- and Al-bentonites
were found to be much higher and lower than that of raw bentonite, respectively, which were explained
by the emergence of the micropores and medium mesopores in the interlayer spacings of the samples,
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. Introduction

Clay minerals, a large family of alumino-silicate structures with
range of chemical composition, structure and surface properties,
re very reactive materials due to their small grain size, large sur-
ace area, adsorption properties and chemical variability. Therefore,
hey are of considerable recognition in all the physical, chemical
nd environmental processes in soils and sediments, and frequently
ontrol them [1–5]. The industrial application of clays is enormous
nd grows with our ability to engineer their properties and use
hem in the production of composite materials [6–10]. In addition,
lays are able to retain inorganic and organic pollutants, and to
top the circulation of contaminated fluids in both aquatic and soil
nvironments [11–13].

Montmorillonite, a dioctahedral clay with the 2:1 layer link-
ge, has a high cation-exchange capacity (CEC) ranging from 70
o 130 meq/100 g, most of which is due to the isomorphous substi-
ution of its main cations, Si4+ and Al3+ within the structure with

ations of lower valency, but a lesser amount is due to the charges
t the edge of the sheets [14,15]. The cation substitutions mainly
ake place in the octahedral sheets and may induce an enormous
hange in the physicochemical properties of clay minerals [16–20].
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he use of modified clays with traditional clays as low-cost, effec-
ive catalyst materials for the removal of metal ions from industrial
ffluents and wastewaters through ion exchange or surface com-
lexation has been of great relevance for both applications and our
nderstanding of natural processes [21–27].

In present work, X-ray powder diffraction (XRPD), attenuated
otal reflection (ATR) spectroscopy, thermal analysis (DTA/TG) and
urface area measurement (BET) techniques were employed to
haracterise Pb-, Cu-, Ni-, Co-, Zn-, Al- and Fe-bentonites, which
ere derived from Ca-exchanged bentonite samples.

. Experimental

.1. Materials

NaCl (Sigma, 99.5%), CaCl2·6H2O (Merck, 99.0%), CoCl2·6H2O
Merck, 98.0%), CuCl2·2H2O (Merck, 99.9%), NiCl2·6H2O (Merck,
9.9%), FeCl3·6H2O (Merck, 98.0%), AlCl3·6H2O (Merck, 99%), PbCl2
Merck, 99.9%) and ZnCl2 (Merck, 99.9%) were used for preparing
he cation-exchanged Unye bentonite samples.
.2. Preparation of Na- and Ca-bentonite samples

Chemical composition of Unye bentonite (UB) which is an
mportant mineral resource of Turkey was given in Table 1. 5 g of
aw UB was washed with deionized water several times and dried at

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:bafsin@omu.edu.tr
dx.doi.org/10.1016/j.cej.2008.10.028
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Table 1
Chemical analysis results of raw Unye bentonite.
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atmosphere at a heating rate of 10 ◦C min−1. Calcinated �-alumina

F
A

onstituent SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O
onstituent (%) 62.0 20.10 2.16 2.29 3.64 0.27 2.53

05 ◦C and then centrifuged. The bentonite sample was homoion-
zed by treating with 100 ml of 0.1 M NaCl and CaCl2 solutions
eparately. The Na- and Ca-bentonite products thus obtained were
ried at 105 ◦C and sieved to 38–108 �m and then kept for other
xperimental procedures. The CEC value of UB was determined as
4 meq/100 g clay by methylene blue adsorption technique [28].

.3. Preparation of cation-exchanged bentonites

The Ca-bentonite sample prepared as described above was
2+ 2+ 2+
reated with 100 ml of 0.1 M MClx·nH2O (M:Pb , Cu , Ni ,

o2+, Zn2+, Al3+, Fe3+) solutions at room temperature for 24 h
nder vigorous stirring. The products were washed with deion-

zed water thoroughly and the supernatants were filtered off and
he solid parts were washed with deionized water repeatedly

w
t
Q
2

ig. 1. XRPD patterns of (a) raw bentonite, (b) Na-bentonite, (c) Ca-bentonite, (d) Pb-be
l-bentonite, and (j) Fe-bentonite.
g Journal 149 (2009) 242–248 243

ntil a negative chloride test was obtained. The solid precipi-
ates were ground to the initial size and kept for spectroscopic

easurements.

.4. Characterization of the bentonite samples

ATR spectra of the raw and cation-exchanged bentonite sam-
les were recorded on a Bruker Vertex 80 V-spectrometer equipped
ith a MCT/A detector in the region 4000–400 cm−1 at a resolu-

ion of 4 cm−1. XRPD patterns were taken at ambient temperatures
y the use of a Rigaku 2000 automated diffractometer using Ni
ltered Cu K� radiation (� = 1.54050 Å; 40 kV and 40 mA). Bragg’s

aw, defined as n� = 2d sin �, was used to compute the crystallo-
raphic spacing (d) for the examined bentonite samples. Thermal
nalysis runs were performed simultaneously on a PYRIS Diamond
G/DTA apparatus (range: 20–1000 ◦C) under dynamic nitrogen
as taken as the reference. Surface areas were measured by adsorp-
ion of a special gas mixture (30% N2 + 70% He) at 77 K using
uantachromosorb. All the samples were outgassed at 120 ◦C for
h prior to the surface area measurements.

ntonite, (e) Cu-bentonite, (f) Ni-bentonite, (g) Co-bentonite, (h) Zn-bentonite, (i)
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Table 2
XRPD data of raw Unye bentonite.

Diffraction plane 2� d (Å) Intensity
(%)

Peak area
(%)

0 0 1 5.76 15.33 100 100
0 0 3 17.60 5.03 7.2 8.3
0 2 0–1 1 0 19.84 4.47 43.1 37.8
Quartz (1 0 0) 20.88 4.25 2.6 0.4
Dolomite (1 0 2) 23.43 3.79 6.1 1.8
Quartz (1 0 1) 26.81 3.32 5.2 3.8
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montmorillonite which is weaker than the (0 2 0) diffraction peak
and it is observed at 6.62(2�) with a distance of 13.10 Å (Fig. 1j).
The minimum d0 0 1 value is unique for Fe-bentonite among all the
cation-exchanged samples studied here. The variations and differ-
olomite (1 0 4) 29.83 2.99 6.5 6.1
3 0–2 0 0 34.80 2.58 20.2 27.5
6 0–0 3 3 61.84 1.50 11.1 7.5

. Results and discussion

.1. XRPD data of raw and cation-exchanged bentonites

The d0 0 1, d0 0 3, d0 2 0–1 1 0, d1 3 0–2 0 0 and d0 6 0 diffractions of the
ain montmorillonite (M) component of raw UB are seen at 5.76,

7.60, 19.84, 34.80 and 61.84(2�) with the distances of 15.33, 5.03,
.47, 2.58 and 1.50 Å, respectively (Fig. 1a and Table 2). The peaks
riginating from the nonclay components (quartz (Q) and dolomite
D)) are observed at 20.88 and 26.81(2�) with the d1 0 0 and d1 0 1
alues of 4.25 and 3.32 Å and at 23.43 and 29.83(2�) with the d1 0 2
nd d1 0 4 values of 3.79 and 2.99 Å, respectively. It may be con-
luded from the comparison of the intensities of the d0 0 1 peak of
aw UB and the diffractions of the nonclay components that the
ain component of bentonite is montmorillonite and the quartz

nd dolomite fractions are small. The high Mg and Ca contents of
he raw bentonite (Table 1) illustrate the significant amount of Mg2+

nd Ca2+ contribution from dolomite to the framework Mg and
nterlayer Ca cations whereas the higher d0 0 1 distance of raw UB
15.33 Å) than that of Na-montmorillonite (12.04 Å) and the basal
pacing values varying in the range 14.45–15.40 Å may be explained
y the presence of a calcium-rich bentonite sample [29]. However,
he absence of the d0 0 1 peak at 9.98 Å in the XRPD pattern (Fig. 1a)
nd the lack of characteristic illite vibrations in the ATR spectrum of
aw UB (Fig. 2a) rule out the presence of illite in the structure despite
ts low sodium content [30]. The d0 6 0 peak which is an important
eature used for identifying the type of smectites is located at 1.50 Å
n the XRPD pattern of raw UB (Fig. 1a and Table 1) revealing that the
entonite sample is an Al-rich 2:1 dioctahedral montmorillonite
31]. In addition, it may be concluded referring to the highly inten-
ive d0 2 0–1 1 0 features of the sample that Al is highly available in
he octahedral centres of UB [32].

The d0 0 1 peak of 15.33 Å at 5.76(2�) of raw bentonite shifts to
.16(2�) (the distance: 14.34 Å) and d0 0 3 peak of 5.03 Å at 17.60(2�)
ppears at 18.31(2�) with the distance of 4.84 Å in the XRPD pat-
ern of Pb-bentonite (Fig. 1d). In addition, the d0 0 4 peak of 3.60 Å
t 24.73(2�) is seen and the d0 2 0, d1 3 0–2 0 0 and d0 6 0 peaks of
ontmorillonite are observed at 19.84, 34.22 and 61.91(2�) with

he distances of 4.47, 2.61 and 1.50 Å, respectively. Furthermore,
he peaks from quartz are located at 20.97 and 27.20(2�) with the
istances of 4.23 and 3.28 Å and the peaks of dolomite are posi-
ioned at 23.44 and 29.85(2�) with the distances of 3.79 and 2.99 Å,
espectively. The d0 0 1 peak of Cu-bentonite is quite weak and a new
eak of nearly the equivalent intensity with the d0 2 0 peak arises at
.58(2�) with the d value of 13.38 Å (Fig. 1e). Because of this inten-
ity decrease, the peaks of the quartz and dolomite components
ecome prominent in the range from 30 to 70(2�). The insertion of

ickel cations does not seem to affect the d0 0 1 distance of the raw
entonite and the diffraction peaks of montmorillonite emerge at
7.92, 19.76, 34.80 and 61.76(2�) and those of quartz and dolomite
re seen at 20.80 and 26.63(2�) and 23.38 and 29.64(2�), respec-
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ively (Fig. 1f). The d0 0 1 peak of Co-bentonite is located at 6.08(2�)
ith a distance of 14.53 Å and the d0 0 3, d0 2 0–1 1 0, d1 3 0–2 0 0 and d0 6 0
iffractions are observed at 18.16, 19.92, 35.52 and 61.92(2�) with
he distances of 4.88, 4.45, 2.53 and 1.50 Å, respectively (Fig. 1g).
he peaks of the quartz and dolomite components are detected at
1.04, 23.60(2�) and 26.96, 29.92(2�), respectively. The d0 0 1 peak
f Zn-bentonite is observed at 5.99(2�) with a distance of 14.72 Å
Fig. 1h) and the other diffraction peaks of bentonite are positioned
t 18.08, 19.77, 34.88 and 61.70(2�). The diffraction peaks of quartz
nd dolomite are placed at 20.89, 26.88(2�) and 23.37, 29.76(2�),
espectively. The d0 0 1 peak is observed as an intensified feature
t 5.92(2�) with a distance of 14.91 Å when Al3+ cation is intro-
uced into the interlayer of the clay and the distances of 4.86.
.49. 2.58 and 1.50 Å correspond to the d0 0 3, d0 2 0–1 1 0, d1 3 0–2 0 0,
nd d0 6 0 diffractions, respectively (Fig. 1i). Furthermore, the peaks
f quartz are seen at 20.96 and 26.73(2�) and those of dolomite
re located at 23.38 and 29.83(2�). The peaks of nonclay compo-
ents become prominent for Fe-bentonite due to the d0 0 1 peak of
ig. 2. ATR spectra of (a) raw bentonite, (b) Na-bentonite, (c) Ca-bentonite, (d) Pb-
entonite, (e) Cu-bentonite, (f) Ni-bentonite, (g) Co-bentonite, (h) Zn-bentonite, (i)
l-bentonite, and (j) Fe-bentonite.
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Table 3
d0 0 1 values of raw and cation-exchanged Unye bentonite samples.

Sample Ionic radii (Å) d0 0 1 (Å)

Raw bentonite – 15.33
Na-bentonite 0.95 14.15
Ca-bentonite 1.00 15.33
Pb-bentonite 1.20 14.34
Cu-bentonite 0.70 13.38
Ni-bentonite 0.69 15.33
Co-bentonite 0.74 14.53
Z
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h
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t
3700–3000 cm−1 region, as the remaining part of the spectra is

F
A

n-bentonite 0.74 14.72
l-bentonite 0.50 14.91
e-bentonite 0.56 13.10

nces in the position and the intensity of the main (0 0 1) peak
rawn by the cation-exchange processes (Table 3) affected the rel-
tive intensities of the other diffraction peaks as well as nonclay
eaks. This outcome which signifies that a small fraction of iron

ons penetrates into the octahedral vacancies from the hexagonal

avities [13] has to be in connection with the ratio of the amount
f the cation inserted inside the interlayer of bentonite and coor-
inated water and the electrostatic attraction between the cations
nd the interlayer surface planes.

a
s
a
A

ig. 3. DTA and TG curves of (a) raw bentonite, (b) Na-bentonite, (c) Ca-bentonite, (d) Pb-
l-bentonite, and (j) Fe-bentonite.
g Journal 149 (2009) 242–248 245

.2. ATR spectral data of raw and cation-exchanged bentonites

The structural OH vibrations and the Si O stretches and
he OH bending modes exist in the regions 3700–3200 and
300–440 cm−1, respectively, in the ATR spectrum of raw UB
Fig. 2a) [33,34]. The characteristic OH stretching vibrations
bserved at 3624 and 3614 cm−1 which originate from the AlAlOH
nd AlMgOH stretches, respectively, are due to the Al-rich octahe-
ral centres of bentonite and the partial replacement of magnesium
y aluminium. In addition, the envelope at 3400 cm−1 which
elongs to the OH stretching of H-bonded water signifies the
igher amount of octahedral replacement of Mg atoms than that
f Fe atoms [35,36]. The features at 1730 and 1370 cm−1 corre-
pond to the combinational mode and carbonate stretching peak
f dolomite, respectively. The Si O stretching peaks of quartz and
ilica are coincided at 789 cm−1 and the vibration of dolomite is
verlapped by the Si O stretching of silica at 696 cm−1. Most of
he changes in the cation-exchanged samples were noticed in the
lmost identical to the raw bentonite. All the cation-exchanged
amples have a medium intensity peak around 3610 cm−1, associ-
ted with the OH-group coordinated to the cations (Fig. 2b–j). The
lAlOH stretching mode and the (cation-OH) H-bonded appeared

bentonite, (e) Cu-bentonite, (f) Ni-bentonite, (g) Co-bentonite, (h) Zn-bentonite, (i)
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Table 4
Thermal analysis data of raw and cation-exchanged bentonites.

Sample Temperature range (◦C) Mass loss (%) DTAmax (endo)

Raw bentonite 25–129 8.1 99
129–220 3.1 166
300–720 4.3 509, 658
720–950 0.0 910 (exo)

Na-bentonite 30–290 8.9 64
290–830 4.3 638

Ca-bentonite 28–115 9.9 63
115–174 2.9 140
290–770 4.1 647

Pb-bentonite 30–290 10.0 69
290–780 3.9 626

Cu-bentonite 30–300 10.7 78
300–460 1.1 369
460–600 1.6 577
600–870 1.7 630

Ni-bentonite 30–370 12.6 69
370–870 3.9 611

Co-bentonite 30–120 6.1 75
120–230 2.1 144
230–420 1.4 364
420–880 3.7 626

Zn-bentonite 30–280 12.4 62
280–850 4.2 618

Al-bentonite 30–105 5.8 80
105–180 6.4 119
200–400 1.5 298, 311
400–750 5.2 582, 622

Fe-bentonite 30–250 10.2 82
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t 3614 and 3400 cm−1, respectively. The (cation-OH) H-bonded
and has shifted by 5–20 cm−1 slightly downwards depending on
he type of the exchanging cation.

A very broad envelope in the range 3500–3000 cm−1 consists of
ifferent features [37]. OH-groups involved in H2O–H2O H-bonds
ive rise to the vibrations around 3400 cm−1, while the shoulder
etween 3200 and 3400 cm−1 is ascribed to an overtone of the
2O bending vibration. Since H2O molecules coordinated to the

trongly polarising cations such as Al3+ form stronger H-bonds to
ater species in outer spheres of coordination, vibrations below
200 cm−1 which are probably due to the M2+–OH vibration are

ntensified (Fig. 2i) [7,34].
What appears to be important is the ratio of the peaks at

610 and 3400–3000 cm−1, as different type of cation exchange
s applied. As the cations are exchanged with Ca in UB, the
ydration peak intensity decreases in consistent with the fact
hat Ca coordinates higher amount of water than the exchanged
ations (Fig. 2c–j) [38,39]. However, we refer to the new fea-
ures, unique to the newly inserted cation, especially in that of
b-bentonite, emerged at 3392 and 3200 cm−1 (Fig. 2d) as (cation-
H) H-stabilized species [40]. The H2O bending mode is observed
round 1630 cm−1, together with the most intense peaks due to the
i O Si stretching modes around 990 cm−1 in the ATR spectra of
ll cation-exchanged bentonite samples (Fig. 2b–j). The (AlAlOH)
nd (MgAlOH) deformation peaks are found for the raw clay at
15 and 840 cm−1, respectively, and at a slightly higher wavenum-
ers for the Na- and Ca-bentonites. It may be concluded based on
he peaks above that the Al atoms are dominant in the octahedral
entres of raw bentonite with a significant amount of Mg atoms.
here are only minor changes in the Si O bending vibrations at
14 cm−1, due to Si O Al, and at 467 cm−1, due to Si O Si, for
ll the samples. This is also true for the H2O-bending mode at
pproximately 1630 cm−1, which in all spectra consists of a shoul-
er which is probably due to a difference in coordination within
he structure and the hydration shell [41–43]. Therefore, it is pos-
ible to provide some insight into the distinctions observed in
he OH vibrational region based upon the different binding abil-
ties of the metal cations towards the interlayer water species
ince the water molecule is preferably coordinated to the inter-
ayer cations [44] and the residual water entrapped by the interlayer
acancies.

.3. Thermal analysis data of raw and cation-exchanged
entonites

Two dehydration stages with a total mass loss of 11.2% over the
emperature range of 25–220 ◦C are noticeable on the TG curve of
aw bentonite (Fig. 3a and Table 4). The removal of adsorbed water
ith a mass loss of 8.1% in the first stage 25–130 ◦C gives rise to

n endothermic DTA peak centred at 99 ◦C and the endothermic
eature at 166 ◦C in the range of 130–220 ◦C which is accompanied
y a mass loss of 3.1% corresponds to the elimination of the water
pecies coordinated to the interlayer cations. The endothermic peak
t 658 ◦C and the shoulder at 509 ◦C which are associated with the
ass loss by 4.3% in the range of 300–720 ◦C originate from the

ehydroxilation of amorphous smectites [2,33]. The endothermic
aximum at 886 ◦C that screens the classical phase transition peak

f bentonite at 910 ◦C represents the decomposition of dolomite
mpurity. The dehydration of Na-bentonite occurs with a mass loss
f 8.9% in the temperature range of 30–290 ◦C as a single-step pro-

ess which gives rise to an endothermic maximum at 64 ◦C (Fig. 3b)
hereas this same process happens in two stages for raw bentonite.

he dehydroxilation process results in two endothermic DTA peaks
n the range of 290–830 ◦C; a strong one at 638 ◦C and a shoulder
t 585 ◦C with a mass loss of 4.3%.

h
r
o
a
3

250–450 2.0 332
450–600 1.8 580
600–840 1.5 627

The endothermic maxima at 69 and 626 ◦C in the DTA curve
f Pb-bentonite (Fig. 3d and Table 4) correspond to the removal
f moisture and hydroxyl species, respectively. The amount of
ater removed (10.0%) is more than that of Na-bentonite and it

s observed at a higher temperature whereas the hydroxyl species
volve at a lower temperature. The evolution of adsorbed and
ation-coordinated water species from Cu-bentonite is represented
y an endothermic peak at 78 ◦C and a shoulder at 160 ◦C, respec-
ively, in the range of 30–300 ◦C with a mass loss by 10.7% (Fig. 3e
nd Table 4). Many researchers agree that for temperatures up to
00 ◦C, Cu species migrate into hexagonal cavities [13] and above
00 ◦C, they penetrate the octahedral sheets where they saturate
he charge of the sheet [17,41,43]. Three endothermic peaks at 369,
77 and 630 ◦C which are accompanied by a total mass loss of 4.4% in
he range of 300–870 ◦C signify the dehydroxilation process of Cu-
entonite [8,33]. Above 900 ◦C major structural changes resulting

n the development of cristobalite and mullite in montmorillonite
ccur [15,16,42]. The removal of adsorbed and coordinated water
pecies with a mass loss of 12.6% in the temperature interval of
0–370 ◦C from Ni-bentonite gives rise to a DTA peak at 69 ◦C and a
houlder at 140 ◦C (Fig. 3f and Table 4). Furthermore, the endother-
ic maximum at 611 ◦C and the shoulder at 509 ◦C are attributed

o the dehydroxilation process.
It is clearly seen that Ni-bentonite is the sample of the minimum

ehydroxilation temperature. Similar to Cu-bentonite, water and

ydroxyl species desorb from Co-bentonite in two and three stages,
espectively (Fig. 3g and Table 4). The adsorbed water species des-
rb at 75 ◦C; the coordinated water species are released at 144 ◦C,
nd the final dehydroxilation stage is accompanied by a peak at
64 ◦C, a shoulder at 550 ◦C and a shallow endotherm at about
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Table 5
Surface areas of raw and cation-exchanged bentonites.

Sample Surface area (m2 g−1) Ionic radius (Å)

Raw bentonite 35.0 ± 1.1 –
Na-bentonite 22.0 ± 0.7 0.95
Ca-bentonite 31.0 ± 0.9 1.00
Pb-bentonite 20.0 ± 0.6 1.20
Cu-bentonite 24.0 ± 0.7 0.70
Ni-bentonite 27.0 ± 0.8 0.69
Co-bentonite 28.0 ± 0.8 0.74
Z
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n-bentonite 48.0 ± 1.4 0.74
l-bentonite 29.0 ± 0.9 0.50
e-bentonite 38.0 ± 1.1 0.56

26 ◦C. The mass losses by 12.4 and 4.2% detected in the tem-
erature ranges of 30–290 and 290–850 ◦C with the endothermic
axima of 62 and 618 ◦C, respectively, correspond to the removal

f moisture and hydroxile species, respectively, from Zn-bentonite
Fig. 3h and Table 4). The mass losses by 10.2 and 5.3% determined
n the ranges of 30–250 and 250–840 ◦C which are accompanied
y the peaks centred at 82 and 332, 580 and 627 ◦C, respectively
Fig. 3i and Table 4) are attributed to the elimination of the struc-
ural water and the hydration shells around iron cations as a 3-step
ehydroxilation process, respectively [45,46]. It is clearly seen that
he type of exchanged cation influenced significantly the thermal
ehavior of the bentonite samples with regard to their dehydration
nd dehydroxilation capacities.

.4. Surface area measurements of raw and cation-exchanged
entonites

Higher surface area of Ca-bentonite in comparison to that of
a-bentonite (Table 5) suggests that the latter sample may have
onsiderable amount of the trapped pores in the range of small and
edium mesopores (20–400 Å) [47] and the ion valence is expected

o be more important in determining the textural properties of the
amples in this case. The surface areas of Pb-, Cu-, Ni-, Co- and
l-bentonite samples are interrrelated at the level of stacking of
lementary layers with respect to the Fe- and Zn-samples (Table 5)
n that the adsorption by reaction with the planar sites and the con-
equent formation of outer-sphere complexes is likely to occur [48].
he insertion of iron and zinc cations into UB reduces the number
f medium and large mesopores (>100 Å) and thus, the exchange
rocess results in significant increase in the surface areas of Fe-
nd Zn-bentonites with respect to the raw bentonite sample. The
mount of the trapped pores in both Zn- and Fe-bentonite samples
s lower than those of the Pb-, Cu-, Ni-, Co-, and Al-exchanged ones

hich can be explained by the emergence of micropores (<20 Å) as
result of the arrangement of zinc and iron cations in the inter-

ayer spacing of these sample [7]. Obviously, lead, copper, nickel,
obalt and aluminium cations are subjected to compact packing in
he interlamellar layer resulting in more serious pore blocking that
nhibits the passage of nitrogen molecules [49]. These findings sug-
est that the zinc and iron ions are introduced inside the interlayer
f the clay mineral not only by cation exchange at the planar sites,
ut also through the interaction with the aluminosilicate sheets
41]. Accordingly, the increase of the surface area induced by the
ncorporation of zinc and iron ions between the silicate layers is

ainly caused by the presence of the micropores produced in the
nterlayer spaces. However, the diffuse negative charge which is

ess accessible in the octahedral sheets than the tetrahedral ones
eads to the greater capacity to form inner-sphere complexes at the
dge sites for iron species [47]. Hence, a smaller increase in the
urface area of Fe-bentonite is closely related to the arrangement
nd amount of iron cation in the interlayer of bentonite rather than
g Journal 149 (2009) 242–248 247

he ionic radius [25]. The above results indicate that the exchanged
ons affect the surface characteristics of bentonite in some manner
hat appears to be related to the size and interlayer arrangement of
he exchanged ion in the clay [50]. It may be concluded therefore
hat the order of the surface area increase of the cation-exchanged
Bs is directed by the features of the clay minerals rather than the
hemical properties of the metal ions [11,49].

. Conclusions

Both the XRPD pattern and the ATR spectrum prove that the
aw bentonite sample is an Al-rich dioctahedral montmorillonite.
he d0 0 1 distances of cation-exchanged bentonites fall in the range
f 13.10–15.33 Å. There appeared significant differences between
he surface characteristics of the different cation-exchanged ben-
onites. It is generally seen from the thermal analysis (DTA/TG) data
f raw and cation-exchanged UB samples that the distinct dehy-
ration stages of low temperatures associated with adsorbed and
ation-coordinated water species are followed by dehydroxylation
t intermediate temperatures which ceased around 700 ◦C and then
he phase transition occurs. Furthermore, external clay components
nd impurities may also be exposed to thermal decomposition at
elatively high temperatures. In general, the surface areas of the
ation-exchanged bentonites are found to be smaller than that
f raw bentonite. However, the surface area increase of the Fe-
entonite and in particular that of Zn-bentonite comparing to that
f raw bentonite is of significance and the changes in the surface
haracteristics of the samples are closely related to the arrange-
ent of the cations in the interlayer. Considerable percentage of

he surface area is associated with mesopores in Pb-, Cu-, Ni-, Co-
nd Al-bentonite samples whereas Fe3+ and Zn2+ cations generate
arge number of micropores and thus, induce the shrinkage of inter-
amellar cavities. The outcoming results of this study may be useful
or predicting the potential of Unye bentonite in view of its appli-
ation for the removal of metal ions from contaminated effluents.
he results of such studies can also be of use in order to acquire
ore information on the surface properties of clay minerals and to

ain insight into the behavior of cation-exchanged clay minerals in
atural systems.
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