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Removal of Cd(II) from aqueous solution by kaolinite, montmorillonite
and their poly(oxo zirconium) and tetrabutylammonium derivatives

Susmita Sen Gupta, Krishna G. Bhattacharyya∗

Department of Chemistry, Gauhati University, Guwahati 781014, Assam, India

Received 23 April 2005; received in revised form 31 July 2005; accepted 5 August 2005
Available online 3 October 2005

Abstract

Kaolinite, montmorillonite and their poly(oxo zirconium) and tetrabutylammonium derivatives have been used in this work for removing
Cd(II) from aqueous solution. Batch adsorption studies were carried out under various Cd(II) concentrations, amount of clay adsorbents, pH,
interaction time and temperature. The uptake of the metal was initially very fast, but gradually slowed down indicating diffusion into the
interior of the adsorbent particles. The adsorption processes were more akin towards second order reaction mechanism. The suitability of
the adsorbent was tested by fitting the adsorption data with Langmuir and Freundlich isotherms, which gave good fits with both isotherms.
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dsorption was poor in strongly acidic solution but was improved in alkaline medium and continuously increased with rise in pH. T
f the thermodynamic parameters,�H, �S and�G, indicated the interactions to be thermodynamically favourable.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Metallic elements are essential and indispensable for
rowth as well as maintenance of metabolic functions of liv-

ng organism. However, rapid industrialization coupled with
ncrease in human activities has led to accumulation of toxic
eavy metals in the environment. Heavy metals, viz., Pb(II),
g(II), Ni(II), Cd(II), Cr(VI), etc., have become one of the
rincipal environmental concerns today and also the chief

hreats to human health[1].
Cadmium is released into natural water from metal plating,

ining, pigments and alloy industries as well as from sewage
2]. Cadmium compounds are often found in or attached to
mall particles present in air, but it is difficult to tell by smell
r taste, as it does not have any recognizable taste or odor.
reathing air with very high levels of cadmium can severely
amage the lungs and may cause death. Chronic exposure to
ir with low levels of cadmium results in a build-up of the
etal in the kidneys, which may induce kidney damage[3].

∗ Corresponding author. Tel.: +91 361 2571529; fax: +91 361 2700311.

Adverse health effects due to cadmium such as lung in
ciency, bone lesions, cancer and hypertension in human
well documented[4,5]. Chronic cadmium toxicity has al
been the cause of Japanese Itai–Itai disease[6]. Cd is known
to be carcinogenic to humans and the Environmental Pr
tion Agency, USA has set a limit of only 5 ppb for drinki
water[3].

The adsorption technique, being very effective and
nomic for removal, recovery and recycling of metals fr
wastewater, is one of the preferred methods for remov
toxic contaminants from water[7]. Conventional adsorben
such as granular or powdered activated carbon are not a
popular as they are not economically viable and techni
efficient. Non-conventional materials have been tested
large scale for this purpose, such as synthetic and natu
ash[8], lignite [9], tree fern[10], peanut shell[11], peat[12],
etc.

The clay minerals in soil play an important role in
environment by acting as a natural scavenger of p
tants from water through both ion exchange and adsor
mechanisms. The high specific surface area, chemica
E-mail address: krishna2604@sify.com (K.G. Bhattacharyya). mechanical stability, layered structure, high cation exchange
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capacity, etc., have made the clays excellent adsorbent mate-
rials. The cation exchange capacity (CEC) is different for
different clay minerals. Montmorillonite has a very high
CEC of 80–150 meq/100 g, illite 10–40 meq/100 g, kaolin-
ite 3–15 meq/100 g[13]. Both Bronsted and Lewis type of
acidity in clays has been shown by Tanabe[14] using various
measuring techniques including IR and NMR spectroscopic
methods. The Bronsted acidity arises from H+ ions on the sur-
face, formed by dissociation of water molecules of hydrated
exchangeable metal cations on the surface:

[M(H2O)x]n+ → [M(OH)(H2O)x−1](n−1)+ + H+

The Bronsted acidity may also arise if there is a net neg-
ative charge on the surface due to the substitution of Si4+ by
Al3+ in some of the tetrahedral positions and if the resultant
charge is balanced by H3O+ cations. The Lewis acidity arises
from exposed trivalent cations, mostly Al3+ at the edges,
or Al3+ arising from rupture of SiO Al bonds, or through
dehydroxylation of some Bronsted acid sites.

Considering all these characteristics, various adsorption
studies have been reported where clays along with their
modified forms are employed. For example, China clay can
confiscate cadmium from hazardous waste[15] and natural
bentonite is used for elimination of zinc from aqueous solu-
tions[16]. Kara et al.[17] reported the use of sepiolite for the
removal of cobalt. Use of kaolinite for the removal of copper,
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For preparing poly(oxo zirconium) clays, a suspension
was made by mixing 4 g of the clay with 100 ml of dou-
ble distilled water followed by slow addition of 100 ml of
0.1 mol/dm3 solution of ZrOCl2 under constant stirring. Stir-
ring was continued for 24 h after which the suspension was
filtered and the clay residue was washed with water till it was
free of Cl− ion. The clay was dried in an air oven at 373 K
for 30 min.

For preparing TBA-clays, the clays were made Na+-
saturated by stirring 10 g of the sample with 1 l of 1 M NaCl
solution for 12 h and then allowing it to settle. The supernatant
liquid was discarded and the process was repeated with fresh
1 M NaCl solutions. This was repeated twice. The clay was
separated by centrifugation, washed with water several times
to make Cl− free. The Na+-saturated clay was then mixed
with water to obtain 700 ml of suspension, which was stirred
for 16 h with a 300 ml aqueous solution containing TBA-Br
five times the CEC of the clay. The mixture was centrifuged
and washed with water several times till it was free of Br−.
The resulting organo-clay was dried in an air oven at 373 K
for 30 min.

All the clays were calcined before using them as adsor-
bents (kaolinite, montmorillonite and the ZrO-derivatives at
773 K and the TBA-derivatives at 973 K for 10 h, the higher
temperature in case of the TBA-derivatives was necessary to
get rid of the organic template).

2

were
d 10)
u RD
m

2

ated
a g
0 .5.
T fter
a ith
s
t
r area
w

S

2
pper

b
s
i ine
s edi-
a of
t di-
ickel, cobalt and manganese is also studied[18]. A few stud-
es have also been reported for sorption of heavy metal ca
n modified clays[19–22]. The present study was underta

o investigate the feasibility of using kaolinite, montmo
onite, poly(oxo zirconium) kaolinite and montmorilloni
nd tetrabutylammonium kaolinite and montmorillonite
emoval of Cd(II) from aqueous solution through adsorpt

. Materials and methods

.1. Reagents

Reagent grade chemicals, ZrOCl2·8H2O (Loba Chemie
umbai) and tetrabutylammonium bromide, (C4H9)4N+Br−

CDH, Mumbai) were used. A stock solution of Cd(
repared by dissolving Cd(NO3)2·4H2O (Qualigens, Mum
ai) in double distilled water was taken as the adsorp
olution.

.2. Preparation of the adsorbents

Kaolinite, KGa-1b (C1) and Montmorillonite, SWy-2 (C
ere obtained from the University of Missouri-Columb
ource clay Minerals Repository, USA. Poly(hydroxo
onium) modified kaolinite (C3) and montmorillonite (C
ere prepared by standard procedure (Burch and Wa

on, 1986)[23]. The organo-clays, TBA-kaolinite (C5) a
BA-montmorillonite (C6), were prepared by using te
utylammonium bromide (TBA-Br)[24].
.3. XRD measurement

XRD measurements on all the six clay adsorbents
one with Philips Analytical X-ray spectrometer (PW 17
sing Cu K�. Only calcined clay samples were used for X
easurements.

.4. Surface area

The surface areas for the clay adsorbents were estim
ccording to Sears’ method[25,26]. A sample containin
.5 g of clay was acidified with 0.1N HCl to a pH 3–3
he volume was made up to 50 ml with distilled water a
ddition of 10.0 g of NaCl. The titration was carried out w
tandard 0.1 M NaOH in a thermostatic bath at 298± 0.5 K
o pH 4.0, and then to pH 9.0. The volume,V, required to
aise the pH from 4.0 to 9.0 was noted and the surface
as computed from the following equation:

(m2/g) = 32V − 25 (1)

.4.1. Cation exchange capacity
sThe CEC of the clays was estimated by using the co

isethylenediamine complex method[27]. 1 M CuCl2
olution was prepared by dissolving 26.89 g CuCl2 (0.2 mol)
n 200 ml of double distilled water. 1 M ethylenediam
olution was prepared by dissolving 33.39 ml of ethylen
mine in 500 ml double distilled water. Fifty microliters

he CuCl2 solution was mixed with 102 ml of the ethylene
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amine solution to allow for the formation of the [Cu(en)2]2+

complex. The slight excess of the amine ensures complete
formation of the complex. The solution is diluted with water
to one liter to give a 0.05 M solution of the complex. 0.5 g of a
dry clay sample was mixed with 5 ml of the complex solution
in a 100 ml flask, diluted with distilled water to 25 ml and
the mixture was shaken for 30 min in a thermostatic water
bath and centrifuged. The concentration of the complex
remaining in the supernatant is determined by iodometric
method. For this, 5 ml of the supernatant was mixed with 5 ml
of 0.1 M HCl to destroy the [Cu(en)2]2+ complex and KI salt
was added at 0.5 g/ml of solution. The mixture was titrated
with 0.02 M NaS2O3 solution with starch as indicator. The
CEC was calculated from the following formula:

CEC(meq/100g)= MSV(x − y)/1000m (2)

where M = molar mass of the complex,S = strength of
the thio solution,V = volume (ml) of the complex taken
for iodometric titration,m = mass of adsorbent taken (g),
x = volume (ml) of thio required for blank titration (without
the adsorbent),y = volume (ml) of thio required for the
titration (with the adsorbent).

2.5. Adsorption procedure
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adsorption coefficients are evaluated from the linear Fre-
undlich and Langmuir plots obtained by plotting: (i) logqe
versus logCe and (ii) Ce/qe versusCe, respectively.

A further analysis of the Langmuir equation can be made
on the basis of a dimensionless equilibrium parameter,RL
(known as the separation factor), which is considered as a
more reliable indicator of adsorption[30,31]. This parameter
is given by:

RL = 1

(1 + bCref)
(5)

whereb is Langmuir equilibrium coefficient andCref is any
adsorptive concentration at which the adsorption is carried
out. For favorable adsorption, 0 <RL < 1, while RL > 1 rep-
resents unfavorable adsorption, andRL = 1 indicates linear
adsorption. IfRL = 0, the adsorption process is irreversible
[2,32,33].

The thermodynamic parameters,�H, �S, �G, for the
adsorption process are calculated using the following equa-
tions[34]:

(i) ln Kd = �S

R
− �H

RT
(6)

(ii)�G = �H − T�S (7)
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Pre-weighted sample of the adsorbent and a measure
me of Cd(II) solution were taken in 100 ml conical fla
nd the mixture was agitated in a thermostated water ba
constant time. The mixture was then centrifuged (Re

4) and Cd(II) remaining unadsorbed in the supernatan
id was determined with Atomic Absorption Spectrosc
Varian SpectrAA 220, Lamp current 4 mA, air-acetyle
xidizing flame, 228.8 nm wavelength, slit width 0.5 n
ptimum working range 0.02–3.0�g/ml). Calculations o
arious adsorption parameters were done as per sta
rocedure. The experiments were carried out by varyin
mount of the adsorbent, initial concentration of Cd(II),
f the solution, temperature, and agitation time.

.6. Theoretical basis

Adsorption alters the distribution of a solute in the c
tituent phases and the interfaces between them[28]. An
dsorption process is usually described by the following
idely used isotherms[29]:

a)Freundlich isotherm :qe = KfC
n
e (3)

b)Langmuir isotherm :
Ce

qe
= 1

(bqm)
+

(
1

qm

)
Ce (4)

hereqe is the amount of Cd(II) adsorbed per unit mas
he adsorbent (qe = x/m, x is the amount of Cd(II) adsorbe
n m (g) of the adsorbent at a particular temperature)Ce

he equilibrium concentration of Cd(II),Kf and n Freundlic
oefficients, andb and qm are Langmuir coefficients. Th
here Kd is known as the distribution coefficient for t
dsorptive equal toqe/Ce. The values of�H and �S are
etermined from the slope and the intercept of the linear
f ln Kd versus 1/T. Putting these values in Eq.(7), �G can
e calculated.

The kinetics of the adsorption process could be stu
y carrying out a separate set of adsorption experimen
onstant temperature in which the progress of the proc
ollowed with time. Assuming pseudo first order kinetics,
ate of the adsorptive interactions can be evaluated by
he simple Lagergren equation[35]:

n(qe − qt) = ln qe − k1t (8)

hereqe andqt are the values of amount adsorbed per
ass at equilibrium and at any timet, andk1 is the pseud

rst order adsorption rate constant. The value ofk1 can
e obtained from the slope of the linear plot of ln(qe− qt)
ersust.

When adsorption does not follow pseudo-first order ki
cs given by Eq.(8), two important differences are us
lly observed: (i)k1 (qe− qt) then does not represent t
umber of available adsorption sites and (ii) lnqe is not
qual to the intercept of the plot of ln(qe− qt) againstt

36]. In these cases, pseudo second order kinetics
y:

dqt

dt
= k2(qe − qt)

2 (9)

herek2 is the second order rate constant, will have to
pplied. For the boundary conditions,t = 0 to t = t andqt = 0
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to qt = qt, the integrated form of the equation may be written
as:

qt = t

[(1/k2q2
e) + t/qe]

or, in the linear form,

t/qt = 1/h + (1/qe).t (10)

whereh = k2q2
e can be regarded as the initial sorption rate as

t → 0. If the pseudo second order kinetics is applicable, the
plot of t/qt versust gives a linear relationship, which allows
computation ofqe, k2 andh.

Adsorption is a multi-step process involving transport of
the solute molecules from the aqueous phase to the surface
of the solid particulates followed by diffusion of the solute
molecules into the interior of the pores—which is most likely
to be the slow process. The pore diffusion rate constant (ki )
is given by the equation[37]:

qt = ki .t
0.5 (11)

If the plots of qt versust0.5 yield straight lines passing
through the origin, intra-particle diffusion is likely to control
the kinetics of the adsorption process. The slope gives the
rate constantki .

3. Results and discussion
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tives, the expansion was from 9.54 to 9.62Å (2θ = 9.26◦)
when the intensity decreased from 16.68 to 7.06%. This was
found to be true for higher order XRD peaks also. Widen-
ing of the tip width of the XRD peaks was also observed.
The tip width of the 8.75◦ peak (2θ) increased from 0.240 to
0.960 for poly(oxo zirconium) montmorillonite and the 9.26◦
peak (2θ) from 0.200 to 0.560 for TBA-montmorillonite.
Loss of crystallinity and a reduction in the number of XRD
peaks, particularly the low-angle peaks were clearly observed
for montmorillonite derivatives. The number of peaks in 2θ

range of 1–30◦ decreased from 13 (pure, calcined montmo-
rillonite) to 5 for ZrO-montmorillonite, and to 9 for TBA-
montmorillonite.

In case of kaolinite derivatives, widening of the basal spac-
ings was not very prominent but the XRD peaks became
less intense compared to those of the pure, calcined kaoli-
nite (e.g., 12.35◦ (2θ) peak had intensity of only 73.4% for
ZrO-kaolinite compared to the intensity of 99.6% for the
pure, calcined kaolinite). Similar observation was made with
respect to all other XRD peaks, but the intensity decrease
was much less in case of TBA-kaolinite. The tip width of the
XRD peaks increased after calcinations—thus the tip width
of the 12.35◦ (2θ) peak changed from 0.100 to 0.160 when
pure, calcined kaolinite was converted to ZrO-kaolinite. Sim-
ilarly, the tip width of the 21.28◦ (2θ) peak changed from
0 rted
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t
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.1. Adsorbent characterization

.1.1. XRD study
Intercalation followed by calcination is known to redu

rystallinity [38] and the structure of the resultant c
ecomes amorphous to XRD. The process of calcination
ssary to stabilize the intercalated solids, leads to decre
asal spacings sometimes accompanied by structural co

39,40]. XRD of modified clays shows poor crystallini
road and less intense peaks compared to the paren
ineral[41]. This suggests the presence of layers interca
ith different polycations, or an irregular stacking of int
alated and non-intercalated layers. It is to be noted tha
ntercalated solids are usually better ordered than the p
lays, but calcination reduces the ordering. This is manife
n the elimination of low-angle peaks pointing to the dis
earance of long-range ordering inc direction[38].

Kaolinite and montmorillonite reacted with poly(hydro
irconium) and tetrabutylammonium salts yielding sim
esults. Intercalation followed by calcination showed a c
iderable loss of crystallinity in comparison to the parent
inerals with a concomitant loss in the number and inten
f the XRD peaks accompanied by a general widening o
ame. The low-angle peaks were conspicuously absent
RD measurements of the modified clays. In general, i
alation of montmorillonite with poly(hydroxo zirconium
alt followed by calcination expanded the basal spacing
0.09 to 10.50̊A (2θ = 8.75◦) accompanied by a decrea

n intensity from 12.05 to 7.33%. In case of TBA deri
.160 to 0.240 when pure, calcined kaolinite was conve
o TBA-kaolinite. As expected, calcination decreased c
allinity and reduced the number of XRD peaks, particul
he low-angle peaks. Thus, the number of peaks in 2θ range
f 1–30◦ decreased from 7 (pure, calcined kaolinite) to 5
rO-kaolinite, and to just 1 for TBA-kaolinite.

The XRD measurements indicated that ZrO- and T
ave entered into the layers of both kaolinite and montm

onite. For estimating the extent of intercalation and pillar
f any, further work will be necessary.

.1.2. Surface area
The measured surface areas of the six adsorbents are

n Table 1. The specific surface area of kaolinite (C1) was o
.8 m2/g, but it increased to 13.4 m2/g for the ZrO-derivative
C3) and 14.0 m2/g for the TBA-derivative (C5). Similarly
he montmorillonite sample (C2) had a specific surface
f 19.8 m2/g, which is almost five times that of kaolini
n introduction of ZrO- and TBA- into montmorillonit

he specific surface area increased to 35.8 m2/g (C4) and
2.2 m2/g (C6), respectively. The surface area of montm

onite and Na-montmorillonite was measured, respective
9.0 m2/g [42] and 27.3 m2/g [43]. The surface area of kao
ite was reported as 5–25 m2/g[44]. Similar results have bee

able 1
urface area and cation exchange capacity (CEC) of the clay adsorb

arameter C1 C2 C3 C4 C5 C

urface area (m2/g) 3.8 19.8 13.4 35.8 14.2 42
EC (meq/100 g) 11.3 153.0 10.2 73.2 3.9 4
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reported by other authors[35] suggesting that intercalation
creates a porous framework increasing the surface area[45].

3.1.3. Cation exchange capacity (CEC)
Montmorillonite has a very large CEC (Table 1) compared

to that of kaolinite, the values obtained being 11.3 meq/100 g
(kaolinite) and 153.0 meq/100 g (montmorillonite) in agree-
ment with the reported values[13]. Intercalation and cal-
cination had a drastic effect on the CEC of the deriva-
tive clays resulting in a large decrease, particularly for the
montmorillonite derivatives. The ZrO- and TBA-kaolinite
had CEC of 10.2 and 3.9 meq/100 g while ZrO- and TBA-
montmorillonite had CEC of 73.2 and 47.6 meq/100 g. Evi-
dently, the large cations (ZrO2+ and TBA+) mask some of
the exchangeable cations in the interlayer space leading to
decrease in CEC. Similar results have been reported recently
[45]. The large decrease in CEC in case of montmorillonite
derivatives compared to the kaolinite derivatives is a clear
indication that intercalation was more successful in case of
montmorillonite.

3.2. Effect of pH

Adsorption of Cd(II) was studied over the pH range of 2–9
with clay amount of 2 g/l and Cd(II) concentration of 50 mg/l
at 303 K (Fig. 1). The solution pH had a dramatic effect on
t tion
( wer
p f H
i n was
n ture
[

for-
m rface

F
(

[6,48,49]. A positive charge develops at the clay surface in
an acidic medium as follows:

−MO + H − OH
H+

−→M − OH2
+ + OH−

and this surface charge is responsible for preventing the pos-
itive Cd(II) ions from approaching the surface. In an alkaline
medium, the clay surface becomes negatively charged favour-
ing Cd(II) uptake:

−MOH + OH− � −MO− + H2O

It is to be noted that increased adsorption of metal ions at
higher pH might be due to precipitation of Cd(II) as insoluble
Cd(OH)2 and not due to adsorption[6].

3.3. Effect of agitation time and kinetics of adsorption

Adsorption of Cd(II) showed an increasing trend up
to a reaction time of 240 min beyond which adsorption
appeared to have approached equilibrium. Maximum adsorp-
tion occurred within the first 40 min. Tran et al.[7] have
reported 60–70% Cd(II) uptake on silica gel within 50 min
although equilibration required 135 min more. Similar obser-
vations have been reported by other authors[50,51].

For an adsorbent amount of 2 g/l and initial Cd(II) con-
c C2),
1 r a
r rder
o C3
a ilar
t s (
(

F (
w

he adsorption of Cd(II) onto clays. The extent of adsorp
%) increased as the pH of the solution increased. At lo
H, Cd(II) ions have to compete with the large number o+

ons for the surface sites and as a result, the adsorptio
ot much. Similar behavior has been reported in litera

46,47].
Effects of pH may be interpreted on the basis of the

ation of aqua complex by the oxides present in clay su

ig. 1. Effect of pH on amount adsorbed per unit mass of clay (qe) at 303 K
clay 2 g/l, initial Cd(II) 50 mg/l, time 240 min).
entration of 50 mg/l, adsorption was 15.9 (C1), 86.4 (
2.9 (C3), 55.1 (C4), 14.8 (C5) and 70.5 (C6)% afte
eaction time of 300 min. The adsorption was in the o
f C2 > C6 > C4 > C1 > C5 > C3. The clay minerals C1,
nd C5 have poor adsorption capacity for Cd(II). Sim

rends are shown by the amount adsorbed per unit masqe)
Fig. 2).

ig. 2. Variation of amount of Cd(II) adsorbed per unit mass of clayqe)
ith time at 303 K (clay 2 g/l, initial Cd(II) 50 mg/l, pH 5.5).
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Table 2
First order rate constant (min−1), second order rate constant (g mg−1 min−1) and pore diffusion rate constant (mg g−1 min−0.5) for adsorption of Cd(II) at 303 K
(clay 2 g/l, initial Cd(II) 50 mg/l, pH 5.5)

Adsorbents Pseudo first order Pseudo second order Pore diffusion

k1 × 102 (min−1) R k2 × 102 (g mg−1 min−1) R ki × 101 (mg g−1 min−0.5) R

C1 1.86 0.99 4.0 0.99 2.49 0.92
C2 1.91 0.73 3.0 0.99 2.12 0.89
C3 2.02 0.99 3.6 0.99 2.20 0.93
C4 1.88 0.99 6.1 0.99 2.24 0.91
C5 1.75 0.99 3.7 0.99 2.44 0.92
C6 1.79 0.99 3.5 0.99 2.13 0.88

Pseudo-first order (or Lagergren) and pseudo-second
order kinetics yielded good linear plots (Lagergren plots,
R = 0.74 to 0.99Fig. 3 and second order plots,R = 0.99
Fig. 4). Values of the rate constants obtained from the plots
are given inTable 2. Second order interaction appeared to
be the favoured process from the better linearity of the plots.
A comparison of theoretical and experimentalqe and logqe
values (equilibration time taken as 240 min), given inTable 3,
also support second order kinetics.

The results suggest that Cd(II) adsorption on clays is much
more akin to the second order kinetics. Similar second order
kinetics for Cd(II) adsorption has been reported by other
authors[6,52]. But Benguella and Benaissa[53] reported first
order kinetics for Cd(II) adsorption on chitin.

Whether the process of adsorption is controlled by pore
diffusion, is tested by plottingqt versust0.5 (Fig. 5) as in
Eq.(11). The plots were linear with regression coefficient of

F itial
C

Fig. 4. Second order plot for the adsorption of Cd(II) at 303 K (clay 2 g/l,
initial Cd(II) 50 mg/l, pH 5.5).

0.99. The pore diffusion rate constant,ki , has values from
2.12× 10−1 to 2.49× 10−1 mg g−1 min−0.5 (Table 2). These
values indicate substantial diffusion of Cd(II) ions into the
pores of the clay adsorbents. However, the plots do not pass
through the origin and the intercept varies from 0.98 to 22.40
instead of being zero. Therefore, although pore diffusion
might have considerable influence on the adsorption process,
it may not be the controlling factor in determining the kinetics
of the process.

Table 3
Experimental and computedqe values from Lagergren and second order
plots at 303 K (clay 2 g/l, initial Cd(II) 50 mg/l, pH 5.5)

Parameters (mg/g) Clay minerals

C1 C2 C3 C4 C5 C6

qe

Experimental 3.98 21.60 3.23 13.78 3.70 17.63
Second order plot 3.98 18.18 3.46 11.76 3.74 14.92

logqe

Experimental 0.58 1.33 0.51 1.14 0.57 1.25

ig. 3. Lagergren plots for adsorption of Cd(II) at 303 K (clay 2 g/l, in

d(II) 50 mg/l, pH 5.5).

Lagergren plots 0.69 0.54 0.67 0.63 0.64 0.54
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Fig. 5. Plot ofqt vs. t0.5 for adsorption of Cd(II) at 303 K (clay 2 g/l, initial
Cd(II) 50 mg/l, pH 5.5).

3.4. Effect of initial Cd(II) concentration

The adsorption experiments were carried out with five
Cd(II) concentrations of 10, 20, 30, 40, 50 mg/l with a con-
stant clay amount of 2 g/l, time 240 min, pH 5.5 at 303 K.
The amount of Cd(II) adsorbed per unit mass at different
concentrations is shown inFig. 6. The amount increases
almost linearly with an increase in Cd(II) concentration. Sim-
ilar results have been reported by other authors[53,54]. At
low metal ion loads, adsorption involves the high energy
sites. Under these conditions, the ratio of number of moles of
metal ion to the available adsorption sites is low, and there-
fore, the amount adsorbed per unit mass increases slowly
[55]. With an increase in metal ion load, the higher energy
sites will be rapidly saturated and the metal ions will grad-
ually occupy the lower energy sites, resulting in a contin-
uous increase in the amount adsorbed per unit mass till all
the adsorption sites are filled up. The adsorption efficiency
(percentage adsorption), however, shows a relative decrease
[51].

3.5. Effect of clay amount

A separate batch of experiments was also carried out where
the amount of clay was varied from 2 to 6 g/l for all the
six clays with initial Cd(II) concentration of 50 mg/l and
a in-
e nt loa

Fig. 6. Amount of Cd(II) adsorbed per unit mass (qe) for five different initial
Cd(II) concentrations (10, 20, 30, 40 and 50 mg/l) at 303 K (clay 2 g/l, pH
5.5, time 240 min).

increases (Fig. 7). However, beyond a clay load of 5 g/l, the
decrease in Cd(II) uptake is not very prominent which is per-
haps due to formation of agglomerates by the clay minerals
reducing available surface area and blocking some of the
adsorption sites. Similar results were obtained by Bengualla
and Benaissa[53] for removal of Cd(II) by chitin with 6 g/l
as the upper limit of the adsorbent load.

F
a

gitation time 240 min at 303 K. For all the six clay m
rals, the amount adsorbed decreases as the adsorbe
 d

ig. 7. Amount of Cd(II) adsorbed per unit mass (qe) for five different clay
mounts at 303 K (initial Cd(II) 50 mg/l, pH 5.5, time 240 min).
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Fig. 8. Freundlich isotherms for Cd(II) adsorption at 303 K (clay 2 g/l, pH
5.5, Cd(II) 10, 20, 30, 40 and 50 mg/l, time 240 min).

3.6. Adsorption isotherm

The adsorption data follow the empirical Freundlich
isotherm (Fig. 8), which is applicable to non-specific adsorp-
tion on heterogeneous solid surfaces. In order to ascertain
whether the adsorption is chemisorptive in nature with chem-
ical forces binding Cd(II) ions to the surface of the clay
adsorbents, the experimental data are also tested with respect
to Langmuir isotherm (Fig. 9). The plots have good linearity
in both the cases (Freundlich plots,R = 0.99, Langmuir plots,
R = 0.96–0.99) at 303 K. The values of the adsorption coef-
ficients, computed from these plots are given in theTable 4.
The values of the coefficients indicate the favourable nature
of adsorption of Cd(II) on the clay minerals. The adsorption
intensity given by the Freundlich coefficient,n, is <1 in all
cases, the values lying between 0.62 and 0.79. The Freundlich

Table 4
Freundlich and Langmuir adsorption parameters at 303 K (clay 2 g/l, initial
Cd(II) 10, 20, 30, 40, 50 mg/l, pH 5.5, time 240 min)

Clays Freundlich coefficients Langmuir coefficients

n Kf (mg1−1/n l1/n g−1) b (l/g) qm (mg/g) RL

C1 0.64 0.38 32.30 6.78 .0013
C2 0.61 6.76 29.58 30.67 .0014
C3 0.62 0.33 35.90 5.27 .0012
C 16
C 13
C 09

Fig. 9. Langmuir isotherms for Cd(II) adsorption at 303 K (clay 2 g/l, pH
5.5, Cd(II) 10, 20, 30, 40 and 50 mg/l, time 240 min).

adsorption capacity (Kf ) lies between 0.33 and 2.21 mg(1−1/n)

L1/n g−1.
The Langmuir monolayer adsorption capacity,qm, is quite

large with values between 5.27 and 43.47 mg/g. The Lang-
muir equilibrium coefficient,b, has values of 26.70–45.30 l/g.
The separation factor,RL, with values of 0.0012–0.0016, also
support favorable adsorption of the metal ions on the clay
minerals, the very small values indicate that the adsorption
of the Cd(II) on clays requires very small amount of energy.

Strong adsorbate–adsorbent interactions are suggested by
the values of the adsorption coefficients. Similar ranges of
values are reported for adsorption of Cd(II) on chitin[53],
blast furnance sludge[56], bagasse fly ash[57], etc.

3.7. Effect of temperature and thermodynamic
parameter

The effect of temperature on adsorption of Cd(II) ions on
clays was studied by conducting the batch adsorption exper-
iments at 303, 308 and 313 K. Between 303 and 308 K, the
adsorption of Cd(II) showed a rise, but the adsorption slowly
came down as the temperature was further increased to 313 K.
The process is controlled by the adsorbate–adsorbent and
adsorbate–adsorbate interactive forces and the results indi-
cate that the first type of interactions becomes weak in com-
p
a tem-
p come
e ambi-
4 0.79 1.20 26.70 36.63 .00
5 0.67 0.32 32.50 6.31 .00
6 0.78 2.21 45.20 43.47 .00
arison to the latter as the temperature increases[58]. Thus,
lthough the process as a whole is endothermic in the
erature range 303–313 K, it shows the tendency to be
xothermic as the temperature increases above the
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ent. Therefore, higher temperature is not favourable for the
adsorption process. The dependence of the amount adsorbed
on temperature is given inFig. 10.

�H, �S and �G for the adsorption process are com-
puted from the plots of lnKd versus 1/T (Table 5). �H is
in the range of 13.8–40.2 kJ/mol indicating the endothermic
nature of the interactions. Endothermic adsorption of Cd(II)
has been reported by other authors[56–59].

�S lies in the range of 43.4–147.5 J/K mol. Thus, the
interactions do not involve a considerable change in surface
configuration. Entropy increase accompanying the process
illustrates increased randomness at the solid-solution inter-
face supporting strong affinity of the adsorbent for Cd(II)
[28].

�G is in the range of−13.3 to−45.4 kJ/mol. The decrease
in Gibbs energy is significant as it shows the interactions to be
spontaneous. It is also observed that the decrease was more
at higher temperatures indicating that the interactions were
favoured by an increase in temperature in agreement with
the endothermic nature of Cd(II) adsorption on the clays. A
similar observation was earlier made by Gupta et al.[57] for
adsorption of Cd(II) on bagasse fly ash.

Fig. 10. Effect of temperature on amount of Cd(II) adsorbed per unit mass
(clay 2 g/l, initial Cd(II) 30 mg/l, pH 5.5, time 240 min).

Table 5
Thermodynamic data for the adsorption of Cd(II) (clay 2 g/l, pH 5.5, time 240 min)

C �S (J/K mol) −�G (kJ/mol)

Values Mean 303 K 308 K 313 K

C 67.6 66.3 20.5 20.9 21.1
68.3 20.7 21.0 21.4
33.8 10.2 10.4 10.6
79.1 23.9 24.3 24.7
82.4 24.9 25.3 25.8

C 251.4 147.5 76.1 77.4 78.6
156.6 47.4 48.2 48.9
116.6 35.3 35.9 36.5
114.9 34.8 35.4 35.9
97.9 29.6 30.1 30.6

C 73.9 69.1 22.4 22.8 23.1
94.6 28.6 29.0 29.5
98.1 29.7 30.2 30.7

144.4 43.7 44.4 45.2
69.6 21.1 21.4 21.7

C 45.8 43.4 13.9 14.1 14.3
44.2 13.4 13.6 13.8
43.9 13.3 13.5 13.7
41.8 12.7 12.9 13.1
41.3 12.5 12.7 12.9

C 73.7 85.9 22.3 22.7 23.1
75.3 22.8 23.1 23.7

C

lay Cd(II) (mg/l) �H (kJ/mol)

Values Mean

1 10 24.7 25.0
20 25.4
30 14.8
40 29.4
50 30.7

2 10 69.6 40.2
20 42.4
30 31.3
40 31.3
50 26.6

3 10 27.1 35.2
20 33.6
30 35.0
40 49.7
50 30.7

4 10 13.9 13.8
20 13.8
30 14.0
40 13.6
50 13.6

5 10 26.8 31.1
20 27.5

30 29.6 81
40 33.9 93
50 37.8 105

6 10 19.5 19.3 6
20 18.4 65
30 18.0 62
40 16.4 56
50 24.1 86
.2 24.6 25.1 25.4

.9 28.4 28.9 29.4

.2 31.8 32.4 32.9

9.9 68.2 21.2 21.5 21.8
.3 19.8 20.1 20.4
.9 19.1 19.4 19.7
.8 17.2 17.5 17.8
.3 26.1 26.6 26.9
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Thermodynamic data on metal adsorption on clays are
scarce. Echeverria et al.[60] have found that [�H, �S
and �G for adsorption of Ni(II) on illite have values of
+16.8 kJ/mol, 58 J/mol K and−1.04 kJ/mol, respectively.
The�H and�S values are very close to the ones obtained
in the present work, but it is seen that Cd(II)–clay interac-
tions are accompanied by a larger decrease in Gibbs energy
than in case of Ni(II)–illite interactions. Thus, the Cd(II)–clay
adsorption complex is much more stable and is held very
strongly to the clay surface. The thermodynamic parameters
show the clay–Cd(II) interactions to be thermodynamically
favorable without requiring large activation energies.

4. Conclusion

The following conclusions have been drawn from this
study:

1. The results show that the clays, kaolinite and montmoril-
lonite along with their poly(hydroxo zirconium) and TBA
derivatives have good potential for use as adsorbents for
Cd(II) from aqueous medium.

2. It is seen that of the six clay adsorbents, untreated mont-
morillonite is the best adsorbent, being almost five times
more effective in adsorbing Cd(II) than kaolinite. The
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