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Equilibrium and thermodynamic studies of the removal of cadmium by adsorption on an indigenous
adsorbent, china clay, have been investigated. The results of effect of temperature and thermodynamic
parameters confirm the process of removal to be exothermic in nature. The removal decreased from 80.3%
to 51.3% by increasing the temperature from 30 to 50 ◦C at 5.10 × 10−5 M initial concentration of cadmium,
1.0 × 10−2 M NaClO4 ionic strength, 6.5 pH, 100 �m particle size and 100 rpm. Rate was found in decreas-
ing pattern with increasing temperature and value of rate constant of the reaction, kad, was found to be
Cadmium
Removal
China clay
T

5.10 × 10−2 min−1 at 30 ◦C. Values of Langmuir’s constants, ‘Qo’ and ‘b’ were also determined. Thermody-
namic parameters namely enthalpy of adsorption, isosteric heat of adsorption, change in standard free

halpy
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. Introduction

Cadmium is a heavy and toxic metal and has been placed in the
ategory of non-essential substances [1]. Cadmium is relatively a
ess abundant metallic element. Its harmful effects on fauna, flora
nd human beings are well documented [2]. It is an important
lloying element of a number of alloys. It is extensively used in
lectroplating, Ni–Cd batteries and paint pigments. Discharge of
ntreated effluents from various industries into water resources
as been one of the major sources of Cd pollution. Cadmium has
een reported to be a potent carcinogen and teratogen [2]. It is
n enzyme inhibitor and is reported to interact with SH groups
f a number of enzymes. Cadmium is toxic to plants, animals and
o human beings also [1,2]. As cadmium is a well known toxic

etal, industrial effluents and wastewaters rich in cadmium must
e treated prior to their disposal.

Chemical precipitation is the most common conventional
ethod of treatment for cadmium containing effluents [3] but large

mount of sludge produced during the treatment poses disposal
roblems. Ion exchange, vacuum evaporation, solvent extraction,
embrane technologies, etc. are the other well known methods

mployed for treatment of cadmium containing wastewaters [4,5].
dsorption offers comparatively a simpler treatment of large vol-

mes of effluents and wastewaters and powdered activated carbon
reatment (PACT) has been quite popular especially in developed
ations [6–10]. The high cost of activated carbon and its loss

n regeneration limits its application at large scale in develop-
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, �H◦, and standard entropy, �S◦ were determined.
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ng nations like India. Further, the high cost of activated carbon
reatment has insisted scientific workers to search its alternates
nd this has been an important area of research for them. Saeed
nd Iqbal [11] used gram husk, Kumar and Bandyopadhyay [12]
eported rice husk and Pino et al. [13] reported green coconut shell
owder for removal of cadmium from aqueous solutions. Other
on-conventional and economically viable adsorbents have also
een reported for uptake of cadmium [14–20] from water and
astewaters. Mohan et al. [21] have reported removal of cadmium
y chars produced from wood and bark and have reported sig-
ificant removal. A comparative study of 11 adsorbents has been
onducted [22] for removal of a number of metallic species includ-
ng cadmium.

During the removal of pollutants from solutions, the different
arameters viz. contact time and concentration, pH, particle size
f the adsorbent, etc. play important roles and many workers have
eported effect of these parameters on removal of these pollutants
rom aqueous solutions and wastewaters [23–26]. Objective of the
resent work is to study adsorption equilibrium of cadmium on
n indigenous material, china clay. Thermodynamic studies for the
emoval of cadmium have been undertaken to understand the pro-
ess of removal in a better way.

. Experimental

.1. Materials
All the chemicals used in the present studies were of AR
rade and were obtained from B.D.H., Mumbai, India. Stock solu-
ion of cadmium was prepared following standard methods [27].
hina clay, the adsorbent used in the studies, was procured from

http://www.sciencedirect.com/science/journal/13858947
mailto:y_sharma_2002@rediffmail.com
dx.doi.org/10.1016/j.cej.2008.03.006
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Nomenclature

b Langmuir’s constant related to energy of adsorption
(l mg−1)

Ce equilibrium concentration of cadmium (mg l−1)
�G◦ change in free energy (kcal mol−1)
�H eenthalpy of adsorption (kcal mol−1)
�Hx isosteric heat of adsorption (kcal mol−1)
�H◦ change in enthalpy (kcal mol−1)
k Langmuir’s constant (l g−1)
kad rate constant of adsorption (min−1)
K equilibrium constant at temperature T
K1 equilibrium constant at temperature T1
K2 equilibrium constant at temperature T2
qe amount of Cd(II) adsorbed (mg g−1) at equilibrium
q amount of Cd(II) adsorbed (mg g−1) at any time t
Qo Langmuir’s constant related to capacity of adsorp-

tion (mg g−1)
R gas constant (kcal mol−1 K)
�S◦ change in entropy (kcal K−1 mol−1)
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Table 1
Physicochemical characterization of the adsorbent

Constituents Weight (%)

SiO2 46.22
Al2O3 38.40
CaO 0.86
Fe2O3 0.68
MgO 0.37
Loss on ignition (%) 13.47
Surface area (m2 g−1) 9.78
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3.3. Effect of temperature on reaction rate

The rate constant of the process decides the speed of the transfer
of metallic species from bulk to the surface of the adsorbent. In
t time (min)
T absolute temperature (K)

atharghatt, Bihar, India. In order to keep the cost of treatment
f cadmium low, it was used as such in the experiments without
ny pretreatment after crushing it to powder. Sieving was done to
aintain a uniform particle size.

.2. Methods

.2.1. Characterization of the adsorbent
The average particle size of the adsorbent was measured by par-

icle size analyzer, Model HIAC-320 (Royco Instruments Div., NY,
SA) and the surface charge of the adsorbent was measured by
azer Zee Meter, Model- 500 (Penkem Inc., NY, USA). Surface area
as measured by a “three point” N2 gas adsorption method using
uantasorb Surface Area Analyser, Model QS/7 (Quantachrome
orp., USA) and the porosity by a mercury porosimeter. Chem-

cal characterization of the adsorbent was carried out by Indian
tandard Methods [28].

.2.2. Batch adsorption experiments
Batch adsorption experiments were carried out by agitating 1.0 g

f the adsorbent of desired particle size with 50 ml aqueous solu-
ion of cadmium of desired concentration, temperature, pH, and
onic strength in different polythene bottles on a shaking thermo-
tat at 100 rpm. After predetermined time intervals, the adsorbent
as separated from solutions by centrifugation. The progress of

dsorption was assessed by determining concentration of cadmium
eft in the aliquot by atomic absorption spectrophotometer(GBC
ustralia). pH of the solutions was maintained by adding 1.0 M
Cl/NaOH and ionic strength of the solutions was maintained by
.0 × 10−2 M NaClO4. For equilibrium and thermodynamic studies
xperiments were carried out at different temperatures with solu-
ions of different concentrations of cadmium.

. Results and discussion
.1. Physicochemical characterization of the adsorbent

Physicochemical characterization of the adsorbent was carried
ut by Indian Standard Methods and has been given in Table 1.
his table shows that silica and alumina are the major compo-
orosity 0.33
ensity (g cm−3) 2.69
ean particle diameter (�m) 100.00

ents of the adsorbent. Oxides of other metals are present in
race amounts. The surface area of china clay was found to be
.78 m2 g−1.

.2. Effect of temperature on the removal

Temperature is an important parameter and has pronounced
ffect on adsorption. During the present investigations the removal
f cadmium decreased from 80.3% to 51.3% by increasing the
emperature from 30 to 50 ◦C (Fig. 1) at an initial cadmium con-
entration of 5.0 × 10−5 M. The ionic strength of the solutions
uring the experiments was maintained at 1.0 × 10−2 M NaClO4.
he higher ionic strength helps eliminating the effects of change
n concentration during the process of removal. The experiments

ere conducted at 6.5 pH and agitation speed was maintained at
00 rpm. It is clear that like most adsorption processes, removal of
admium is also an exothermic reaction. It is also clear from this
gure that equilibrium was established in 80 min. This variation

n removal of cadmium seems due to the enhancement of relative
scaping tendencies of the metal ions from aqueous phase to the
ulk and consequent reduction in the boundary layer thickness.
he decrease in the removal at increasing temperatures can also be
ttributed to the increased solubility of metal at relatively higher
emperatures.
Fig. 1. Variation of removal (%) of cadmium at different temperature.
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The heat of adsorption is a function of surface coverage ‘x’.

The isosteric heat of adsorption, �H , has been calculated by
Fig. 2. Effect of temperature on reaction rate.

he present studies the rate constant of the process of removal is
etermined by using Lagergren’s equation [19]:

og(qe − q) = log qe −
(

kad

2.303

)
t (1)

here ‘qe’ and ‘q’ (both mg g−1) are the amounts of cadmium
dsorbed onto surface of china clay at equilibrium and at any time,
nd ‘kad’ (min−1) is the rate constant of adsorption. The plots of

log(qe − q) vs t’ (Fig. 2) are straight and indicate validity of the
quation for the studies carried out. It also shows that the pro-
ess involved in the removal of cadmium is governed by first order
ate kinetics [29–31]. The values of ‘kad’ were determined at 30,
0, and 50 ◦C and have been given in Table 2. The values of ‘kad’
ecreased from 5.1 × 10−2 min−1 to 3.7 × 10−2 min−1 by increasing
he temperature from 30 to 50 ◦C. This decrease in the values of ‘kad’
urther confirms exothermic nature of the process of removal.

.4. Equilibrium modeling

In the state of equilibrium, there is a defined distribution of
dsorbate at the solid solution interface and also in the bulk at
onstant temperature. The data generated on equilibrium mod-
ling gives an insight for suitability of the adsorbent for the
dsorbate–adsorbent system. Equilibrium modeling for the present
ystem has been carried out by using Langmuir’s adsorption
sotherm equation [32]:

Ce

qe
= 1

Q ob
+ Ce

Q o (2)

here Ce (mg l−1) is the concentration and qe (mg g−1) is the
o
mount of cadmium adsorbed by solid phase at equilibrium, Q

mg g−1) and b (l mg−1) are the terms related to capacity and energy
f adsorption and are known as Langmuir’s constants. Their prod-
ct is usually expressed as ‘k = Qob’. The linear plots ‘Ce/qe vs Ce’
Fig. 3) indicate that the data fits the Langmuir’s isotherm model.

able 2
alues of kad, the rate constant for adsorption at different temperatures

emperature (±0.5 ◦C) kad (×10−2 min−1)

0 5.1
0 4.2
0 3.7
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T
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5

ig. 3. Langmuir’s plot for equilibrium modeling of the process of cadmium removal.

t also indicates a monolayer coverage of adsorbate onto the sur-
ace of the adsorbent. The values of Langmuir’s constants ‘Qo’ and
b’ were determined at the three temperatures by using slopes and
ntercepts of the plots of Fig. 3. Their values are given in Table 3.
urther, the small variation in the graphical and regression val-
es suggests the validity of our data. It can be seen from this table
hat the values of Qo decrease with increasing temperature. Similar
rend has been reflected in the values of ‘b’ also. This trend sup-
orts the exothermic nature of the process of cadmium removal.
he results are supported by earlier workers [33,34].

.5. Thermodynamics of removal

.5.1. Enthalpy of adsorption
In the Langmuir treatment, the maximum adsorption corre-

ponds to a saturated monolayer of adsorbate phase on the surface
f the adsorbent and the energy of adsorption on whole of the
urface remains constant. �H, the change in apparent heat or net
nthalpy of adsorption is related to Langmuir’s constant ‘b’ as fol-
ows [35]:b = b′e−�H/RT or

n b = ln b′ − �H/RT (3)

here b′ is a constant. The values of �H were calculated from the
traight line plots of ‘ln b vs 1/T′ (Fig. 4). The values of �H for the
resent system are found to be −4.40 kcal mol−1. The negative value
f �H is indicative of exothermic nature of the process of removal
f Cd(II).

.5.2. Isosteric heat of adsorption
x

sing integrated form of Clasius–Clapeyron equation [35]. It was
bserved that the values of isosteric heat of adsorption for the
resent system at a surface coverage of 7.50 × 10−2 mg g−1 and

able 3
alues of Langmuir’s constants at different temperatures

emperature (±0.5 ◦C) Graphical values Regression values

Qo (mg g−1) b (l mg−1) Qo (mg g−1) b (l mg−1)

0 0.50 0.67 0.50 0.69
0 0.40 0.42 0.38 0.41
0 0.28 0.27 0.28 0.25
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Fig. 4. Adsorption isoster for cadmium removal.

Table 4
Values of isosteric heat of adsorption at different surface coverage for the removal
of cadmium by china clay

Surface coverage (×10−2 mg g−1) −�Hx (kcal mol−1)
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.50 24.96

.50 22.07

.87 21.15

0 ◦C was found to be −24.96 kcal mol−1 (Table 4). It is clear from
his table that the absolute value of �Hx decreases from −24.96
o 21.15 kcal mol−1 with a decrease in the surface coverage from
.50 × 10−2 to 1.87 × 10−2 mg g−1 at 30 ◦C. This decrease in the isos-
eric heat of adsorption may be attributed to surface heterogeneity
nd adsorbate–adsorbate interactions. The results of the present
ndings are supported by earlier workers [35]. A perusal of �H and
Hx values also suggests the possibility of physical and chemical

dsorption in the studies undertaken.
The other thermodynamic parameters of concern are change in

tandard free energy, �G◦, change in standard enthalpy, �H◦, and
he change in standard entropy, �S◦. Values of these parameters
ere calculated at 30, 40, and 50 ◦C respectively. For the present

nvestigations, values of these parameters were determined using
ollowing standard equations [31]:

G◦ = −RT ln K (4)

H◦ = R(T2T1/(T2 − T1)ln
(

K2

K1

)
(5)

S◦ = �H◦ − �G◦

T
(6)
here ‘R’ is gas constant, K, K1, and K2 are equilibrium constants at
emperatures T, T1, and T2, respectively. ‘K’ is related to Langmuir’s
onstant ‘b’ [31]. The values of �G◦, �H◦ and �S◦ calculated for the
resent studies have been given in Table 5. Table 5 also shows that

able 5
alues of �G◦ , �H◦ , and �S◦ at different temperatures

emperature
±0.5 ◦C)

−�G◦ (kcal mol−1) −�H◦ (kcal mol−1) −�S◦ (kcal K−1 mol−1)

0 3.20 9.24 22.15
0 3.00 5.57 7.50
0 2.94
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[

[

[

[

[

[
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he values of all the parameters are negative and further confirm
xothermic nature of the process of cadmium removal. The values
f the parameters of �G◦, �H◦ and �S◦ were found to be −3.20,
.24 kcal mol−1 and 22.15 kcal K−1 mol−1 at 30 ◦C. The negative val-
es of �G◦ are important and indicate spontaneity of the reaction.
arger is the negative value of �G◦, more spontaneous is the pro-
ess. Negative values of �S◦ suggest the possibility of adsorption
20].

. Conclusions

China clay, a mineral has been successfully used as an econom-
cally viable material for the removal of cadmium from aqueous
olutions. Unlike many adsorbents this is a non-toxic and natu-
ally occurring material. During the experiments china clay has
isplayed good efficiency of removal and a high reoval viz. 80.3%
as achieved at 30 ◦C and 6.5 pH. Lagergren’s equation fits well the
ata obtained. Langmuir’s model was used for equilibrium mod-
ling of the pracess and the values of Langmuir’s constants were
alculated. Thermodynamic studies of the removal of cadmium by
hina clay were carried out and the values of the thermodynamic
arameters namely �G◦

, �H◦ and �S◦ were determined. The val-
es of isosteric heat of adsorption, �Hx were also calculated and

ts values were in decreasing pattern with decreasing values of
urface coverage. The data obtained could be used for designing
reatment plants for the treatment of cadmium containing wastew-
ters.
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