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ABSTRACT: The adsorption of Pb(II) and Cd(II) ions
with crosslinked carboxymethyl starch (CCS) was investi-
gated as function of the solution pH, contact time, initial
metal-ion concentration, and temperature. Isotherm studies
revealed that the adsorption of metal ions onto CCS better
followed the Langmuir isotherm and the Dubinin–Radush-
kevich isotherm with adsorption maximum capacities of
about 80.0 and 47.0 mg/g for Pb(II) and Cd(II) ions,
respectively. The mean free energies of adsorption were
found to be between 8 and 16 kJ/mol for Pb(II) and Cd(II)
ions; this suggested that the adsorption of Pb(II) and
Cd(II) ions onto CCS occurred with an ion-exchange pro-
cess. For two-target heavy-metal ion adsorption, a pseudo-
second-order model and intraparticle diffusion seem sig-

nificant in the rate-controlling step, but the pseudo-sec-
ond-order chemical reaction kinetics provide the best
correlation for the experimental data. The enthalpy change
for the process was found to be exothermic, and the DSy

values were calculated to be negative for the adsorption of
Pb(II) and Cd(II) ions onto CCS. Negative free enthalpy
change values indicated that the adsorption process was
feasible. The studies of the kinetics, isotherm, and thermo-
dynamics indicated that the adsorption of CCS was more
effective for Pb(II) ions than for Cd(II) ions. VC 2011 Wiley
Periodicals, Inc. J Appl Polym Sci 124: 5010–5020, 2012
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INTRODUCTION

Water pollution due to toxic metals and organic com-
pounds remains a serious environmental and public
problem. Moreover, faced with more and more strin-
gent regulations, water pollution has also become a
major source of concern and a priority for most
industrial sectors. Heavy-metal ions are often found
in the environment as a result of their wide indus-
trial use. They are common contaminants in waste-
water, and many of them are known to be toxic or
carcinogenic. For example, lead and cadmium are
known as two of the most toxic metals and are very
damaging to the environment. In addition, heavy
metals are not biodegradable and tend to accumulate
in living organisms, causing various diseases and
disorders. Therefore, their presence in the environ-
ment, in particular, in water, should be controlled.

Adsorption is now recognized as an effective, effi-
cient, and economic method for water-decontamina-
tion applications and for separation analytical
purposes. The adsorbents may be of mineral, organic,

or biological origin; activated carbons,1,2 clay miner-
als,3 agricultural wastes,4 industrial byproducts,5 bio-
mass,6,7 and polymeric materials8,9 are significant
examples. Despite their effectiveness as adsorbents,
potential problems associated with their use is the
lack of biodegradability and high operation cost. In
this respect, the development of substitutes based on
natural polysaccharides and their derivatives contain-
ing the required functional groups can be more attrac-
tive from a biodegradability point of view, and an im-
portant factor here will be matching the performance.
Of all of these natural polysaccharides, starch

appears to be a very fascinating material for adsorp-
tion research, with high possibilities for wastewater
treatment, and this application would enlarge the
range of its utilization. It is well known that starch,
which is an abundant, renewable, and biodegradable
resource, has the capacity to associate by physical
and chemical interactions with a wide variety of
molecules. Hence, adsorption on starch derivatives
can be a low-cost procedure of choice in water
decontamination for the separation of compounds
and a useful tool for protecting the environment.
Modified starch as an adsorbent has been inten-

sively studied and has received much attention over
past decades in wastewater treatment. Zhang and
Chen10 reported that crosslinked starch graft copoly-
mers containing amine groups were efficient as
adsorbents for Pb(II) and Cu(II) ions. Dong et al.11

investigated crosslinked amino starch as an adsorbent
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for Cr(VI) and Cu(II). Guo et al.12 investigated the
adsorption behavior of crosslinked starch phosphates
for Zn(II) and found that the adsorption process fol-
lowed the Langmuir isotherm and was endothermic
in nature. Ding et al.13 prepared dialdehyde 8-amino-
quinoline starch and used it as a chelating agent for
the removal of Zn(II) ions. Xie et al.14 synthesized
amino-modified starch via a grafting polymerization
and ring-opening reaction using cassava starch as a
raw material and used it as an adsorbent for the re-
moval of Cd(II) ions from aqueous solution.

Although the past works have indicated that modi-
fied starch could be an effective adsorbent for waste-
water treatment, there has been very little work
undertaken examining the adsorption kinetics of
crosslinked carboxymethyl starch (CCS) for Pb and
Cd ions in detail. The underlying aim of this work
was to emphasize the sorption kinetics of Pb and Cd
ions on CCS and to show the importance of investi-
gating the kinetics of adsorption to fully understand
the adsorption phenomena. On the basis of the results
related to adsorption behavior, the adsorption iso-
therm was interpreted with the help of the Langmuir,
Freundlich, and Dubinin–Radushkevick (D–R) models
to best fit the adsorption behavior. Thermodynamic
parameters, such as the enthalpy of adsorption, en-
tropy change of adsorption (DSy), and free energy
change (DGy), were calculated and interpreted.

EXPERIMENTAL

Materials

Corn starch (industrial grade) was purchased from
Dacheng Corn Starch Co., Ltd. (Jilin, China). Metal
salts of Pb(NO3)2 and CdCl2�H2O (Kelong Chemicals
Co., Chengdu, China) were used to prepare metal-ion
solutions. The solutions (1000 mg/L) were prepared
by the dissolution of appropriate amounts of metal
salts in doubly distilled water. The working solutions
were prepared by the dilution of the stock solutions
to appropriate volumes. Epichlorohydrin, sodium
monochloroacetate, sodium hydroxide, and the other
chemicals used in this study were analytical grade.

Preparation of CCS

CCS was prepared according to the method
described in a previous work.15 The degree of cross-
linking of crosslinked starch was 440AGU/CL
(crosslinking bond), where AGU is a-glucose. The
degree of substitution of carboxymethyl groups was
calculated as described in the a previous book.16

The sample with the degree of substitution of car-
boxymethyl groups of 0.10 was prepared to be used
as the adsorbent. The sample was named CCS. The
parameters of the pore structure of CCS, such as

Brunauer–Emmett–Teller specific surface area (BET)
and micropore surface area, were obtained from
nitrogen adsorption in the relative pressure range
from 0.05 to 0.99 with Quantachrome QuadraWin.
Multipoint Brunauer–Emmett–Teller (3H-2000BET,
Beishide Instrument-S&T. Co., Ltd., Beijing, China)
of CCS was 42.53 m2/g. The Barrett-Joyner-Hallenda
(BJH) method cumulative desorption surface area
was 10.95 m2/g, and the Dubinin-Horvath (DH)
method cumulative desorption surface area was
11.24 m2/g. The total pore volume for pores with a
radius (at relative pressure) of 0.987203 was 0.03390
cm3/g. The BJH method cumulative desorption pore
volume was 0.01633 cm3/g. The DH method cumu-
lative desorption pore volume was 0.01608 cm3/g.
The porosity was 47.44%. The SEM photograph of
CCS is shown later in Figure 13.

Adsorption experiments

Standard stock solutions of Pb(II) and Cd(II) were
carefully prepared by the dissolution of the spectral
pure-grade chemicals Pb(NO3)2 and CdCl2�H2O.
They were mixed and diluted into a standard solu-
tion containing 100 mg/L Pb(II) and Cd(II) and were
further diluted before use as well
All of the adsorption equilibrium experiments were

conducted batchwise; the adsorption equilibrium was
attained by the shaking of 0.5 g of CCS in 100 mL of
aqueous solutions containing metal ions, which were
shaken at 250 rpm for a predetermined period. The
adsorption experiments were carried out in an incubator
at a controlled temperature. After the predetermined
adsorption time, the solution was filtered, and the
metal-ion concentrations were measured. The initial and
equilibrium metal-ion concentrations in the aqueous sol-
utions were determined with an IRIS 1000 Inductively
Coupled Plasma Atomic Emission Spectrometer (ICP-
AES) (Nicolet Co., Madison Wisconsin in the United
States). The relevant operation conditions of the ICP–
AES and measurement parameters are summarized in
Table I. The initial pH of the solutions was adjusted to
the desired pH by the addition of hydrochloric acid or

TABLE I
ICP–AES Operating Conditions and Measurement

Parameters

Parameter
Radio-frequency power (kW) 1.35
Carrier gas (Ar) flow rate (L/min) 1.0
Auxiliary gas (Ar) flow rate (L/min) 0.6
Coolant gas (Ar) flow rate (L/min) 16
Nebulizer flow (psi) 20
Pump rate (rpm) 120
Observation height (mm) 15
Sample uptake rate (mL/min) 1.5
Wavelength (nm) Pb(II): 216.999,

Cd(II): 214.438
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sodium hydroxide solutions to the medium to maintain
a constant pH. A PHS-3C model pH meter (Leici Instru-
ment Factory, Shanghai, China) was used to adjust the
pH value. Temperature experiments were carried out
between 10 and 40�C at optimum pH values for each
metal ion. The amount of adsorbed metal ion was calcu-
lated from the change in the metal concentration in the
aqueous solution before and after equilibrium and the
weight of the dry starch. The amount of metal ion
adsorbed by CCS was calculated as follows:

Q ¼ ðC0 � CtÞ � V

m
(1)

where Q is the amount of metal ion adsorbed onto a
unit amount of CCS (mg/g), C0 and Ct (mg/L) are
the concentration of metal ions in the aqueous phase
at the initial time and at time t, respectively, V is the
total volume of the aqueous solution (L), and m is
the dry weight of CCS (g).

All of the experiments were repeated three times,
and the average values are presented in this commu-
nication. Blank experiments were carried out to
ensure that no adsorption was taking place on the
walls of the apparatus used.

RESULTS AND DISCUSSION

Effect of pH

CCS, with its polymeric structure, has hydroxyl, car-
boxyl, and ether functional groups in various propor-
tions. Because of the protonation and deprotonation of
those functional groups on the surface of CCS, its
adsorption behavior for metal ions is influenced by
the pH value. Thus, variation of the metal adsorption
with pH is shown in Figure 1. The tests were limited to
the pH range 3.0–7.0 because of the precipitation of

Pb(II) and Cd(II) ions; as a matter of fact, hydroxide
formed above pH 7.0. For Pb(II) and Cd(II) ions, the
adsorption capacity increased with increasing pH and
reached a plateau value around pH 6.5 and 7.0, respec-
tively. Ünlü and Ersoz17 showed that removal of Pb(II)
and Cd(II) ions on sporopollenin was completed at pH
6.0 and 7.0, respectively. From Figure 1, it was found
that in a strongly acidic solution, CCS had a lower
adsorption capacity. This could be explained by the
competitive adsorption of H3O

þ ions and metal ions
for the same active adsorption site. Then, cationic
repulsion could occur between metal-ion species and
protonated carboxymethyl groups on starch chains.
As the pH increased, the adsorption surface became
less positive, and therefore, the electrostatic attraction
between the metal ions and the CCS surface was likely
to be increased. Also, this may have been further
explained by the functional groups present on CCS.

Effect of the contact time

Figure 2 shows the time course of the adsorption
equilibrium of Pb(II) and Cd(II) ions onto CCS. As
shown in Figure 2, the adsorption rate was very rapid
within 45 min, after which time adsorption continued
to occur, but the trend of the increase was very slow.
The adsorption became almost constant after 1 h.
Therefore, 1 h of contact time was chosen as the opti-
mum equilibration time for the experimental studies,
unless otherwise stated, to ensure that equilibrium
conditions were achieved. The adsorption results
indicate the adsorption of metal ions was fast at the
initial stages of the treatment time, and thereafter, it
become slower near the equilibrium. It was obvious
that a large number of vacant surface sites were avail-
able for adsorption during the initial stage, and after
a lapse of time, the remaining vacant surface sites

Figure 1 Effect of pH on the adsorption capacity of
Pb(II) and Cd(II) ions on CCS at 25�C at an initial concen-
tration of 200 mg/L.

Figure 2 Effect of the contact time on the adsorption
capacity of Pb(II) and Cd(II) ions on CCS at 25�C at an ini-
tial concentration of 200 mg/L and optimum pH.
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were difficult to occupy because of repulsive forces
between metal ions adsorbed on the solid and solu-
tion phases. It is evident from Figure 2 that the re-
moval efficiency of the adsorbent reached 94.45% for
Pb(II) ions and 64.73% for Cd(II) ions at 60 min. With
the increase in the amount of adsorbent, the removal
efficiency increased.

The kinetic characteristics of a chelating polymer
depend not only on the presence of chelating func-
tional groups on it but also on the accessibility of
the functional groups without steric hindrance; this
is greatly determined by the polymeric matrices.
Also, the adsorbents with the best characteristics are
those based on hydrophilic macroporous structures.
Starch’s porous, hydrophilic structure, which shows
good permeability functionality and easily available
chelating functional groups, were thought to be re-
sponsible for these rapid uptake kinetics.

It is known that the adsorption process on adsorb-
ents could be dependent on and controlled with dif-
ferent kinds of mechanisms. To clarify the adsorp-
tion process, several adsorption models were
applied to evaluate the experimental data. For this
purpose, the external diffusion model, intraparticle
diffusion model, pseudo-first-order kinetic model,
and pseudo-second-order kinetic model were used.

Adsorption kinetics

In general, there are three main steps involved in
metal-ion sorption onto a solid sorbent: (1) the trans-
port of metal ions from the bulk solution to the sor-
bent surface, (2) adsorption on the particle surface,
and (3) transport within the sorbent particle.
Adsorption studies, in particular, kinetics and iso-
therms, provide information on the mechanism of
sorption: how are metal ions bound within the ab-

sorbent? This knowledge is essential for understand-
ing the sorption process and for selecting the
adsorption strategy.

External diffusion model

If the external diffusion of metal ions (within the dif-
fuse layers outside the adsorbent) is the rate-limiting
step, it has been shown that eq. (2) can be fitted into
the adsorption data with some success:18

ln
1

1� F2ðtÞ½ � ¼ kedt (2)

where F(t) ¼ Qt/Qe is the fractional attainment of equi-
librium at time t [where Qt is the amount of metal ions
adsorbed at time t (mg/g) and Qe is the amount of
Pb(II) and Cd(II) adsorbed at equilibrium (mg/g)], and
ked is the effective diffusion coefficient of adsorbates in
the adsorbent phase (min�1). ked can be calculated
from the slope of the plot of ln{1/[1 � F2 (t)]} versus t
(Figure 3). Table II also presents the values of ked. The
values of ked were found to be 0.0768 and 0.0752/min,
respectively, for the adsorption of Pb(II) and Cd(II)
ions onto CCS. This showed that the Pb(II) ions had
the highest overall pore diffusion rate.

Intraparticle diffusion

For porous surfaces, in the aqueous phase, the pore
surfaces are hydrated; this potentially results in
layers of water adsorbed to these pore walls. There-
fore, the pores may act as micropores. Both pore
and surface diffusion may play a role in the liquid-
phase adsorption on macroporous adsorbents.
Because, for metal-ion adsorption onto starch with a

Figure 3 External diffusion plots for the adsorption of
Pb(II) and Cd(II) ions on CCS.

TABLE II
Kinetic Parameters for the Adsorption of Pb(II) and

Cd(II) Ions on CCS

Kinetic equation
Pb(II)
ions

Cd(II)
ions

External diffusion model
Kf (min�1) 0.0768 0.0752
R2 0.8840 0.8216

Intraparticle diffusion parameters
kid,1 (mg g�1 min0.5) 6.7962 4.5208
R2 0.9997 0.9989
kid,2 (mg g�1 min0.5) 2.6507 0.140
R2 0.9883 0.8945

Pseudo-first-order model
k1 (min�1) 0.0741 0.0709
Qm (mg/g) 56.81 35.54
R2 0.9626 0.9476

Pseudo-second-order model
k2 (g mg�1/min) 2.84 � 10�4 5.66 � 10�4

Qm (mg/g) 74.63 46.73
R2 0.9953 0.9980
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porous structure, kinetic studies have to be done to
determine the effects of intraparticle diffusion to the
adsorption process.

The intraparticle diffusion model is expressed
with the equation given by Bakouri et al.:19

Qt ¼ kidt
0:5 (3)

where kid is the intraparticle diffusion rate constant
(mg g�1/min/2). Plots of Qt versus t0.5 are shown in
Figure 4.

As can be seen from Figure 4, for Pb(II) and Cd(II)
ions, the data points were related by two straight
lines, with the first straight portion depicting macro-
pore diffusion and the second representing mesopore
diffusion. The intraparticle diffusion rate constants
(kid,1 and kid,2) were calculated from the slopes of the
two linear portions of the curves and are given in

Table II. The first, sharper portion showed that the
macropore diffusion onto the particles was significant
in the early stages of adsorption. The second, linear
portion was the gradual adsorption stage, with intra-
particle diffusion dominating. The results show that
intraparticle diffusion may have played an important
role as a rate-determining step in the adsorption pro-
cess. However, because of the deviation of the curves
from the origin due to the difference in the rate of
mass transfer in the initial and final stages of adsorp-
tion, intraparticle diffusion could not be accepted as
the only rate-determining step for the adsorption of
those target heavy metal ions onto CCS. From Table
II, kid is much higher for Pb(II) than for Cd(II) because
of its relatively small hydrated radius.

Pseudo-first-order model

The pseudo-first-order model considers that the rate
of occupation of adsorption sites is proportional to
the number of unoccupied sites. With first-order
kinetics, the fractional uptake of the adsorbate by
the adsorbent can be expressed as follows:20

lnðQe �QtÞ ¼ lnQe � kt (4)

where k is the adsorption constant of first-order
sorption (min�1).
When plotted as ln(Qe � Qt) versus t (Figure 5)

for the adsorption of metal ions at 25�C, the values
of k and the predicted maximum adsorption capacity
(Qm) values obtained from the pseudo-first-order ki-
netic models are listed in Table II. From Table II, for
Cd, Qm was 35.54, and for Pb, Qm was 56.81 mg/g;
these values were too low compared with experi-
mental Qm values in Figure 6. From Figure 6, for
Cd, Qm was about 43, and for Pb, Qm was about

Figure 4 Intraparticle diffusion plots for the adsorption
of Pb(II) and Cd(II) ions on CCS.

Figure 5 Pseudo-first-order plots for the adsorption of
Pb(II) and Cd(II) ions on CCS.

Figure 6 Effect of the initial concentration on the adsorp-
tion of Pb(II) and Cd(II) ions on CCS at 25�C and opti-
mum pH

5014 CHEN, ZHONG, AND FANG

Journal of Applied Polymer Science DOI 10.1002/app



78 mg/g. This finding suggests that the process of
the adsorption of Pb(II) and Cd(II) on CCS did not
follow the pseudo-first-order adsorption rate expres-
sion. Therefore, any reaction occurring was not
likely to be a first-order reaction.

Pseudo-second-order model

A pseudo-second-order model may also describe the
kinetics of adsorption. The rate of pseudo-second-
order reaction was dependent on the amount of Pb(II)
and Cd(II) adsorbed on the surface of adsorbent and
the amount adsorbed at equilibrium. The pseudo-sec-
ond-order model21 can be expressed as follows:

t

Qt
¼ 1

k2Q2
e

þ 1

Qe
t (5)

where k2 is the rate constant of the adsorption (g
mg�1 min�1), Qe is the amount of Pb(II) and Cd(II)
adsorbed at equilibrium (mg/g), Qt is the amount of
adsorbed Pb(II) and Cd(II) on starch at any time t
(mg/g), and k2Q

2
e is the initial adsorption rate (h).

Figure 7 shows the plot of t/Qt versus t for the
adsorption of metal ions on CCS. The values of k and
Qm could be obtained from the intercept and the
slope of the line and are listed in Table II. The
adsorption data did fit as the line passed through
entire points, with a correlation coefficient (R2) rela-
tively close to 1.00. From Table II, for Cd, Qm was
about 46.73, and for Pb, Qm was about 74.63 mg/g;
the predicted Qm values obtained from the pseudo-
second-order kinetic models were closer than those of
the pseudo-first-order kinetic model to the experi-
mental Qm values. Both facts suggest that the adsorp-
tion of metal ions followed the pseudo-second-order
model, which relies on the assumption that chemical
adsorption involving valency forces between the

hydrophilic functional groups and metal cations may
be the rate-limiting step. It is possible to say that the
metal ions adsorbed on anionic carboxyl groups
absorbed in CCS via chemical bonds.

Effect of the initial metal-ion concentration

Adsorption equilibrium data are mainly about the
adsorption capacities of the adsorbents at different
metal-ion concentrations. The effect of the initial con-
centration on the adsorption capacity is shown in
Figure 6. As can be seen from Figure 6, the equilib-
rium adsorption capacities of CCS for Pb(II) and
Cd(II) ions increased with increasing initial concentra-
tion; this meant that the adsorption process was highly
concentration dependent. When the initial concentra-
tion was increased from 200 up to 600 mg/L, the
adsorption capacities of CCS for Pb(II) and Cd(II) ions
increased from 37.78 to 76.53 mg/g and from 25.89 to
42.27 mg/g, respectively. The increase in the adsorp-
tion capacity of CCS with relation to metal-ion concen-
tration was probably due to a high driving force for
mass transfer. However, there was little increase in the
adsorption capacity for initial concentration changes
beyond 600 mg/L. The adsorption performance of
metal ions on CCS mainly depended on the active car-
boxymethyl groups. The adsorption capacities, there-
fore, tended toward saturated values with a decrease
in the content of available carboxymethyl groups.
From Figure 6, the experimental values of the maximal
adsorption capacities of CCS (Qm) were about 78 and
43 mg/g for the Pb(II) and Cd(II) ions, respectively.
Wan Ngah and Fatinathan22 reported that the value of
maximum adsorption capacity of chitosan–tripoly-
phosphate beads for Pb(II) ions was 57.33 mg/g at 300
K. Xie et al.14 reported that the value of maximum
adsorption capacity of amino-modified starch for
Cd(II) ions was 54.06 mg/g.

Adsorption isotherms

Equilibrium adsorption isotherms relate the adsorb-
ate concentration in the bulk to the adsorbed amount
on the interface. The analysis of the isotherm data is
important for developing an equation that accurately
represents the results and that could be used for
design purposes. Experimental data obtained from
the effect of the initial concentration on the adsorp-
tion capacity were evaluated with the three popular
adsorption models, the Langmuir, Freundlich, and
D–R isotherm models. The linearized forms of the
equations representing the models were used.

Langmuir isotherm

The Langmuir isotherm has been widely used to
describe single-solute systems. It is based on the

Figure 7 Pseudo-second-order plots for the adsorption of
Pb(II) and Cd(II) ions on CCS.
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assumption that intermolecular forces decrease rap-
idly with distance, and consequently, it predicts
monolayer coverage of the adsorbate on the outer
surface of the adsorbent. The isotherm equation fur-
ther assumes that adsorption takes place at specific
homogeneous sites within the adsorbent and that
there is no significant interaction among the adsorbed
species. Theoretically, the adsorbent has a finite
capacity for the adsorbate. Once a metal ion occupies
a site, no further adsorption can take place at that
site. The Langmuir model is written as follows:23

Ce

Q
¼ 1

Qmb
þ Ce

Qm
(6)

where Ce is the equilibrium concentration of metal
ions (mg/L) in the solution, Q is the adsorbed
amount of metal ions (mg/g), Qm represents the
maximum amount of adsorbed metal ions (mg/g),
and b is the Langmuir constant, which is related to
the energy of adsorption (L/mg).

Figure 8 shows the experimental data fitted to the
linear form of the Langmuir isotherm for Pb(II) and
Cd(II) ion adsorption by CCS. The values of Qm and
b were calculated from the slope and the intercept of
the linear plot of Ce/Q versus Ce and are also listed
in Table III.

As shown in Table III, the R2 values obtained
from the Langmuir model were 0.9993 and 0.9954
for Pb(II) and Cd(II) ions, respectively, and the Qm

values were 80.0 and 47.85 mg/g for Pb(II) and
Cd(II) ions, respectively; these values suggested that
the adsorption of metal ions onto CCS closely fol-
lowed the Langmuir model. The b values obtained
from the Langmuir model [9.84 and 2.72 L/mg for
Pb(II) and Cd(II) ions, respectively] suggested that
the metal binding affinity was in the order Pb(II) >
Cd(II).

The effect of isotherm shape can be used to pre-
dict whether an adsorption system is favorable or
unfavorable. According to Gupta et al.,24 the essen-
tial features of the Langmuir isotherm can be
expressed in terms of a dimensionless constant sepa-
ration factor or equilibrium parameter (KR), which is
defined by the following relationship:

KR ¼ 1

1þ bC0
(7)

The value of KR indicates the type of the isotherm
to be unfavorable (KR > 1), linear (KR ¼ 1), favorable
(0 < KR < 1), or irreversible (KR ¼ 0).
The values of KR at 25�C for the adsorption of

Pb(II) ions by CCS decreased from 0.00203 to
0.000203, whereas the initial concentration of Cd(II)
increased from 50 to 500 mg/L. The values of KR at
25�C for the adsorption of Cd(II) ions decreased
from 0.00730 to 0.000735. The KR values were found
to be less than 1 and greater than 0 for all experi-
ments carried out at different initial concentrations.
These results show that Pb(II) and Cd(II) ion adsorp-
tion on CCS was more favorable at the higher initial
concentration.

Freundlich isotherm

The empirical Freundlich isotherm is based on
adsorption on a heterogeneous surface and is
expressed by the following equation:

logQ ¼ logKf þ 1

n
logCe (8)

where Kf is the proportionality constant, which is in-
dicative of bond strength, and n is a dimensionless
exponent related to the bond energies between the
metal ion and the adsorbents.

Figure 8 Langmuir isotherm for the adsorption of Pb(II)
and Cd(II) ions on CCS at 25�C and optimum pH.

TABLE III
Isotherm Constants for the Adsorption of Pb(II) and

Cd(II) Ions on CCS

Isotherm equation Pb(II) ions Cd(II) ions

Langmuir isotherm
Qm (mg/g) 80.0 47.85
b (L/mg) 9.84 2.72
R2 0.9993 0.9954

Freundlich isotherm
Kf � 10�3 (L/mg)1/n 14.52 4.82
n 3.11 2.41
R2 0.9546 0.9527

D–R
Qm (mg/g) 79.65 46.09
k (mol/kJ)2 0.0059 0.0077
E (kJ/mol) 9.21 8.06
R2 0.9881 0.9625
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The values of Kf and n were calculated from the
slope and the intercept of the linear plot between
�log Q and �log Ce (Figure 9) and are presented in
Table III.

As shown in Table III, the R2 values obtained
from the Freundlich model were 0.9546 and 0.9527
for Pb(II) and Cd(II) ions, respectively. The result
also suggests that the adsorption system of CCS
could have had more than one functional group,
which was responsible for the metal binding. More-
over, the magnitude of Kf [14.52 � 10�3 and 4.82 �
10�3 (L/mg)1/n for Pb(II) and Cd(II) ions, respec-
tively] obtained from the Freundlich model also sup-
ported the fact that the metal binding affinity was in
the order Pb(II) > Cd(II). From Table III, it is evident
that the n values (>3.1) for Pb(II) were higher than
those of Cd(II) (n > 2.4); this indicated stronger
bond energy between the Pb(II) ions and CCS as
compared to that between the Cd(II) ions and CCS.

D–R isotherm

The Langmuir and Freundlich isotherms do not give
any ideas about the adsorption mechanism. The D–R
isotherm describes adsorption on a single type of uni-
form pore. In this respect, the D–R isotherm is an ana-
log of Langmuir type, but it is more general because
it does not assume a homogeneous surface or a con-
stant sorption potential. To understand the adsorption
type, the D–R isotherms were obtained. The D–R iso-
therm is given by the following equation:22

Q ¼ Qm expð�ke2Þ (9)

The linearized form of the equation is given as
follows:

lnQ ¼ lnQm � ke2 (10)

where e is the Polanyi potential, calculated as {RT
ln[1 þ (1/Ce)]}, Q is the amount of solute adsorbed
per unit weight of adsorbent (mg/g), k is a constant
related to the adsorption energy (mol2/kJ2), and Qm

is the adsorption capacity (mg/g).
The values of Qm and k were calculated from the

intercept and slope of the ln Q versus e2 plots (Figure
10) and are presented in Table III. From Table III, the
Qm values obtained from the D–R isotherm were in
agreement with the experimental Qm values. The
mean free energy of adsorption (E) was calculated
from the k values with the following equation:

E ¼ ð�2kÞ�0:5 (11)

The magnitude of E is useful for estimating the
type of adsorption process. If this value is between 8
and 16 kJ/mol, the adsorption process can be
explained by ion exchange. In this study, the E val-
ues were calculated to be between the values of ion
exchange. Therefore, it is possible to say that the
adsorption mechanism of the Pb(II) and Cd(II) ions
on CCS could be explained by an ion-exchange
process.

Thermodynamics of the adsorption

To explain the effect of the temperature on the
adsorption, the adsorption capacity of CCS for metal
ions at various temperature (15–35�C) were deter-
mined. A plot of the relation of the two variables
showed a decreasing trend (Figure 11). An increase
in the temperature decreased the adsorption per-
formance. This was consistent with the fact that
adsorption is an exothermic process, and therefore,
the rise in temperature suppressed the metal uptake.
To verify the conclusion, log(Q/Ce) was plotted

Figure 9 Freundlich isotherm for the adsorption of Pb(II)
and Cd(II) ions on CCS at 25�C and optimum pH.

Figure 10 D–R plots for the adsorption of Pb(II) and
Cd(II) ions on CCS at 25�C and optimum pH.
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versus 1/T (Figure 12) to give the apparent enthalpy
change (DHy) and DSy according to the following
equation:

log
Q

Ce
¼ � DHh

2:303RT
þ DSh

R
(12)

T is temperature (K), DGy was calculated with the
following relationship and is listed in Table IV:

DGh ¼ DHh � TDSh (13)

It could be observed that the adsorption capacities
decreased as the temperature increased. As reflected
from the negative value of DHy, the adsorption pro-
cess was exothermic; this was responsible for the
reduction in adsorption as the temperature increased.

Thermodynamic considerations tell us that at a
constant temperature and pressure, DGy during the

spontaneous adsorption process always has a
negative sign. However, from a more random state
(in solution) to a more orderly state (on the surface
of the adsorbent) for metal ions, DSy also has a nega-
tive sign. As known from thermodynamics, negative
values of DGy and DSy require a negative adsorption
enthalpy (DHy), which eventually implies that the
adsorption phenomenon is exothermic. In Table IV,
the negative DGy values show the spontaneity of the
adsorption process. DGy was more negative with
decreasing temperature, which suggested that a
lower temperature made the adsorption easier.
The DHy value can be used as a measure of the

interaction force between an adsorbate and adsorb-
ent. In the adsorption of metal ions, the net DHy

and DSy values of the adsorption are the result of
different processes. The dehydration form of the
metal ion with water generally involves a positive
DHy (DHy > 0) as a result of the breakage of ion–
water bonds and a positive DSy (DSy > 0) because
of an increase of disorder in the system by the
release of bonded water. However, complexes
formed with carboxyl groups will result in a nega-
tive DHy (<) as a consequence of the replacement of
relatively weak hydrogen bonds with stronger
metal bonds and in a negative DSy (DSy < 0)
because of the increase of order caused by the new
bonds. The DHy and DSy values found in this
experiment showed that the newly formed bond
between metal ions and CCS was stronger than the
bond between hydrogen ions and CCS. Also, the
metal-ion binding mechanism could be explained
by the interaction between metal ions and carboxyl
groups derived from chemical interaction, and the
adsorption reaction taking place with the replace-
ment of protons by the metal ions. These findings
agreed with the experimental results.
Adsorption on a solid is classified into physical

adsorption and chemical adsorption. Physical
adsorption is nonspecific, and the DHy values for
chemical adsorption are usually substantially greater

Figure 11 Effect of the temperature on the adsorption
capacity of Pb(II) and Cd(II) ions at an initial concentration
of 200 mg/L and optimum pH.

TABLE IV
Thermodynamic Parameters for the Adsorption of Pb(II)

and Cd(II) Ions on CCS

Metal
ions

Temperature
(�C)

DGy

(kJ/mol)
DHy

(kJ/mol)
DSy

(J mol�1 K�1) R2

Pb 15 �44.99 �75.20 �104.84 0.9948
20 �44.47 �75.20 �104.84
25 �43.94 �75.20 �104.84
30 �43.42 �75.20 �104.84
35 �42.89 �75.20 �104.84

Cd 15 �27.40 �49.03 �75.07 0.9983
20 �27.02 �49.03 �75.07
25 �26.65 �49.03 �75.07
30 �26.27 �49.03 �75.07
35 �25.90 �49.03 �75.07Figure 12 Plot of log(Q/Ce) versus 1/T for the adsorp-

tion of Pb(II) and Cd(II) ions on CCS.
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in magnitude than those for physical adsorption. As
seen from Table IV, the DHy values for Pb(II) and
Cd(II) ions were �75.20 and �49.03 kJ/mol, respec-
tively; these values were slightly higher than those
of the lower limit corresponding to chemical adsorp-
tion. This indicated that the chemical adsorption
process was involved in the Pb(II) and Cd(II) ion
sorption on CCS.

SEM photographs of the original corn starch and
CCS

SEM photographs clearly show the structures of the
original corn starch and CCS in Figure 13. It can be
seen that the surfaces of the original corn starch par-
ticles [Figure 13(a)] were smooth; however, the
cleavage of glucosidal rings for particles carboxyme-
thylated in alkaline conditions produced and led to
an uneven surface and created pores on the particles
[Figure 13(b)]. Furthermore, the particles were con-
glomerated closely, and the granules became much
bigger than the original starch.

CONCLUSIONS

It has been determined that the adsorption capacities
of CCS for metal ions depended on the pH, contact
time, initial metal-ion concentration, and tempera-
ture. The kinetic studies indicated that intraparticle
diffusion was found to take part in the adsorption
processes, but it could not be accepted as the only
rate-determining step. Regardless of the metal type,
the pseudo-second-order chemical reaction kinetics
were able to provide a realistic description of the
adsorption kinetics of metal ions on CCS. Adsorp-
tion isotherm models were developed wherein the
better fit was obtained in the Langmuir model and
the D–R isotherm. The maximum loading capacities
of CCS were about 80.0 and 47.0 mg/g for the Pb(II)

and Cd(II) ions, respectively. The E values were
found to be between 8 and 16 kJ/mol for the metal
ions studied, and therefore, the adsorption mecha-
nism for the adsorbent was explained as an ion-
exchange process.
On the basis of the thermodynamic studies, it was

found that the adsorption process was spontaneous
and exothermic in nature. The DHy values for Pb(II)
and Cd(II) ion adsorption under investigation were
�75.20 and �49.03 kJ/mol, respectively, in which
the adsorption of Pb (II) and Cd(II) by CCS could be
considered a chemical sorption process simultane-
ously enhanced by the ion-exchange effect, and the
Pb(II) and Cd(II) ions adsorption capacities on CCS
decreased in the order Pb(II) > Cd(II). The adsorp-
tion experiments showed that CCS could be used as
an effective adsorbent for the removal of Pb(II) and
Cd(II) ions. The studies of the kinetics, isotherms,
and thermodynamics indicated that the adsorption
of CCS for Pb(II) ions was more effective than that
for Cd(II) ions.
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