
C
o

M
E
G

a

A
R
R
A
A

K
A
C
L
C
C

1

t
w
i
a
t
[
i
c
r
a
a
n
p
p
h
b
a

m

0
d

Journal of Hazardous Materials 172 (2009) 1041–1048

Contents lists available at ScienceDirect

Journal of Hazardous Materials

journa l homepage: www.e lsev ier .com/ locate / jhazmat

rosslinked chitosan/polyvinyl alcohol blend beads for removal and recovery
f Cd(II) from wastewater

ahendra Kumar, Bijay P. Tripathi, Vinod K. Shahi ∗

lectro-Membrane Processes Division, Central Salt & Marine Chemicals Research Institute, Council of Scientific & Industrial Research (CSIR),
.B. Marg, Bhavnagar 364002, Gujarat, India

r t i c l e i n f o

rticle history:
eceived 30 January 2009
eceived in revised form 12 June 2009
ccepted 23 July 2009
vailable online 4 August 2009

a b s t r a c t

Crosslinked chitosan/poly(vinyl alcohol) (PVA) beads were prepared by suspension of chitosan–PVA
aqueous solution in a mixture of toluene and chlorobenzene. Some quantity of the water was distilled
out as an azeotrope along with toluene–chlorobenzene and the droplets were chemically crosslinked
by adding glutaraldehyde. The prepared crosslinked beads were characterized by FTIR, X-ray diffraction
(XRD), and scanning electron microscopy (SEM). The developed beads were used as an adsorbent for
eywords:
dsorption
d(II) ion
angmuir and Freundlich isotherms
hitosan/PVA beads
rosslinking

the adsorption of Cd(II) from wastewater. Effect of time, temperature, pH, adsorbent dose and adsor-
bate concentration on the adsorption of Cd(II) were investigated in batch process and pseudo-first and
pseudo-second-order kinetic models were also evaluated. The equilibrium adsorption obeyed Langmuir
and Freundlich isotherms as well as the thermodynamic parameters such as �G◦, �H◦ and �S◦ were
calculated. From thermodynamic data, it was found that the adsorption process was endothermic and
spontaneous. The maximum adsorption of Cd(II) ions was found to be 73.75% at pH 6 and indicated that
developed material could be effectively utilized for the removal of Cd(II) ions from wastewater.
. Introduction

Toxicities of water sources due to the discharge of indus-
rial effluents, is a world-wide environmental problem. Industrial
astewater often contains considerable amount of heavy metal

ons and organic pollutants, which would endanger to public health
nd the environment. Heavy metals are generally introduced into
he environment through natural phenomena and human activities
1]. The contamination of the existing water resources is increas-
ng day by day with industrialization. The disposal of wastewater
ontaining heavy metal ions is always a challenging task for envi-
onmentalists [2]. Effective removal of heavy metal ions from
queous solution is important for the protection of environment
nd public health [3,4]. Cadmium (Cd(II)) is a toxic heavy metal,
ormally found in industrial wastewater, especially from metal
lating industries, Cd–Ni batteries, phosphate fertilizer, mining,
igments, stabilizers and alloys. Cd(II) adversely effects human
ealth because of serious damage to kidney, renal disturbances and

ones lesions. It also causes high blood pressure, skeletal deformity
nd muscular cramps [5].

The World Health Organization (WHO) has recommended a
aximum permissible limit (0.005 mg l−1) for cadmium in drink-
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ing water. Various methods have been used for the removal of
heavy metal ions and organic pollutants from industrial wastewa-
ter such as precipitation, electrochemical reduction, ion exchange,
membrane filtration, and reverse osmosis [6–12]. However, these
methods have several disadvantages such as unpredictable metal
ion removal, high reagent requirements, generation of toxic sludge,
large liquid surface and long desorption time. Furthermore, these
processes are economically non-feasible especially in developing
countries. The sorption process has been found to be economically
appealing for the removal of heavy metal ions from wastewater.
The numerous chitosan based beads have already been explored as
adsorbent for the removal of cadmium ions from aqueous solutions
[13–15]. Thus, to develop natural, renewable, and low-cost adsor-
bent alternatives to synthetic polymer for the removal of heavy
metal ions especially Cd(II) ions from wastewater is highly inter-
ested for human life.

Chitosan is derived from N-deacetylation of chitin, the major
component of the shells of crustacean organisms and the second
most abundant naturally occurring biopolymer next to cellulose.
Chitin and chitosan have biological and chemical properties such
as non-toxicity, biocompatibility, high chemical reactivity, chiral-

ity, chelation and adsorption properties [16–21]. The presence of
amine groups makes a chitosan unique among biopolymers, for
example, its cationic behavior in acidic solutions and its affin-
ity for heavy metal ions [17–19]. Ion exchangers or adsorbents
can be made on a large scale and low cost from chitosan. The
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1 rdous

c
t
i

u
t
o
o
a
i
h
d
s
t
c
g
c
c
a
b
o
i
c

b
g
o
p
r

2

2

o
P
1
C
z
C
p

2

p
p
p
T
t
r
t
H
1
8
a
9
m
d
(
fl
f
p
s

042 M. Kumar et al. / Journal of Haza

hitosan based exchangers or adsorbents have been found poten-
ial applications in wastewater treatments to remove heavy metal
ons [4,17,22–26] and dye removal [27,28].

Chitosan beads have also been used in sorption columns. The
se of chitosan beads as an adsorbent are also provides the poten-
ial applications for the regeneration after adsorption and reuse
f the beads in subsequent adsorption operations. The production
f chitosan hydrogel beads involves the dissolution of chitosan in
cetic acid solution followed by a precipitation process for inject-
ng the chitosan solution in droplets form into a dilute sodium
ydroxide solution [13]. However, the hydrogel beads have the
isadvantage due to the poor chemical resistance and mechanical
trength. This disadvantage significantly reduces the recycle life of
he chitosan beads. To improve these properties, crosslinking of
hitosan beads with glutaraldehyde, epichlorohydrin or ethylene
lycol glycidyl ether have been carried out [2,15]. In particular,
hitosan/PVA blends beads with good mechanical and chemi-
al properties, were extensively studied due to their biomedical
pplications [29,30]. In addition, these crosslinking processes have
een performed by the reaction of the amino functional groups
f chitosan with these crosslinkers. As a consequence, the chem-
cal property of the amino functional groups has changed upon
rosslinking.

In the present study, we prepared crosslinked chitosan/PVA
eads with low water contents and unchanged amino functional
roups, which used as an adsorbent for the removal and recovery
f cadmium from wastewater. We have explored the adsorption
roperties of biodegradable material, which can be utilized for the
emoval of Cd(II) ions from wastewater.

. Experimental

.1. Chemicals and reagents

Chitosan (deacetylation 100%; and MW 2.0 × 105 g mol−1) was
btained from Sigma–Aldrich Chemicals and used as received.
oly(vinyl alcohol) (PVA, MW: 125,000, degree of polymerization:
700, degree of hydrolysis: 88%), Tween-80, acetone, methanol,
d(NO3)2 H2O, glutaraldehyde solution (30%), toluene, chloroben-
ene, acetic acid, etc. of AR grade were procured from S.D. fine
hemicals, Mumbai, India and were used without any further
urification.

.2. Preparation of crosslinked chitosan/PVA beads

Chitosan/PVA beads were prepared in two steps using the beads
reparation followed by chemical crosslinking. The beads were pre-
ared by dissolving the known amount of deacetylated chitosan
owder into the deionized water containing 2% (w/w) acetic acid.
he PVA solution (12.5%, w/w) was prepared by dissolving in dis-
illed water. PVA and chitosan solution were mixed in 2:1 (w/w)
atio by stirring and resulted to a homogeneous solution. The pH of
he blend solution was adjusted approximately 2 by adding dilute
Cl. The resulting chitosan/PVA solution (100 ml) was suspended in
00 ml of toluene–chlorobenzene (1:3, v/v) containing 1.5 g Tween-
0 in a three-neck round-bottom flask and stirred continuously
t 150 rpm. Then system temperature was raised gradually up to
0 ◦C to distil out some part of water as an azeotrope with aro-
atic hydrocarbons to reduce the water content of the suspension

roplets. The resulting mixture was cooled to room temperature

30 ◦C) and 50% glutaraldehyde solution in water was added to the
ask to make a 2% (w/w) of total solution, and stirred continuously

or 8 h at room temperature to crosslink the water soluble sus-
ended beads. The resulting beads were filtered off, and washed
everal times with acetone followed by water. Since the beads were
Materials 172 (2009) 1041–1048

prepared in acidic condition, it was neutralized by 0.1 M NaOH and
further washed with water.

2.3. Adsorbate solution

Stock solution of cadmium (II) of 1000 ppm concentration was
prepared by using Cd(NO3)2·H2O in double distilled water.

2.4. FTIR, XRD, and SEM studies

The Fourier transform infrared (FTIR) spectra of unloaded and
loaded beads were recorded with spectrum GX series 49387 by
KBr pellet method. Wide angle X-ray Diffractogarm (WXRD) of pre-
pared beads was obtained using Philips Xpert X-ray diffractometer
with Cu K� (1.54056) radiation. For scanning electron microscopy
(SEM), gold sputter coatings were carried out on the desired bead
samples at pressure ranging in between 0.1 and 1 Pa. Images were
obtained at 10−3 to 10−2 Pa with EHT 15.00 kV with 300 V collector
bias using Leo microscope SEMs.

2.5. Water content of chitosan/PVA beads

Swelling of chitosan/PVA beads was tested in terms of their
water content. A known amount of dried crosslinked beads was
suspended in deionized water and kept under agitation for 24 h in
ambient conditions. Weight of wet beads was obtained and the per-
cent water content was calculated by using the following equation:

water content (%) = Wwet − Wdry

Wdry
× 100 (1)

where Wwet and Wdry are the weight of the wet and dry beads,
respectively. Measuring error for water content value was 0.01%.

2.6. Adsorption studies

Batch process was carried out for adsorption studies. A 0.5 g of
dry beads was placed in a conical flask with glass stopper having
50 ml Cd(II) solution of different concentrations and the mixture
was shaken in a shaker incubator at 100 rpm for the predeter-
mined time interval. The concentration of remained Cd(II) in filtrate
solution was determined by EDTA titration method and thus the
adsorbed amount of Cd(II) was calculated [31]. Measuring error for
concentration was 0.1 mg/l. The amount of adsorption of Cd(II) by
chitosan/PVA beads was determined by using the following equa-
tion [32]:

q = Ci − Cf

1000 × W
× V (2)

where q is the amount of Cd(II) adsorbed, Ci and Cf are the ini-
tial and final concentration (mg/ml) of Cd(II) before and after the
adsorption in solution. V is the volume of experimental solution
and W is the weight (g) of chitosan/PVA beads.

Adsorption studies were carried out by varying the adsorbate
concentration (10–200 mg/l), adsorption time (0.5–12 h), amount
of adsorbent (0.1–1.0 g) and temperature (30, 40 and 50 ◦C). A series
of experiments were carried out by taking a fixed amount of adsor-
bate under varying the pH of initial solution from 2 to 10 at room
temperature (30 ◦C). Adsorption isotherms were also studied by
varying the initial Cd(II) concentration from 25 to 100 mg l−1 for a
fixed amount of adsorbent (0.5 g). Each experiment was repeated
three times and average results were reported.
2.7. Desorption studies

Batch process was also used for the desorption studies. Desired
amount of adsorbent for adsorption of Cd(II) was taken in a conical
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wastewater. Furthermore, one has to optimize the dose of adsor-
bent depending on the concentration of adsorbate for the removal
of toxicity up to maximum extent and complete utilization of adsor-
bent.
ig. 1. FTIR spectra of (A) crosslinked chitosan/PVA beads and (B) crosslinked chi-
osan/PVA beads after adsorption of Cd(II).

ask for a fixed time (8 h), then treated with 50 ml of each 0.1 M HCl,
.1 M HNO3, 0.1 M NaCl, and 0.01 M EDTA solution. The amount of
d(II) desorbed was then determined by back EDTA titration [31].

. Results and discussion

.1. Preparation and physical characterization of chitosan/PVA
eads

The chitosan/PVA beads were prepared by a solution
uspension method. The mixed solution was suspended in
hlorobenzene–toluene mixture containing, Tween-80 as sur-
actant. The water present in solution made an azeotrope with
he organic solvents and was removed partially by distillation.
luteraldehyde was used for crosslinking, while –NH2 groups of
hitosan were converted in to salt during the crosslinking by using
Cl, for its protection.

Preparation of chitosan/PVA beads, its crosslinking, and struc-
ure were assessed by FTIR spectra, presented in Fig. 1. The
pectrum was recorded before and after adsorption of Cd(II) ions for
he crosslinked chitosan/PVA beads to study the effect of adsorp-
ion. The stretching frequency at 1150–1130 cm−1 indicates the
ormation of acetal ring by crosslinking. The strong broad band at
300–3500 cm−1 is the characteristic of the N–H and –OH stretch-

ng vibration. The significant decrease in transmittance in this band
fter adsorption of cadmium indicated that the bonding of metals
ith NH2 group was occurred [4]. Thus the nitrogen atom of chi-

osan moiety acted as main adsorption site for Cd(II) adsorption on
he crosslinked chitosan/PVA beads. Also, the FTIR spectra showed
hat the N–H bending vibrations at 1644 and 1562 cm−1 shifted
o 1634 and 1553 cm−1 after the adsorption of Cd(II), which sug-
ested that the interactions between Cd(II) and –NH2 groups. Since
d(II) can act as Lewis acid and –NH2 is a Lewis base, therefore
oordination is possible by electron transfer.

WXRD pattern of the crosslinked chitosan/PVA beads is shown
n Fig. 2, which showed amorphous nature of crosslinked chi-
osan/PVA beads [32]. SEM images of the dried crosslinked
hitosan/PVA beads before and after Cd(II) adsorption are also
hown in Fig. 3. The SEM images indicate that the surface was quite
ough and dense in nature, thus provide maximum surface area for
he adsorption of Cd(II).
.2. Swelling study

The water content of the polymeric beads is directly related to its
welling characteristics. Generally, the beads used for adsorption
Materials 172 (2009) 1041–1048 1043

column, should posses lower swelling. The chitosan/PVA beads are
water loving in nature and thus soluble in water without crosslink-
ing. However, after suitable crosslinking they become complete
water insoluble material. Water loving nature of beads aroused
due to considerable hydrogen bonding with hydrophilic groups.
Because of crosslinking, the swelling behavior of chitosan/PVA
beads was also reduced to 40.3% (w/w). Thus, the crosslinking
is necessary to enhance the chemical stability of beads in acidic
medium.

3.3. Effect of pH

Fig. 4 represents the effect of pH (between 2.0 and 10.0), for the
adsorption of Cd(II) on chitosan/PVA beads. Adsorption of Cd(II)
with 50 mg l−1 initial concentration at pH 2 was observed about
44%, which further increased up to 73.75% at pH 6.0 and attained a
maximum value. In acidic medium (pH < 7) due to high H+ concen-
tration, active sites of the adsorbent were protonated and leads
to the prevention of metal ions adsorption [2]. However, with
the increase in pH, deprotonation of chitosan amino groups take
place and hence the adsorption of Cd(II) increased. The solubility
of metals decreases with the increase in pH, and precipitated as
hydroxides on the surface of adsorbent. At a constant concentra-
tion, the adsorption capacity increased with pH of the solution and
attained limiting value beyond pH 6.0. The precipitation of Cd(II)
as hydroxide was found to occur in basic solution, therefore all
adsorption studies were carried out in low acidic medium at pH
6.0.

3.4. Effect of concentration of Cd(II)

Crosslinked chitosan/PVA beads were an effective adsorbent
over a wide range of adsorbate (Cd(II)) concentration at pH 6.0.
At lower Cd(II) concentration, chitosan/PVA beads showed close
to 97% adsorption, which reduced slowly with the increase in ini-
tial Cd(II) concentration (Fig. 5). At 50 mg l−1 Cd(II) concentration,
75% adsorption was observed, which reduced steeply with further
increase in Cd(II) concentration up to 200 mg l−1. These data can
be used effectively for the maximum utilization of adsorbent for
the removal of Cd(II) concentration from the wastewater. High
adsorption (close to 97%) of Cd(II) by chitosan/PVA beads indi-
cates that its potential application for the removal of Cd(II) from
Fig. 2. WXRD pattern of the crosslinked chitosan/PVA beads.
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Fig. 3. SEM images of (A) crosslinked chitosan/PVA beads

.5. Effect of contact time
The effect of contact time on the adsorption of Cd(II) at 50 mg l−1

nitial concentration is shown in Fig. 6. Initially, rate of adsorption
as faster up to 7 h and maximum removal of Cd(II) occurred. Time

ig. 4. Effect of pH for Cd(II) (50 mg l−1) adsorption on crosslinked chitosan/PVA
eads.

ig. 5. Effect of initial Cd(II) concentration on its adsorption (%) by crosslinked
hitosan/PVA beads at pH 6.
) crosslinked chitosan/PVA beads after Cd(II) adsorption.

for equilibrium was observed around 8 h, and beyond this time no
change in adsorption was occurred. Thus, the equilibrium time was
maintained 8 h in subsequent adsorption studies. In the beginning
fast adsorption, may be explained due to the availability of more
number of adsorption sites [33,34]. After initial adsorption of adsor-
bate, the available sites in the adsorbent reduced and thus rate of
adsorption further decreased [4], which attained a limiting value at
equilibrium. Rate of adsorption is of great significance for develop-
ing the adsorbent-based water technology [35]. Thus, the ability of
developed beads to adsorb maximum amount of Cd(II) within 4 h
indicates their suitability as an effective adsorbent.

3.6. Effect of adsorbent dose

The adsorption density (adsorption capacity) and percentage
adsorption of Cd(II) on crosslinked chitosan/PVA beads are pre-
sented in Fig. 7 as function of amount of adsorbent. Experiments
were carried at 50 mg l−1 initial Cd(II) concentration, with varied
adsorbent dose from 0.1 to 1.0 g at constant temperature (30 ◦C).
Adsorption (%) increased from 27.5 to 78.4% while adsorption den-
sity decreased from 39.43 to 13.97 mg g−1 with the increase in

adsorbent dose. The reduction in adsorption density may be due to
the fact that some of the adsorption sites remain unsaturated when
adsorbent dose is increased. On the other hand large amount of
Cd(II) was adsorbed as the number of available adsorption sites are

Fig. 6. Effect of time on the adsorption of Cd(II) (50 mg l−1) on crosslinked chi-
tosan/PVA beads at pH 6.
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ig. 7. Effect of adsorbent dose for Cd(II) (50 mg l−1) adsorption on crosslinked chi-
osan/PVA beads at pH 6.

ncreased, resulting in the over all increase in the removal efficiency
36].

.7. Adsorption mechanisms

In the developed crosslinked chitosan/PVA beads, it was
xpected that nitrogen atom of amino groups in chitosan and the
xygen atom of the hydroxyl groups in both chitosan and PVA acted
s adsorption sites for Cd(II). Both nitrogen and oxygen atom posses
one pair of electrons, can bind a positively charged ion through
he electron pair sharing. The easy release of lone pair from nitro-
en atom makes it the main binding site and forms stable metal
omplex. With the above consideration, the following chemical
eactions are proposed to account the mechanism of Cd(II) adsorp-
ion and desorption:
–NH2 + H+ → R–NH3
+ (3)

–NH2 + Cd2+ → R–NH2Cd2+ (4)

–NH3
+ + Cd2+ → R–NH2Cd2+ + H+ (5)

able 1
seudo-first- and second-order kinetics constants, correlation coefficients (R2) for adsorp

Concentration (mg l−1) Pseudo-first-order kinetics Pseudo

K1 (min−1) R2 K2 (g m

25 0.00622 0.987 0.0001
50 0.00576 0.997 0.0001

100 0.00484 0.994 0.0000

ig. 8. (A) Pseudo-first-order, and (B) second-order plots for Cd(II) adsorption on crosslink
Fig. 9. Plot of log Kc vs. 1/T. Adsorbent dose: 0.5 g, pH 6, and initial Cd(II) concentra-
tion: 50 mg l−1.

R–NH2Cd2+ + H2O → CdOH+ + R–NH3
+ (6)

where R represents all other components except –NH2 in
crosslinked chitosan/PVA beads.

The equilibrium of the reaction (Eq. (3)) was established by pH
of the initial solution. The adsorption was started according to Eq.
(4) with the presence of cadmium ions. However, the binding of
Cd2+ to a nitrogen atom expected to be stronger in comparison to
the binding of H+ to nitrogen atom (i.e., protonation of the amino
group), because of the electrostatic interaction between the lone
pair of electrons on nitrogen and the divalent cadmium ion (Cd2+)
would be stronger in comparison to the monovalent proton (H+).
This difference in the binding force drives the reaction according
to Eq. (5) and a competitive adsorption of Cd2+ over H+ takes place.
Such adsorption process can also be termed as an ion exchange
mechanism [33]. However, the reaction in Eq. (5) may be slower
than the reaction in Eq. (4), because of smaller attraction between

+ 2+

3

in R–NH2 and Cd2+ ion. In addition, R–NH2Cd2+ complex was sub-
jected to the reaction in Eq. (6), due to the greater binding attraction
of Cd2+ with –OH group from water than with the nitrogen of the
amino group in chitosan.

tion of Cd(II) on crosslinked chitosan/PVA beads at pH 6.0.

-second-order kinetics

g−1 min−1) qe (mg g−1) h (mg g−1) R2

24 27.71 0.0949 0.997
16 31.54 0.1157 0.998
62 50.51 0.1512 0.995

ed chitosan/PVA beads at different concentrations: adsorbent dose: (0.5 g) at pH 6.
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Table 2
Thermodynamic parameters and correlation coefficients (R2) at different tempera-
tures for the adsorption of Cd(II) on crosslinked chitosan/PVA beads at pH 6.0.

Temperature (◦C) �S◦ (kJ K−1 mol−1) �H◦ (kJ mol−1) �G◦ (kJ mol−1) R2
046 M. Kumar et al. / Journal of Haza

.8. Adsorption kinetics

The rate constants were calculated by using pseudo-first- and
econd-order kinetic models [2]. The first-order expression is given
s:

og(qe − q) = log qe − K1

2.303t
(7)

where qe is the amount of Cd(II) adsorbed per unit weight of
dsorbent at equilibrium or adsorption capacity (mg g−1), and q
he amount of Cd(II) adsorbed per unit weight of adsorbent at any
iven time t. K1 is the first-order rate constant. The values of K1 were
alculated from the slope of the linear plot of log(qe − q) versus t at
ifferent concentrations (Fig. 8(A)). The values of correlation coef-
cient (R2) and rate constants at various concentrations of Cd(II)
re given in Table 1.

The kinetic rate equation for pseudo-second-order is given as:

t

q
= 1

h
+ 1

qe
t (8)

where h = K2q2
e and K2 is the rate constant of pseudo-second-

rder adsorption (g mg−1 min−1). The values of h were calculated
rom the intercept of the linear plots of t/q versus t at different Cd(II)
nitial concentrations as presented in Fig. 8(B). The values of K2, h
nd R2 are also presented in Table 1. These data showed that adsorp-
ion process of Cd(II), on chitosan/PVA beads followed second-order
inetics under studied concentration range (25–100 mg l−1), rather
han pseudo-first-order kinetics [36]. The experimentally calcu-
ated values of qe at various concentration of Cd(II) were in good
greement with theoretical calculated values. Furthermore, the val-
es of correlation coefficients (R2) for pseudo-first-order kinetic
odel were slightly lower than the pseudo-second-order kinetic
odel, indicate that pseudo-second-order kinetic model is better

beyed in compare with the pseudo-first-order kinetic model.

.9. Effect of temperature

The adsorption process was also assessed at different temper-
tures between 30 and 50 ◦C. Thermodynamic parameters such
s free energy change (�G◦), enthalpy change (�H◦) and entropy
hange (�S◦) were calculated by using the following equation [37]:

c = CAc

Ce
(9)
here Kc is the equilibrium constant, CAc and Ce are equilibrium
oncentrations (mg l−1) of Cd(II) on the beads and in the solution,
espectively.

G◦ = −2.303 RT log Kc (10)

Fig. 10. (A) Freundlich plot and (B) Langmuir plot, for Cd(II) adsorption on crosslinke
30 0.105 29.02 −2.81 –
40 0.123 34.41 −4.09 0.992
50 0.142 40.32 −5.38 –

where T is the absolute temperature (K) and R is the universal gas
constant.

log Kc = �S◦

2.303R
− �H◦

2.303RT
(11)

The values of �H◦ and �S◦ were calculated from the slope
and intercept of Von’t Hoff plot of log Kc versus 1/T as presented
in Fig. 9 and their values are recorded in Table 2. Values pre-
sented in Table 2 revealed that �H◦ and �S◦ were increased with
temperature, while �G◦ decreased. Thus the Cd(II) adsorption on
crosslinked chitosan/PVA beads is endothermic in nature [38]. It
was also found that the adsorption of Cd(II) on crosslinked chi-
tosan/PVA beads is spontaneous and spontaneity increased with
the temperature. Positive value of �S◦ suggests randomness at the
solid-solution interface during adsorption [39].

3.10. Adsorption isotherms

The adsorption isotherm model describes the interaction of
adsorbate with adsorbents and its wide-ranging knowledge is
essential for the most effective use of the adsorbent. Thus, it is
essential to correlate the equilibrium data by either theoretical or
empirical models for designing a perfect operating adsorption sys-
tem for industrial effluents. In the present study, the equilibrium
data were derived from the linear form of Freundlich (Eq. (12)) and
Langmuir (Eq. (13)) model of adsorption isotherm [22]:

log qe = log KF + 1
n

log Ce (12)

Ce

qe
= 1

KL
+ aL

KL
Ce (13)

where Ce is the remaining Cd(II) ion concentration (mg l−1) in solu-
tion, qe the Cd(II) ion concentration (mg g−1) in the adsorbent, KF

the Freundlich constant and 1/n is the heterogeneity factor, while
aL and KL are the Langmuir constants.
Freundlich isotherm describes the heterogeneous system and
reversible adsorption and not restricted to the monolayer forma-
tion [40,41]. This model predicts that the Cd(II) ion concentration
in the adsorbent increased with the increase in its initial concen-
tration in solution. On the other hand in, Langmuir model, it is

d chitosan/PVA beads at equilibrium under different experimental conditions.
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Table 3
Freundlich and Langmuir constants and correlation coefficients (R2) for the Cd(II) adsorption on crosslinked chitosan/PVA beads at pH 6.0.

Temperature (◦C) Freundlich constants Langmuir constants

KF 1/n n R2 aL KL Q0 (mg g−1) R2

0.9
0.9
0.9

a
a
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o
t
b
a
f
s
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w
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s
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30 23.06 0.690 1.45
40 38.38 0.615 1.63
50 53.60 0.617 1.62

ssumed that intermolecular forces decrease rapidly with distance
nd thus lead to the coverage of adsorbent by monolayer of adsor-
ate [41]. Furthermore, it is assumed that once an adsorbate species
ccupy the available sites of the adsorbent, no further adsorption
akes place at that site [4]. Theoretically, adsorbent has finite num-
er of sites and after occupation of sites by adsorbate, no further
dsorption is possible. By plots of experimental data into linearized
orm of Freundlich isotherm (Fig. 10(A)), obtained various con-
tants and R2 are presented in Table 3. Data showed the deviation
rom linearity (under total concentration range is taken into the
onsideration). This may be due to either: (i) the presence of dif-
erent groups such as amino, hydroxyl, acetyl in the crosslinked
hitosan/PVA beads producing irregular energy distribution in the
dsorbent, or (ii) by a purely physical adsorption [2,4,41]. However,
angmuir isotherm model correlated well (R2 = 0.999) as compared
o Freundlich isotherm (R2 = 0.995) only, when one line was used
o represent the entire range of experimental data as shown in
ig. 10(B). The values of Langmuir constants and (R2) are derived
rom the linear curves of Langmuir isotherm and the values are
eported in Table 3. It is concluded that the values of aL increased
ith temperature, which indicated the strong binding of Cd(II) ion
ith –NH2 group [4]. It was also found that the monolayer satu-

ation capacity (Q0) values increased with temperature [41]. Our
xperimental findings are also well correlated with the saturation
apacities, predicted by Langmuir equation at different tempera-
ures.

The essential feature of Langmuir isotherm model can be
xpressed in terms of a dimensionless constant separation factor
r equilibrium parameter (RL) given by relation:

L = 1
1 + KLC0

(14)

here KL is the Langmuir constant and C0 is the initial Cd(II) ion
oncentration (mg l−1). The values of RL is in between 0.586 and
.164 (Table 4) for 25–100 mg l−1 the initial Cd(II) concentration,
hich indicates the favorable adsorption [21].

.11. Desorption study

Desorption studies helps to reveal the nature of adsorption pro-
ess and to recover the Cd(II) ions from crosslinked chitosan/PVA

eads. Desorption studies were carried out by using HCl, HNO3,
aCl and EDTA solution. Desorption occurred only with the EDTA

olution. About 62.4% desorption of Cd(II) was obtained crosslinked
hitosan/PVA beads.

able 4
L values for the adsorption of Cd(II) onto crosslinked chitosan/PVA beads at various
emperatures.

Temperature (◦C) RL values at different concentration of Cd(II) in solution

25 (mg l−1) 50 (mg l−1) 75 (mg l−1) 100 (mg l−1)

30 0.586 0.417 0.327 0.268
40 0.487 0.321 0.241 0.192
50 0.441 0.282 0.208 0.164
83 0.029 3.10 106.4 0.997
87 0.044 4.87 109.8 0.999
95 0.053 7.58 142.9 0.996

4. Conclusion

Crosslinked chitosan/PVA beads with low water content were
prepared by suspension of aqueous solution of chitosan/PVA
in toluene–chlorobenzene medium using glutaraldehyde as
crosslinking agent in acidic conditions. The developed beads were
well characterized by FTIR, SEM and WXRD to assess the structure.
Swelling study reveals quite low degree of swelling of prepared
beads due to water loving nature of beads and considerable hydro-
gen bonding with hydrophilic groups. It was also observed that
crosslinking of chitosan/PVA beads reduced the swelling behav-
ior by 40.3% (w/w), and enhanced the chemical stability of beads
in acidic medium. The kinetic data show that pseudo-second-order
kinetic model followed better in compare with pseudo-first-order
kinetic model, because of previous one model provides better corre-
lation with the experimental data at different initial concentrations
of adsorbate. The Langmuir and Freundlich isotherms, both indi-
cate the favorable adsorption of Cd(II) on the beads. The recovery
of Cd(II) ions was achieved by desorption in 0.01 M EDTA solution,
and found to be 62.4%. While desorption was not achieved by HCl,
HNO3 and NaCl, which indicate that adsorption occurred mainly
via complexation. Above research findings clearly indicate that the
developed chitosan/PVA material based beads can be efficiently uti-
lized to recover Cd(II) ions from wastewater and effluents up to high
purity. Furthermore, chitosan is a low-cost material and utilization
of modified chitosan is novel and challenging, as it is inexpensive,
nonhazardous, and environmentally benign.
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