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a b s t r a c t

This paper presents the adsorption of Pb(II) from aqueous solution using chitosan/TiO2 hybrid film (CTF)
adsorbent. Batch experiments were carried out as a function of solution pH, adsorption time, Pb(II) concen-
tration and temperature. The equilibrium data fitted well with the linear Freundlich model. The adsorption
process was proved to be the second grade reaction and the theoretically maximum adsorption amount
eywords:
hitosan
dsorption of Pb(II)
ox–Behnken design
ptimization

at equilibrium was 36.8 mg-Pb/g. The influence parameters were optimized by response surface method
(RSM), such as initial metal concentration, pH and temperature. The extreme points were gained by the
Statistical Analysis System software: initial metal concentration is 50–55 mg/l, pH is 3–4 and temperature
is 60 ◦C. Very high regression coefficient (R2 = 0.9689) indicates excellent evaluation of experimental data
by second-order polynomial regression model. Under this condition the theoretical adsorption efficiency
is 90.6%. It illuminates that this model is reliable to optimize the adsorption process and CTF is suitable
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for adsorbing Pb(II) from a

. Introduction

The removal of heavy metal ions from aqueous solution has
een taking on great importance in recent years, either for pol-

ution control or for raw material recovery. Among the heavy metal
ons, lead(II) holds a distinct position due to its long-term and

idespread use. Lead enters into the environment as a result of
oth natural process and factitious activities [1–3]. Today, several
ethods have been developed for removing lead in aqueous solu-

ion such as chemical precipitation [4], adsorption [5], biosorption
6], electrodialytic process [7] and so on.

Adsorption has been shown to be an economically feasible
lternative method for removing lead from wastewater and water
upplies [8,9]. Several adsorbents, such as active carbon, herba-
eous peat, fiber, rice husk ash, sawdust and starch have been
sed for removing heavy metal ions from aqueous solution. It has
een well known that chitosan demonstrates the unique adsorp-
ion ability towards many metal cations. Now this material attracts
rowing attention in view of its utilization for removing heavy

etals cations from diluted aqueous solution [10]. A great num-

er of chitosan derivatives have already been obtained to adsorb
etal ions by grafting new functional groups on the chitosan back-

one. The new functional groups are incorporated with chitosan

∗ Corresponding author at: Engineering Technology Research Center of Microbial
ermentation, Anhui Province, China. Tel.: +86 553 2871255; fax: +86 553 2871255.

E-mail address: taoyugui888@yahoo.com.cn (Y. Tao).
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o increase the density of adsorption sites, to change the pH range
or metal adsorption and to change the adsorption sites in order to
ncrease adsorption selectivity for the target metal [11].

Chitosan/TiO2 hybrid film (CTF) was synthesized by sol–gel
ethod through 0.27 g chitosan and 11.6 ml acetic acid reaction
ith 0.54 ml tetrabutyl titanate and n-butyl alcohol mixture (molar

atio of them is 1:4). The as-obtained CTF is grafted Ti–O group
n the chitosan backbone as reported in our former research [12].
erein we investigate the adsorption ability of CTF towards Pb(II)

rom aqueous solution. The influence conditions on adsorption
apacity of CTF were investigated, such as different concentration
f Pb(II), pH value and temperature. Then those parameters were
ptimized by response surface method (RSM). This information will
e useful for further applications in the treatment of wastewater.

The Box–Behnken model [13–15] was used to statistically
esign the experiments to evaluate the interactive effects of pro-
ess parameters for optimizing adsorption. The Statistical Analysis
ystem software (SAS Institute Inc., Cary, NC, USA, Version 8.0)
as used to obtain optimal working parameters and to generate

esponse surface graphs [16,17], which is widely used in statistics
esearch and especially industry.

. Experimental
.1. Materials and instrument

Chitosan was obtained from ShangHai Fine Chemical Factory Co.,
td. Its degree of deacetylation was 95%. Tetrabutyl titanate (TBT)

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:taoyugui888@yahoo.com.cn
dx.doi.org/10.1016/j.jhazmat.2008.04.012
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The range of full factorial value
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as chemical grade obtained from Sinopharm Chemical Reagent
o., Ltd. Acetic acid and normal butyl alcohol were analytical
eagent.

The CTF was synthesized with 0.27 g chitosan, 11.6 ml acetic
cid and 0.54 ml mixture (tetrabutyl titanate and n-butyl alcohol).
ead nitrate was analytical reagent and it was used without fur-
her purification. Nitric acid was analytical reagent obtained from
anjing Chemical Reagent No.1 Factory.

Pb(II) was measured by atomic absorption spectrometer
PerkinElmer AAnalyst 700), wave-length is 283.3 nm, lamp type
s HCL, desired current is 8.

.2. Removal studied by using CTF

.2.1. Influence of pH on adsorption capacity
The adsorption experiments were followed batchwise in aque-

us solutions of lead ion. 0.1 g CTF was dipped into 20 ml Pb(II)
olution of concentration (20 mg/l). Solution pH was adjusted from
to 6 using either 1 M NaOH or 1 M HNO3, for Pb(II) can occur

recipitation when the solution pH is above 6. The experiment
as controlled at 30 ◦C in an incubator. After adsorption sufficient

t = 300 min), the solution was percolated and the residual Pb(II)
n the filtrate was measured. The content of remaining Pb(II) was
hecked by an atomic absorption spectrophotometer. All the exper-
ments were performed in triplicates and their mean values are
eported.

.2.2. Kinetic experiments
The kinetic experiments were performed using Pb(II) concen-

ration (200 mg/l) with 0.1 g CTF. The experiments were controlled
t pH 3.0 and the adsorbent time varied from 30 to 300 min. The
esidual concentration of Pb(II) in the filtrate was measured similar
o the above procedure described in Section 2.2.1.

.2.3. Adsorption isotherm
The same procedure described for the influence of pH on adsorp-

ion capacity was used. Adsorption isotherm studies were carried
ut using 10 different initial Pb(II) concentrations varying from 10
o 500 mg/l. However, 50 ml Pb(II) solution of different concentra-
ion was added into the glass vessel respectively. The initial pH was
djusted to 3.0 and the temperature varying from 20 to 60 ◦C.

The measured liquid phase concentrations were then used

o calculate the adsorption capacity, Q (mg/g) of the adsorption
mount using the following mass balance equation [18]:

= V(C1 − C2)
W

(1)

w
i
t
a
g

able 2
ox–Behnken design matrix for three variables along with observed response

xperimental run Variables

pH, X1 Pb(II) concentration, X2 (mg/l

1 −1 −1
2 −1 1
3 1 −1
4 1 1
5 0 −1
6 0 1
7 0 −1
8 0 1
9 −1 0

10 1 0
11 −1 0
2 1 0

13 0 0
14 0 0
15 0 0
H, X1 2 3 4
b(II) concentration, X2 (mg/l) 10 50 90
emperature, X3 (◦C) 20 40 60

here Q is adsorption amount (mg/g), W is the weight of CTF (g), V
s the volume of solution (l), and C1 and C2 are the concentrations
f Pb(II) before and after adsorption, respectively (mg/l).

.3. Optimization of adsorption parameters using RSM approach

Based on the above research, RSM was used to optimize the
dsorption parameters. In the present study, Box–Behnken model
or three variables (metal concentration, pH and temperature), each
ith two levels (the minimum and the maximum), was used as

xperimental design model. The model has the advantage that it
ermits the use of relatively few combinations of variables for
etermining the complex response function [19]. A total of 15 exper-

ments are required to be performed to calculate 10 coefficients of
econd-order polynomial equation [20]. Through the experimen-
al design model, pH (2–4), Pb(II) concentration (10–90 mg/l) and
emperature (20–60 ◦C), were taken as input variables. The adsorp-
ion efficiency of Pb(II) from the aqueous solution was taken as
esponse value of the design. The range of full factorial value was
hown in Table 1. The experimental design matrix derived from the
ox–Behnken model is shown in Table 2. The adsorption efficiency
f Pb(II) by CTF in different experimental conditions based on the
xperimental design matrix was estimated, the results of which
ave also been included in the same table.

A second-order polynomial model where interaction terms
ave been fitted to the experimental data obtained from the
ox–Behnken model experiment can be stated in the form of the

ollowing equation:

= ao +
∑

aixi +
∑

aiix
2
i +

∑
aijxixj (2)

here Y is the efficiency of Pb(II) adsorbed, ao is offset term, ai

s first-order main effect, aii is second-order main effect and aij is
he interaction effect. The data were subjected to analysis variance
nd the coefficient of regression (R2) was calculated to find out the
oodness of fit of the model [21].

Adsorption efficiency, Y%

) Temperature, X3 (◦C)

0 30.84
0 35.16
0 55.80
0 59.06

−1 61.56
−1 67.98

1 71.12
1 76.52

−1 40.39
−1 57.99

1 52.86
1 88.21
0 81.80
0 80.94
0 79.99
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Fig. 2. The relation curve between concentration and t (C0 = 200 mg−1/l, CTF 0.1 g,
t0 = 0 min, tmax = 300 min, temperature 30 ◦C, pH 3.0).
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So the kinetics reaction series is second grade and data from
the kinetics experiment were fitted to the equation [27] to deter-
mine Pb(II) sorption capacity (qe) and rate constant (k2). This model
assumes that adsorption follows the Langmuir equation. The kinetic

Table 3
Adsorption isotherm parameters for metal adsorption on hybrid film at different
temperature

Initial
temperature (◦C)

Langmuir equation Freundlich equation
ig. 1. The influence of solution pH on adsorption capacity (C0 = 20 mg−1/l, CTF 0.1 g,
emperature 30 ◦C, t = 300 min).

. Results and discussion

.1. Influence of pH on adsorption capacity

The influence of solution pH on adsorption was investigated.
hen the initial pH increased to 3.0, the adsorption amount of

b(II) by CTF increased. But when the initial pH increased from 3.0
o 6.0, the adsorption efficiency of Pb(II) decreased a little. For Pb(II)
an exists in different form under different pH value, the adsorp-
ion efficiency of CTF changed. In addition, the adsorption efficiency
as very slow at pH 1.0, as CTF can be dissolved in the high acidity

olution. Pb(II) in aqueous solution may suffer solvation, hydrolysis
nd polymerization [22,23]. Through this processes the following
ation could be formed:

2+ + nH2O ⇔ M(H2O)n
2+;

(H2O)n
2+ ⇔ M(H2O)n−1(OH)+ + H+;

M2+ + mH2O ⇔ Mn(H2O)m(2n−m)+ + mH+

It has been reported that lead can form many polynuclear
pecies such as Pb2(OH)3+, Pb3(OH)4+, etc. In dilute solutions the
ormation of Pb(II) hydrolysis products occurs at pH above 6. There-
ore the higher the pH value is, the stronger the hydrolysis and
olymerizing actions are. It affects CTF combination to Pb(II), so
he adsorption capacity will descend.

.2. Adsorption kinetics

The kinetics of the adsorption has to be determined in order
o establish the time course of the metal uptake. Vasconcelos et
l. [24] used chitosan and its modified new chelating polymer to
tudy Cu(II) ion adsorption in aqueous solution. The results showed
hat the adsorption kinetics data were best fitted with the pseudo
econd-order model, which gave a correlation coefficient of 0.999
nd a 1.53% deviation between experimental and calculated qe val-
es.

Time-dependent (30–300 min) adsorption of Pb(II) on CTF is
hown in Fig. 1, as expected, the adsorption process was slow and
visible equilibrium reached within 240 min.

To study the adsorption kinetics, the kinetics reaction series

hould be confirmed first. The velocity equation can be depicted
n one common formula:

dcA

dt
= k1cn

A (3)

2
4
6

ig. 3. Plot of lg{−(dcA/dt)/([c]/[t])} vs. lg cA/[c] (C0 = 200 mg−1/l, CTF 0.1 g, t0 = 0 min,
max = 240 min, temperature 30 ◦C, pH 3.0).

One new formula was formed after taken logarithm of Eq. (3):

g

{
− (dcA/dt)

([c]/[t])

}
= lg k1

[k1]
+ nlg cA

[c]
(4)

here cA is the concentration of lead at time t (mg/l), k1 is the
elocity constant (mg−1 l min−1), [c], [t] and [k1] are the dimensions
f c, t, k1, respectively. When temperature is determinate, k and n
eing constant, so lg{−(dcA/dt)/([c]/[t])} versus lg cA/[c] is linear as
ig. 2 shows, the gradient of the beeline is equal to the kinetics
eaction series [25,26]. This linear of Fig. 2 fits the equation:

= −4.3243572 + 2.0305639x (5)
Xm (mg/g) b (l mg−1) r k (mg/g) 1/n r

0 145.53 0.01348 0.985 3.7376 0.6531 0.993
0 143.8 0.01611 0.983 4.2405 0.6345 0.992
0 163.34 0.01469 0.973 4.7239 0.636 0.996
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Table 4
Mean square analysis of full factorial design experiment

Source Degree freedom Sum of square Mean square F value Probability > F R2 value

M 472.5
E 27.33
T
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odel 9 4252.706
rror 5 136.6838
otal 14 4389.39

ate equations can be written as follows:

dqt

dt
= k2(qe − qt)

2 (6)

here qt, and qe are the amounts of lead adsorbed at time t, and
t equilibrium (mg/g), respectively, and k2 is the equilibrium rate
onstant for second-order sorption (g mg−1 min−1). By integrating
q. (6) for the boundary conditions (t = 0 to t = t; qt = 0 to qt = qt) the
ollowing linearized form can be obtained:

t

qt
= 1

k2q2
e

+ t

qe
(7)

A plot of t versus t/qt was used to determine values of k2 and qe.
s Fig. 3 shows, the data was described adequately by this model

R2 = 0.992). The adsorption capacity of CTF on Pb(II) at equilibrium
qe) as determined using Eq. (6) was 36.8 mg-Pb/g.

.3. Adsorption isotherms

Adsorption characteristics can be depicted by an adsorption
sotherm. Adsorption isotherm is the presentation of the amount
f solute adsorbed per unit weight of adsorbent as a function of the
quilibrium concentration in the solution at constant temperature.
oddu et al. [28] described the equilibrium adsorption of chitosan-
oated biosorbent removal of arsenic(III) and arsenic(V) with
hree models, such as Langmuir, Freundlich, and Redlich–Peterson
dsorption models. All three models represented the experimen-
al data well. The monolayer adsorption capacity of the sorbent, as
btained from the Langmuir isotherm, was 56.50 and 96.46 mg/g
f chitosan for As(III) and As(V), respectively. Two of the most com-
only used isotherm theories have been adopted in this research,

amely, the Langmuir and Freundlich isotherm theories [29]. The
orm of Langmuir equation can be expressed by the following Eq.
8):

Ce

q
= 1

bX
+ Ce

X
(8)
e m m

here Ce is the equilibrium concentration of remaining metal in
he solution (mg/l), qe is the amount of metal adsorbed per unit
eight of adsorbent (mg/g of CTF), Xm is the amount of adsorption

apacity (mg/g), b is a constant that relates to the heat of adsorption

i
c
t
e

Fig. 4. Langmuir kinetics curve of adsorption lead on CTF (C
229 17.28525 0.002946 0.9689
677

l mg−1). Freundlich isotherm model can be represented by Eq. (9):

og qe = log k3 + 1
n

log Ce (9)

here k3 (mg/g) and 1/n are the constant characteristics of the
ystem [30].

As Table 3 shows, both the models adequately predicted adsorp-
ion of Pb(II) on CTF, however, only the Freundlich equation yielded

better fit. This suggests that CTF has characteristics with sev-
ral possible functional groups responsible for adsorption of Pb(II).
n addition, the parameter k of Freundlich model increased as the
emperature enhanced, so did the adsorption amount of Pb(II). The
ncrease in metal uptake with increasing temperature may be due to
ither higher affinity of sites for metal or an increase in the number
f binding sited on CTF [31].

.4. RSM approach for adsorption optimization

The empirical relationship between the response and various
nput variables obtained from the Box–Behnken model are shown
n Table 3. It shows distinct response pattern in terms of percent
ead under different combinations of initial metal concentration,
H and temperature.

Table 4 displays the retrogressive mean square analysis. The
robability is 0.002946 (**P < 0.01) which indicates that the promi-
ence and reliability of retrogressive equation are so high. High
alue of R2 (0.9689) indicates a high dependence and correlation
etween the observed and the predicted values of response. After
etrogressive analysis, one quadratic model equation was estab-
ished as follows:

1 = 80.91 + 12.72625X1 + 3.21X2 + 6.81375X3 − 22.56375X1X1

− 0.265X1X2 + 4.4375X1X3 − 13.13125X2X2

− 0.255X2X3 + 1.51625X3X3
The response surface figures of regression equation are shown
n Fig. 4, from which some interactions between the three factors
ould be found. First it indicates that pH value was prominent to
he effect of adsorption efficiency and the maximum adsorption
fficiency was got around pH 3.0. Second it shows that adsorption

0 = 200 mg−1/l, CTF 0.1 g, temperature 30 ◦C, pH 3.0).
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fficiency increases with increasing Pb(II) concentration and after-
ards shows a slight decrease. Finally it also illuminates that the

dsorption efficiency increases with increasing temperature as it
as been described above. The extreme points were also gained

rom the SAS software: initial metal concentration is 50–55 mg/l,
H value is 3–4 and temperature is 60 ◦C. Under this condition the
heoretical adsorption efficiency is 90.6%. It illuminates that this

odel is reliable to optimize the adsorption parameters and CTF is
ore useful for adsorbing Pb(II) from aqueous solution.

. Conclusions

The removal of lead ions from aqueous solution is carried out
sing chitosan/TiO2 hybrid film. The CTF exhibited high sorption
apacity, and it was found that it is favorable adsorbent for Pb(II)
emoval from aqueous solution. The Pb(II) uptake performance was
trongly affected by pH. Optimal conditions for Pb(II) adsorption
ere found using Box–Behnken model to be pH 3–4, temperature
0 ◦C and metal concentration 50–55 mg/l. It indicates the reaction
arameter optimization using response surface method is scientific
nd valid. This work shows some importance in removing metal
ations. And our current research is using CTF as an imprinted plate
o selectively adsorb metal cations.
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