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a b s t r a c t

Crosslinked starch phosphates (CSP) with different contents of phosphate groups were used to adsorb
Zn(II) from aqueous solution. Effects of adsorption time, initial concentration of Zn(II) ion, and tempera-
ture on the adsorption of Zn(II) by CSP were studied, and the equilibrium, thermodynamics and kinetics of
the adsorption process were further investigated. It showed that crosslinked starch phosphates can effec-
vailable online 6 April 2008

eywords:
dsorption
hermodynamics
inetics

tively remove Zn(II) from the solution. The adsorption equilibrium data correlate well with the Langmuir
isotherm model with a maximum adsorption capacity of 2.00 mmol g−1. The adsorption of Zn(II) on CSP is
endothermic in nature. The pseudo-first-order and pseudo-second-order kinetic models were applied to
test the experimental data. The pseudo-second-order kinetic model provided a better correlation of the
experimental data in comparison with the pseudo-first-order model.
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rosslinked starch phosphates
n(II)

. Introduction

Zinc is an important metal, which is widely used in metal plat-
ng facilities, battery manufacturing processes, production of paints
nd pigments, and so on. However, excessive zinc has toxic effects
n the environment and human life by joining the food chain after
ntering the wastewater. Among all the techniques for the removal
f metal ions from wastewater, adsorption method is generally pre-
erred due to its high efficiency, easy handling, and availability of
ifferent adsorbents.

Recently, adsorbents based on starch have attracted more and
ore attention with the aim to develop low-cost adsorbents

nd decrease the dependence on petroleum. Zhang et al. stud-
ed the adsorption of Cu(II) from aqueous solutions onto a graft
opolymer of crosslinked starch/acrylonitrile, and found that the
dsorption process obeyed first-order reversible kinetics and the
dsorption isotherms followed the Freundlich model [1]. Xing et
l. investigated the adsorption behavior of crosslinked cationic
tarch maleate for chromium(VI), and found that the adsorp-
ion process followed Langmuir isotherm and was exothermic

2]. Chen et al. studied the adsorption properties of oxidized
arboxymethyl starch and crosslinked carboxymethyl starch for
alcium ion, and concluded that the adsorption process was
xothermic and adsorption isotherm models fit well in Lang-

∗ Corresponding author. Tel.: +86 535 6672176; fax: +86 535 6697667.
E-mail address: unikguo@gmail.com (L. Guo).
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uir model for oxidized carboxymethyl starch and Freundlich
odel for crosslinked carboxymethyl starch, respectively [3]. Xu

t al. investigated the adsorption behaviors of some dyes on
rosslinked amphoteric starch, and concluded that the pseudo-
econd-order model fits the experimental data better than the
seudo-first-order model [4,5]. Actually, adsorption thermody-
amics determines the final extent of an adsorption process and
ass transfer kinetics controls the cycle time of an adsorption

rocess. A good understanding of adsorption equilibrium and ther-
odynamics is required to design and operate an adsorption

rocess.
Therefore, the objective of this study was to evaluate the

dsorption potential of CSP for Zn(II) ions from aqueous solu-
ion. The equilibrium and kinetic data of adsorption process were
tudied to better understand the adsorption mechanism of Zn(II)
n crosslinked starch phosphates. As a branch of adsorption
hermodynamics, the adsorption equilibrium was also investi-
ated.

. Materials and methods

.1. Materials
Corn starch (Zhucheng Xingmao Corn Developing Co., Ltd.,
ood-grade) was dried at 105 ◦C before it was used. ZnCl2
analytic reagent grade) was used to prepare the adsorbate solu-
ion. Urea, phosphoric acid, and all other commercial chemicals
ere analytic reagent grade and used without further purifica-

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:unikguo@gmail.com
dx.doi.org/10.1016/j.jhazmat.2008.04.003
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ion. All solutions and standards were prepared using deionized
ater.

.2. Synthesis of crosslinked starch phosphates

Crosslinked starch phosphates were prepared according to the
ethod described in previous work [6]. Epichlorohydrin was used

s crosslinker to prepare crosslinked starch and then crosslinked
tarch phosphates were prepared using crosslinked starch, urea and
hosphoric acid as materials via dry process. Phosphorus content
f adsorbents was determined according to spectrophotometry (GB
2092–1989) [7].

Three samples with different quantity of phosphate groups were
repared to be used as adsorbents. Three samples were named
P1, SP2 and SP3, with the amount of phosphate groups 1.21, 1.87
nd 2.46 mmol g−1, respectively. The surface area of adsorbents was
etermined according to Juszczak’ method [8] using Surface Area
nd Porosity Analyzer (ASAP2020, USA). The nitrogen BET surface
reas of SP1, SP2 and SP3 were 0.26, 0.34 and 1.43 m2 g−1, respec-
ively.

.3. Adsorption experiments

Adsorption experiments were carried out by batch methods. The
esired dose of CSP was added to 50 mL of aqueous ZnCl2 solution in
series of 100 mL glass-stoppered Erlenmeyer flasks. The suspen-

ion was stirred on a magnetic stirrer at a uniform speed of 120 rpm
n a constant temperature bath. After certain adsorption time, the
uspension was filtered by suction and the concentration of Zn(II)
ons in the aqueous phase was analyzed by complexometric titra-
ion method [9]. pH was adjusted to 4.0 by adding either 0.1 M HCl
olution or 0.1 M NaOH solution before adding the adsorbent.

The adsorption capacity was calculated from the following
xpression:

= (Ci − Ct)V
m

,

here Q is the adsorption capacity of the adsorbent (mmol g−1),
i and Ct (mmol L−1) the initial and terminal concentrations of the
n(II) ions in the adsorption solution, respectively, and V (mL) and

(mg) are the volume of the adsorption solution and the dose of
he adsorbent, respectively.

. Results and discussion

.1. Adsorption equilibrium studies

Adsorption equilibrium data are mainly about the adsorption
apacities of the adsorbents at different Zn(II) concentrations. The
ffect of initial Zn(II) concentration on the adsorption capacity
s shown in Fig. 1. The error bars mark the absolute deviations
etween different measurements, as also do the error bars in
igs. 4 and 6. It can be found that equilibrium adsorption capacities
f CSP for Zn(II) increase with a rise in the initial Zn(II) concentra-
ion, which means the adsorption process is highly concentration
ependent. When the initial Zn(II) concentration is increased from
.5 up to 4.0 mmol L−1, the adsorption capacities of SP1, SP2 and
P3 increase from 0.76 to 1.14 mmol g−1, 0.88 to 1.44 mmol g−1,
nd 1.00 to 1.70 mmol g−1, respectively. The increase in adsorption

apacity of CSP with relation to Zn(II) concentration is probably
ue to a high driving force for mass transfer. Besides, there was

ittle increase in adsorption capacities for initial Zn(II) concentra-
ion changes from 3.5 to 4.0 mmol L−1. The adsorption of Zn(II) on
SP is an ion exchange process, as can be showed in the following

a

3

e

ig. 1. Effect of the initial Zn(II) concentration on the adsorption capacities
T = 293 K; adsorption time, 40 min; dose of CSP, 60 mg).

xpression:

t-O-PO3R2 + Zn2+ � St-O-PO3Zn + 2R+, R = H+ or NH4+

The adsorption performance of metal ions on CSP mainly
epends on the active phosphate groups, which was mentioned

n the previous papers [6,10]. The adsorption capacities of Zn(II)
herefore tend to saturated values with decrease in the content of
vailable phosphate groups when the initial Zn(II) concentration
eyond 3.5 mmol L−1.

Langmuir and Freundlich models are widely used to describe the
quilibrium of an adsorption process between the liquid and solid
hases. The Langmuir model is valid for a monolayer adsorption
ith a homogenous distribution of adsorption sites and sorption

nergies, without interactions between the adsorbed molecules or
ons. The Freundlich model is used for heterogeneous surface ener-
ies in which the energy term in the Langmuir equation varies as
function of the surface coverage strictly as a result of variation in

he adsorption heat. In order to better design an adsorption system
o remove Zn(II) from wastewater, Langmuir and Freundlich models
ave been tested in the present study.

.1.1. The Langmuir isotherm
Langmuir equation is widely applied to quantify adsorption

apacity and is given as follows [11,12]:

Ce

Qe
= 1

Qmb
+ Ce

Qm
,

here Ce and Qe are equilibrium Zn(II) concentration (mmol L−1)
nd equilibrium adsorption capacity (mmol g−1), respectively; Qm

nd b the Langmuir constants representing maximum adsorp-
ion capacity (mmol g−1) and the affinity adsorption constant
L mmol−1), respectively. The straight lines were given by plotting
e/Qe versus Ce, as shown in Fig. 2, which give the values of b and
m in Table 1 according to the intercept and slope of these lines,

espectively. The maximum adsorption capacities of SP1, SP2 and
P3 are 1.37, 1.78 and 2.00 mmol g−1, respectively. The good appli-
ability of the Langmuir isotherms to the Zn(II) adsorption shows
hat both monolayer adsorption and homogeneous distribution of

ctive groups on the surface of the adsorbent are possible.

.1.2. The Freundlich isotherm
Freundlich isotherm is often used for heterogeneous surface

nergy systems. A linear form of the Freundlich equation is given
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Table 1
Langmuir and Freundlich parameters for the adsorption of Zn(II) on CSP

Sample Langmuir Freundlich

Qm (mmol g−1) b (L mmol−1) r2 n KF (mmol g−1) r2

SP1 1.37 1.87 0.9922 3.35 1.45 0.9745
SP2 1.78 2.01 0.9939 3.08 1.15 0.9807
SP3 2.00 2.99 0.9953 3.51 1.13 0.9794

T = 293 K; adsorption time, 40 min; dose of CSP, 60 mg.
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ig. 2. Langmuir adsorption isotherms for the adsorption of Zn(II) on CSP (T = 293 K;
dsorption time, 40 min; dose of CSP, 60 mg).

s [13]:

og Qe = log KF + 1
n

log Ce,

here KF is the Freundlich dissociation constant (mmol g−1) and
the Freundlich exponent. KF and n can be determined from the

inear plot of log Qe versus log Ce. The Freundlich isotherms for
dsorption of Zn(II) on CSP are shown in Fig. 3 and the values of

he Freundlich constants together with the correlation coefficient
r2) are presented in Table 1. The values of correlation coefficient
re lower than the Langmuir value, which shows that the Lang-
uir equation represents a better fit of experimental data than the

reundlich equation. The adsorption of Zn(II) on other adsorbents

ig. 3. Freundlich adsorption isotherms for the adsorption of Zn(II) on CSP (T = 293 K;
dsorption time, 40 min; dose of CSP, 60 mg).

�

w
C

F
(

ig. 4. Effect of the temperature on the adsorption capacity for Zn(II) on CSP
[Zn2+] = 2 mmol L−1; adsorption time, 40 min; dose of CSP, 60 mg).

ased on lignin [14] and mineral [15] via ion-exchange mechanism
as observed to obey Langmuir equation better than Freundlich

quation.

.2. Adsorption thermodynamic studies

The thermodynamics for the adsorption of Zn(II) on crosslinked
tarch phosphates was investigated in the range of 293–333 K, and
he influence of temperature on the adsorption under the opti-

ized conditions is shown in Fig. 4. It can be found that there is
little increase for the equilibrium adsorption capacity with the

emperature increase from 293 to 333 K.
Thermodynamic parameters such as change in Gibbs free energy

�G), enthalpy (�H) and entropy (�S) were determined using the
ollowing equations [16]:

D = Qe

Ce
,

og KD = − �H

2.303RT
+ �S

2.303R
,

G = �H − T �S

here KD (L g−1) is the distribution coefficient, Qe (mmol g−1) and
e (mmol L−1) are the adsorption capacity and Zn(II) concentra-

ig. 5. The plots of log KD versus 1/T for the adsorption of Zn(II) on CSP
[Zn2+] = 2 mmol L−1; adsorption time, 40 min; dose of CSP, 60 mg).
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Table 2
Thermodynamic parameters for the adsorption of Zn(II) on CSP

Sample T (K) Qe (mmol g−1) KD (L g−1) �G (kJ mol−1) �H (kJ mol−1) �S (J mol−1 K−1)

SP1 293 0.88 0.94 0.14 2.47 7.96
303 0.90 0.98 0.058
313 0.92 1.02 −0.021
323 0.93 1.04 −0.10
333 0.93 1.06 −0.18

SP2 293 1.04 1.37 −0.89 6.72 25.96
303 1.11 1.65 −1.15
313 1.13 1.77 −1.41
323 1.15 1.85 −1.67
333 1.17 1.95 −1.92

SP3 293 1.20 2.12 −1.96 7.61 32.67
303 1.27 2.64 −2.29
313 1.28 2.79 −2.62
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323 1.31 3.04
333 1.32 3.14

Zn2+] = 2 mmol L−1; adsorption time, 40 min; dose of CSP, 60 mg.

ion at equilibrium, respectively, T is temperature in Kelvin and R
s the gas constant. �H and �S were obtained from the slope and
ntercept of the plots of log KD versus 1/T (Fig. 5). Table 2 shows
he calculated values of the thermodynamic parameters. The val-
es of �G become more negative with increasing temperature,
hich indicates that the adsorption process is more favorable at
igh temperature. The similar results were found in the studies
f Wang and Qin [17] and Rakhshaee et al. [18]. The positive val-
es of �S indicate that there is an increase in the randomness in
he solid/solution interface during the adsorption process. The �H
alues are in the range of 2.47–7.61 kJ/mol with a mean value of
.60 kJ/mol, which mean the endothermic nature of the adsorption
rocess. In addition, the small values of �H are not compatible with
he formation of strong chemical bonds between phosphate groups
nd Zn(II) ions, and the adsorption process is likely to be on account
f the weak ionic bond interactions between Zn(II) and phosphate
roups.

.3. Adsorption kinetics studies
To better understand the adsorption mechanism between
rosslinked starch phosphates and Zn(II) ions in aqueous solution,
dsorption capacities of Zn(II) were measured as a function of time.
s shown in Fig. 6, Zn(II) ions are rapidly removed by CSP and the

ig. 6. Effect of the adsorption time on the adsorption capacities of Zn(II)
[Zn2+] = 2 mmol L−1; T = 293 K; dose of absorbents, 60 mg).

s
e

l

F
(

−2.94
−3.27

dsorption processes reach equilibrium in about 40 min. Although
he quantity of active phosphate groups is different the equilibrium
ime is almost the same. According to the chemisorption steps [19],
ransporting within the adsorbent particle is considered as the rate-
imiting step. Most of the active groups are on the particle surface
6], and this makes the rate-limiting step rapid.

Predicting the kinetic models for a given adsorption process is
robably the most important factor in adsorption system design.
number of kinetic models have been described in an attempt to

nd a suitable mechanism explanation for solid/liquid adsorption
ystems, in which Lagergren’s first-order [20] and Ho’s pseudo-
econd-order kinetic models [21] are the two most widely applied.
hen, the two kinetic models are used to correlate experimental
ata for the adsorption process of Zn(II) on CSP.

.3.1. Pseudo-first-order kinetic model
Lagergren’s pseudo-first-order equation is the earliest known

ne describing the adsorption rate based on the adsorption capac-
ty. During the last several decades, the kinetics equilibrium has
een widely applied to the adsorption of pollutants from aqueous

olutions [22]. The linear form of Lagergren’s pseudo-first-order
quation is generally expressed as [23,24]:

og(Qe − Q ) = log Qe − K1

2.303
t,

ig. 7. Pseudo-first-order plots for adsorption of Zn(II) on adsorbents
[Zn2+] = 2 mmol L−1; T = 293 K; dose of absorbents, 60 mg).
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Table 3
Pseudo first and second order kinetic parameters for the adsorption of Zn(II) on CSP

Sample Qe-exp (mmol g−1) Pseudo first order Pseudo second order

Qe-cal (mmol g−1) K1 (min−1) r2 Qe (mmol g−1) K2 (g mmol−1 min−1) r2

SP1 0.89 0.48 0.074 0.8254 0.94 0.26 0.9949
S 0.8987 1.13 0.18 0.9969
S 0.9282 1.31 0.15 0.9973
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Table 4
Previously reported adsorption capacities and time to reach equilibrium for various
adsorbents for Zn(II) adsorptions

Adsorbents Qm (mmol g−1) Time (min) Refs.

Spray-dried chitosan microspheres 0.17 600 [30]
Crosslinked chitosan 0.16 240 [31]
Calcium hydroxyapatite 1.57 20 [32]
Barium hydroxyapatite 0.56 60 [32]
Moringa oleifera 0.80 50 [33]
Clarified sludge 0.24 60 [34]
R
A
N
C

a
a
t
t
s
c
k
i
s
i
[

3

P2 1.04 0.94 0.11
P3 1.21 0.88 0.083

Zn2+] = 2 mmol L−1; T = 293 K; dose of absorbents, 60 mg.

here Q (mmol g−1) is the adsorption capacity at any time t (min);
1 the pseudo-first-order rate constant of the equation (min−1)
nd Qe is the equilibrium adsorption capacity (mmol g−1). The
dsorption rate constant K1 can be determined experimentally by
lotting of log(Qe − Q) versus t. Fig. 7 shows the Lagergren plots of

og(Qe − Q) versus t for the adsorption of Zn(II) by CSP. The bad lin-
arity of these dots indicates that a pseudo-first-order mechanism
s not fully followed in this process. The rate constants (K1), equilib-
ium adsorption capacities (Qe-cal), and the correlation coefficient
r2) for each system were calculated according to the linear least
quare method and are given in Table 3 along with equilibrium
dsorption capacities (Qe-exp) from the experiments.

.3.2. Pseudo-second-order kinetic model
Ho’s pseudo-second-order model has been successfully applied

o the adsorption of metal ions, dyes, herbicides, oils, and organic
ubstances from aqueous solutions. The pseudo-second-order
odel does not have the problem of assigning an effective adsorp-

ion capacity, and furthermore is fit for the chemisorption of
ivalent metal ions onto adsorbents with polar functional groups
21,23,25,26]. The adsorption of Zn(II) on CSP mainly depends on
he chemical bonding between the phosphate groups and Zn(II), so
o’s model is compatible to describe this adsorption process. Ho’s
seudo-second-order equation is expressed as [25,27]:

t

Q
= 1

K2Q 2
e

+ t

Qe
,

here K2 is the pseudo-second-order rate constant of adsorption
g mmol−1 min−1), Qe equilibrium adsorption capacity (mmol g−1),

nd Q is the adsorption capacity at any time, t (mmol g−1). Lin-
ar plots of t/Q versus t curves (Fig. 8) were used to determine the
ate constants and equilibrium adsorption capacity. Table 3 shows
he pseudo-second-order rate constants, equilibrium adsorption
apacity and correlation coefficients for removal of Zn(II) from

ig. 8. Pseudo-second-order plots for adsorption of Zn(II) on CSP
[Zn2+] = 2 mmol L−1; T = 293 K; dose of absorbents, 60 mg).

a
w
t
e
c
m
t
t
a
c

4

p
a
b
2
i
c
m
g
o
i
k
o

ice husk ash 0.22 180 [34]
ctivated alumina 0.21 240 [34]
eem bark 0.20 240 [34]
SP3 2.00 40 Present study

queous solutions. The values of correlation coefficient indicate
better fit of pseudo-second-order model with the experimen-

al data compared with the pseudo-first-order model. Moreover,
he equilibrium adsorption capacity calculated from the pseudo-
econd-order kinetic model fitting is nearer equilibrium adsorption
apacity from the experiments (Qe-exp) than the pseudo-first-order
inetic model fitting. It means that chemisorption is the determin-
ng step of the adsorption process rather than mass transfer in
olution [28]. The similar results were obtained to adsorb Zn(II)
ons from aqueous solution using adsorbents with active groups
29,30].

.4. Comparison with other adsorbents

In order to justify the validity of crosslinked starch phosphates
s an adsorbent of Zn(II), its adsorption potential must be compared
ith other various adsorbents reported in literature. Table 4 shows

he values of maximum adsorption capacity and the time to reach
quilibrium for the adsorption of Zn(II) ions on different adsorbents
ited in the literature compared with that of the present study. The
aximum adsorption capacity is from the Langmuir isotherm, and

he time to reach equilibrium is estimated from the effect of adsorp-
ion time on the adsorption capacities. It shows that CSP3 has good
dsorption capacity and a relatively short adsorption time when
ompared with other adsorbents.

. Conclusions

The results of this study show that crosslinked starch phos-
hates can be successfully used for the adsorption of Zn(II) from
queous solutions. The adsorption process can be well described
y Langmuir isotherm with a maximum adsorption capacity of
.00 mmol g−1. The values of �G become more negative with

ncreasing temperature, which indicates that the adsorption pro-
ess is more favorable at high temperature. The small values of �H
ean weak electrovalent bond interactions between phosphate
roups and Zn(II) ions in the adsorption process. Pseudo-first-
rder and pseudo-second-order kinetic models were tested to
nvestigate the adsorption mechanism. The pseudo-second-order
inetic model fits very well with the dynamical adsorption behavior
f Zn(II). Crosslinked starch phosphates may be used as cost-



dous M

e
f

A

U

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

L. Guo et al. / Journal of Hazar

ffective and biodegradable adsorbents for the removal of Zn(II)
rom wastewater.

cknowledgements

The authors acknowledge the research grant provided by Ludong
niversity, in China (Contract grant number: LY20062901).

eferences

[1] Y.J. Zhang, J.R. Chen, X.R. Yan, Q.M. Feng, Equilibrium and kinetics studies on
adsorption of Cu(II) from aqueous solutions onto a graft copolymer of cross-
linked starch/acrylonitrile (CLSAGCP), J. Chem. Therm. 39 (2007) 862–865.

[2] G.X. Xing, S.F. Zhang, B.Z. Ju, J.Z. Yang, Study on adsorption behavior of
crosslinked cationic starch maleate for chromium(VI), Carbohydr. Polym. 66
(2006) 246–251.

[3] Y.X. Chen, G.Y. Wang, Adsorption properties of oxidized carboxymethyl starch
and cross-linked carboxymethyl starch for calcium ion, Colloids Surf. A 289
(2006) 75–83.

[4] S.M. Xu, J.L. Wang, R.L. Wu, J.D. Wang, Effect of degree of substitution on
adsorption behavior of Basic Green 4 by highly crosslinked amphoteric starch
with quaternary ammonium and carboxyl groups, Carbohydr. Polym. 66 (2006)
55–59.

[5] S.M. Xu, J.L. Wang, R.L. Wu, J.D. Wang, H. Li, Adsorption behaviors of acid and
basic dyes on crosslinked amphoteric starch, Chem. Eng. J. 117 (2006) 161–167.

[6] L. Guo, S.F. Zhang, B.Z. Ju, J.Z. Yang, Study on adsorption of Cu(II) by water-
insoluble starch phosphate carbamate, Carbohydr. Polym. 63 (2006) 487–492.

[7] GB 12092-1989, Method for Determination of Total Phosphorus Content in
Starches and Derived Products.

[8] L. Juszczak, T. Fortuna, K. Wodnicka, Characteristics of cereal starch granules
surface using nitrogen adsorption, J. Food Eng. 54 (2002) 103–110.

[9] A.D. John, Analytical Chemical Handbook, McGraw-Hill, New York, 1995.
10] L. Guo, S.F. Zhang, B.Z. Ju, J.Z. Yang, X. Quan, Removal of Pb(II) from aqueous

solution by cross-linked starch phosphate carbamate, J. Polym. Res. 13 (2006)
213–217.

11] I. Langmuir, The constitution and fundamental properties of solids and liquids,
J. Am. Chem. Soc. 38 (1916) 2221–2295.

12] I. Langmuir, The adsorption of gases on plane surfaces of glass, mica and plat-
inum, J. Am. Chem. Soc. 40 (1918) 1361–1403.

13] H.M.F. Freundlich, Over the adsorption in solution, J. Phys. Chem. 57 (1906)

385–470.

14] X.Y. Guo, S.Z. Zhang, X.Q. Shan, Adsorption of metal ions on lignin, J. Hazard.
Mater. 151 (2008) 134–142.

15] Y.S. Al-Degs, M.I. El-Barghouthi, A.A. Issa, M.A. Khraisheh, G.M. Walker, Sorp-
tion of Zn(II), Pb(II), and Co(II) using natural sorbents: equilibrium and kinetic
studies, Water Res. 40 (2006) 2645–2658.

[

[

aterials 161 (2009) 510–515 515

16] M.R. Reddy, S.J. Dunn, Distribution coefficients for nickel and zinc in soils,
Environ. Pollut. 11 (1986) 303–313.

17] X.S. Wang, Y. Qin, Removal of Ni(II), Zn(II) and Cr(VI) from aqueous solution
by Alternanthera philoxeroides biomass, J. Hazard. Mater. 138 (2006) 582–
588.

18] R. Rakhshaee, M. Khosravi, M.T. Ganji, Kinetic modeling and thermody-
namic study to remove Pb(II), Cd(II), Ni(II) and Zn(II) from aqueous solution
using dead and living Azolla filiculoides, J. Hazard. Mater. 134 (2006) 120–
129.

19] G. Crini, Recent developments in polysaccharide-based materials used as adsor-
bents in wastewater treatment, Progr. Polym. Sci. 30 (2005) 38–70.

20] S. Lagergren, Zur theorie der sogenannten adsorption geloester stoffe, Handlin-
gar 24 (1898) 1–39.

21] Y.S. Ho, Adsorption of heavy metals from waste streams by peat, Ph.D. Thesis,
University of Birmingham, Birmingham, U.K., 1995.

22] Y.S. Ho, Citation review of Lagergren kinetic rate equation on adsorption reac-
tions, Scientometrics 59 (2004) 171–177.

23] Y.S. Ho, G. McKay, Sorption of dye from aqueous solution by peat, Chem. Eng. J.
70 (1998) 115–124.

24] Y.S. Ho, G. McKay, A comparison of chemisorption kinetic models applied to
pollutant removal on various sorbents, Process Saf. Environ. Protect. 76B (1998)
332–340.

25] Y.S. Ho, G. McKay, Pseudo-second order model for sorption processes, Process
Biochem. 34 (1999) 451–465.

26] Y.S. Ho, G. McKay, The kinetics of sorption of divalent metal ions onto sphagnum
moss peat, Water Res. 34 (2000) 735–742.

27] Y.S. Ho, Review of second-order models for adsorption systems, J. Hazard. Mater.
136 (2006) 681–689.

28] F.C. Wu, R.L. Tseng, R.S. Juang, Kinetic modeling of liquid-phase adsorption
of reactive dyes and metal ions on chitosan, Water Res. 35 (2001) 613–
618.

29] S. Chakravarty, S. Bhattacharjee, K.K. Gupta, M. Singh, H.T. Chaturvedi, S. Maity,
Adsorption of zinc from aqueous solution using chemically treated newspaper
pulp, Bioresour. Technol. 98 (2007) 3136–3141.

30] L. Vitali, M.C.M. Laranjeira, N.S. Gonçalves, V.T. Fávere, Spray-dried chi-
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