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In this paper, poly(acrylic acid) blended chitosan (CS/PAA) hydrogel beads have been prepared by one-step
method simply. It was found that glutaraldehyde (GLA) cross-linked CS/PAA beads had better stability
in lower pH solutions and higher mechanical strength than CS-GLA beads without PAA. Results from
removal of Copper(Cu) ions from aqueous solutions showed that the adsorption capacity of CS/PAA-
GLA beads was greater than that of CS-GLA beads. Moreover, the adsorption capacity for two types of
beads both showed temperature independent. Furthermore, the adsorption isotherms of various beads
at different temperatures were both better fitted for Langmuir equation, while the adsorption kinetics
S/PAA-GLA beads
S-GLA beads
dsorption of copper(II)
dsorption mechanisms

was both better described by the pseudo-second order equation. Furthermore, Fourier transform infrared
spectroscopy and X-ray photoelectron spectroscopy have been employed to investigate the adsorption
mechanisms from molecular levels. It indicated that the efficient effects of CS/PAA-GLA beads on removal
of Cu(II) resulted from the fact that carboxyl groups were facile to form bidentate carboxylates with metal
ions. In addition, Cu(II) ions could be desorbed efficiently from both aforementioned beads at pH below

pacit
4.0, and the adsorption ca

. Introduction

Over the years, with rapid development of modern industries,
he problem of water pollution turns more serious day by day.
n the view of the characteristics of current water pollution, the
eavy metal contamination increases rapidly in water resources,
nd has drawn more and more attentions because of the toxic
ffect on the human beings, animals and plants in the environment
1–3]. Among those metal pollutions, evidences show that copper

ay be a human carcinogen and can cause harm to the aqueous
auna, although copper is very important for the human beings
s an essential trace element. The criterion of Cu(II) in drinking
ater is 2.0 mg/L established by World Health Organization. The
otential sources of copper(II) in industrial effluents include metal
leaning and plating baths, pulp, and paper board mills, wood pulp

roduction, and the fertilizer industry, etc. [4,5].

Conventional methods including chemical precipitation, fil-
ration, electrochemical treatment, and ion exchange have been
dopted for removal of heavy metal ions from wastewaters. Most of

� Supported by the Key Natural Science Foundation of China (grant no. 50633030
nd 51073077).
∗ Corresponding author. Tel.: +86 25 83686350; fax: +86 25 83317761.

E-mail address: yanghu@nju.edu.cn (H. Yang).

385-8947/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2010.09.024
y of the regenerated beads had no loss until six cycles.
© 2010 Elsevier B.V. All rights reserved.

these methods are expensive and incapable of removing trace levels
of heavy metal ions [6–8]. Thus, adsorption, especially biosorption,
as an effective and economical method has become an alternative
technique for removal of heavy metal from diluted solutions.

In the latest years, many biological materials have been
employed as adsorbents to remove heavy metals from wastewa-
ters [9,10]. Particularly, chitosan(CS) being a kind of very important
environment-friendly materials, also named poly(�-1-4)-2-amino-
2-deoxy-d-glucopyranose, is produced through the deacetylation
of chitin, which is the second most abundant natural polymers in
the world [11–14]. Furthermore, chitosan, as a kind of efficient
adsorbents, still bears excellent chelating effect for the abundant
free –OH and –NH2 groups, and could carry out effectively removal
of metal ions, humic acids and synthetical surfactants at low con-
centrations. Therefore, it is believed that chitosan is very useful and
powerful in the field of wastewater treatment [15–17].

In order to improve the adsorption capacity, hydrogel beads has
been made instead of flakes or powder chitosan because the gel
formation in producing chitosan hydrogel beads decreases the crys-
tallinity of the flakes or powder adsorbent [10,18]. Furthermore,

chemical cross-linking is necessarily applied to prevent the disso-
lution of chitosan beads in acidic media, although the adsorption
capacity of cross-linked chitosan beads is reduced, especially at low
pH solution, because of consumption of the amine groups in chi-
tosan during the cross-linking reaction [19,20]. Some of the most

dx.doi.org/10.1016/j.cej.2010.09.024
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:yanghu@nju.edu.cn
dx.doi.org/10.1016/j.cej.2010.09.024
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ommonly used cross-linking agents are glutaraldehyde (GLA),
pichlorohydrine (ECH) and ethylene glycol diglycidyl ether (EGDE)
20,21].

In addition, chemical modifications have also been applied to
repare various chitosan-based beads, including grafting of a new
unctional group and polymer blending [10,17,18,22–24]. As is
nown, carboxyl groups have great chelating effects with many
eavy metal ions. Therefore, various carboxylated chitosan prod-
cts have been reported [22,23,25–27]. Therein, poly(acrylic acid)
PAA) is a type of water soluble polymers, containing a carboxyl
roup in each repeated unit and shows anionic polyelectrolyte
eatures, which provide favorable or attractive electrostatic inter-
ction for adsorption of metal ions [28]. Bai et al. [22] prepared PAA
urface-functionalized chitosan beads, and found that the adsorp-
ion of lead ions has been highly enhanced. Wang et al. [27] reported

composites of PAA grafted chitosan with attapulgite for fast
emoval of copper(II) ions from aqueous solutions.

In this work, a simple method only one step for preparation of
S/PAA blending hydrogel beads by coprecipitation of the mixed
olutions of chitosan and PAA in sodium hydrate aqueous solutions
as been provided, which method suits for preparation of PAA mod-

fied chitosan adsorbents in large-scale. In addition, the mechanical
roperties of the hydrogel beads have been investigated also, which

s significant in real applications. On the other hand, the adsorptions
f Cu(II) ions onto CS/PAA-GLA and CS–GLA beads from aqueous
olutions have been studied, respectively, including the effects of
he initial pH value of Cu(II) solution and temperature. Further-

ore, the isothermal adsorption equilibrium, kinetics, desorption
nd reusability were also included in this study. Meanwhile, Fourier
ransform infrared spectroscopy, and X-ray photoelectron spec-
roscopy were performed for studying the adsorption mechanisms
rom molecular levels further.

. Experimental

.1. Materials

Chitosan, which degree of deacetylation was 90.5% and viscos-
ty average molecular weight was 3.0 × 105 g/mol, was purchased
rom Shandong Aokang Biological Co. Ltd., China. Poly(acrylic acid)
PAA) was prepared by radical polymerization using toluene as
olvent in lab, and viscosity average molecular weight of PAA
as 1.0 × 105 g/mol. Glutaraldehyde (GLA) solution (25%, w/w)
as supplied by Sinopharm Chemical Reagent Co. Ltd., China.
uSO4·5H2O, hydrochloric acid (HCl), sodium hydrate (NaOH) and
ther reagents used in this work were all A.R. grade reagents. Dis-
illed water was used in all experiments.
.2. Preparation of various CS beads

.2.1. CS-GLA beads
The desired amount of chitosan powders was dissolved in

00 ml 0.5% (w/w) HCl aqueous solution. The viscous solution was

able 1
ydration rate, solubility, stability effect and mechanical property of various CS-GLA and

Beads GLA concentration
(mol/L)

Hydration rate
(%)

Distilled water

CS0 0 94.07
CS1 0.0313 93.76
CS2 0.0938 92.74
CS/PAA1 0.0313 93.08
CS/PAA2 0.0938 92.02
Journal 165 (2010) 240–249 241

left overnight for mixing homogenously before adding dropwise
into 3.0 mol/L NaOH alcohol–water solution (1/2, v/v) to prepare
chitosan beads. Then, the chitosan beads were filtered, rinsed with
distilled water until the solution pH became the same as that of the
fresh distilled water. At last, chitosan beads were suspended into
GLA solutions, and left standing for 3.5 h at room temperature under
continuous stirring. Finally, the CS-GLA beads were washed with
distilled water until pH reached to neutral. The beads were stored
in distilled water for further application. Based on the formulations
as listed in Table 1, various CS-GLA beads have been prepared.

2.2.2. CS/PAA-GLA beads
The HCl aqueous solution of chitosan has been prepared the

same as before. The desired amount of PAA powders was dissolved
in distilled water for further preparation. The solute mass ratio of CS
to PAA is 2:1. Then, the PAA solution was mixed with the chitosan
solution, and the blended hydrogel has been formed immediately
for the strong electrostatic interaction between the amine groups
of chitosan and the carboxyl groups of PAA. The 36% (w/w) HCl solu-
tion was added dropwise into the gel until it became homogenous
and clear solution again. By the same method as before, the viscous
solution was added dropwise into NaOH solution to form CS/PAA
blending hydrogel beads. After washed to neutral by distilled water,
the CS/PAA beads were chemical cross-linked by GLA for 3.5 h at
room temperature. Finally, the CS/PAA-GLA beads were washed to
neutral, and stored in distilled water for further application. Based
on the formulations as listed in Table 1, various CS/PAA-GLA beads
have been prepared also.

2.3. Dissolution experiment

The stability of CS-GLA and CS/PAA-GLA beads has been tested
by the dissolution experiment. Various beads were put in 0.3 mol/L
HCl aqueous solutions, then distilled water for test, respectively.

2.4. Hydration rate test

Hydration rate (HR) is applied to describe the content of water
in the hydrogel beads. HR was calculated according to the following
equation:

HR (%) = Wh − Wd

Wh
× 100 (1)

where Wh and Wd are the weight of the hydrated and dried beads,
respectively. The hydrated CS-GLA and CS/PAA-GLA beads were
dried in a vacuum desiccator at room temperature until the weight
kept constant.

2.5. Scanning electron microscope (SEM)
After being sputter coated with gold, the surface morphologies
of these dried beads were observed directly with a scanning elec-
tron microscope (Type SSX-550; Shimadzu Co., Japan). The electron
micrographs were taken with an acceleration voltage of 25.0 kV.

CS/PAA-GLA beads.

Solubility and stability effects Mechanical
property

0.3 M HCl Distilled water
after 0.3 M HCl

Burst strength
(mN)

Soluble – 315.01
Insoluble Broken 390.78
Insoluble Stable 519.52
Insoluble Stable 623.43
Insoluble Stable 676.36
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.6. Fourier transform infrared spectroscopy (FTIR)

The Fourier transform infrared spectra of CS-GLA and CS/PAA-
LA beads before and after adsorption of copper(II) ions were

ecorded using Fourier transform infrared spectrometer (Type TEN-
OR 27; Bruker Co.; Germany). All samples were prepared as
otassium bromide tablets, and the interval of tested wave num-
ers was 500–4000 cm−1.

.7. Mechanical property

Burst strength of various beads was tested by Texture Analyser
Type TA. XTplus; SMS Co.; UK), respectively, and the P36R Cylinder
robes has been employed. Five specimens were tested for each
ample.

.8. X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy of CS-GLA and CS/PAA-GLA
eads before and after adsorption of Cu(II) ions were recorded by
n X-ray photoelectron spectrometer (Type K-Alpha; Thermo Sci-
ntific Corp., America) with an Al K� X-ray source.

.9. Adsorption experiments

.9.1. Adsorption of copper(II) at different initial pH
The influences of different initial pH to adsorption of copper(II)

nto CS-GLA and CS/PAA-GLA beads were studied, respectively.
he range of initial pH values was 1.0–5.0, adjusted by 0.1 mol/L
Cl, and the initial concentration of Cu(II) aqueous solution was
85.0 mg/L. Various beads were weighed and immerged into
u(II) solutions with different pH values under continuous stirring
t room temperature for 24 h. The initial and final Cu(II) con-
entrations of solutions were analyzed with ethylenediamine as
eveloping agent at a wavelength of 546 nm by vis spectropho-
ometer (Type 7200; Unico Corp.; China). The amount of adsorption,
(mg/g), was calculated according to the following equation:

= (C0 − Ce)V
m

(2)

here C0 (mg/L) and Ce (mg/L) are the initial and final Cu(II) concen-
rations of the solution, V (L) is the volume of the copper(II) solution,
nd m (g) is the dried weight of the CS-GLA and CS/PAA-GLA beads,
espectively.

.9.2. Adsorption equilibrium study
CS2 and CS/PAA1 beads, nominated in Table 1, have been

elected for further adsorption equilibrium and kinetics study. The
xperiments were conducted at different temperatures: 10, 21, 30,
nd 40 ◦C, respectively. The concentrations of Cu(II) solutions are
anging from 40 to 450 mg/L. CS-GLA and CS/PAA-GLA beads were
eighed and immerged in Cu(II) solutions with various concen-

rations and temperatures under continuous stirring at initial pH
.0 for 24 h. The same analysis method as mentioned before has
een employed to detect the initial and final Cu(II) concentrations
f solutions by vis spectrophotometer. The amount of adsorption
as calculated based on Eq. (2).

.9.3. Kinetic adsorption experiments
The kinetic adsorption experiments were also measured at var-
ed temperatures: 10, 21, 30, and 40 ◦C, respectively. The initial
oncentration of Cu(II) solutions and the pH value were fixed at
85.0 mg/L and 5.0, respectively. Various beads were weighed and

mmerged into Cu(II) solutions under continuous stirring at var-
ed temperatures. Then, 1 mL of sample solutions were taken out
Scheme 1. The invert process of the electrostatic interaction between the amine
groups of chitosan and the carboxyl groups of PAA.

at desired time intervals to analyze the current Cu(II) concentra-
tion, meanwhile, the same volume of water with pH 5.0 was added
into the bulk solutions to keep the volume constant. The adsorption
of Cu(II) at time ti, q(ti) (mg/g), was calculated from the following
equation:

q(ti) = (C0 − Cti
)Vo −

∑i−1
2 Cti−1 V

m
(3)

where C0 and Cti
(mg/L) are the initial Cu(II) concentration and

Cu(II) concentrations at time ti, respectively. V0 and Vs (L) are the
volume of the Cu(II) solution and that of the sample solution taken
out every time for Cu(II) concentration analysis, respectively. Here,
Vs is equal to 0.001 L. And m (g) is the dried weight of the beads.

2.10. Desorption and reusability experiments

2.10.1. Desorption experiment
The effects of different initial pH on desorption of Cu(II) from

CS-GLA and CS/PAA-GLA beads were studied at room temperature,
respectively. Various beads saturated with Cu(II) were weighed,
and then immerged into different aqueous solutions with differ-
ent pH values ranged from 1.0 to 12.0 under continuous stirring at
room temperature for 24 h. The final Cu(II) concentrations in solu-
tion were analyzed based on aforementioned method to estimate
the amount of desorption.

2.10.2. Recycling experiments
The various Cu(II) loaded beads were recovered from 0.1 mol/L

HCl solution, and then collected from the solutions by filtration,
washed with distilled water, and then reused in the next cycle of
adsorption experiments. The adsorption–desorption experiments
were conducted for six cycles. All the experiments were performed
at room temperature.

3. Results and discussion

3.1. Preparation of CS-GLA and CS/PAA-GLA beads

The CS-GLA beads have been prepared according to reported
method [13,18], and the detailed preparation processes for CS/PAA-
GLA beads were described in the experimental part. At the
beginning, after mixing the chitosan and PAA solutions, the com-
plex hydrogel has formed immediately for the strong electrostatic
interaction between amine and carboxyl groups. Then, a high
concentrated HCl aqueous solution was added into the mixture
dropwise until the gel dissolved to homogenous and clear solu-
tion, because the original strong electrostatic interactions could be
broken by protonation of amine and carboxyl groups. The invert
process was described in Scheme 1. Finally, the CS/PAA blending
beads have been gotten by coprecipition of their mixed solutions
in sodium hydrate solutions as usual. For guarantee the stability in
acidic media, CS/PAA beads have been also chemically cross-linked

by GLA further.

The macro- and micro-images of aforementioned two kinds of
beads were shown in Supporting Information Fig. S1 and S2, respec-
tively. It was found that the appearance of CS/PAA-GLA beads was
spherical and primrose yellow color, and the average diameter was
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ig. 1. FTIR spectra of CS-GLA (a), Na-form CS/PAA-GLA (b), and H-form CS/PAA-GLA
c) hydrogel beads.

ear 2.5 mm, which was similar to that of CS-GLA beads, but surface
as denser for formation of CS/PAA complex.

For further characterization, FTIR spectra of CS-GLA and CS/PAA-
LA beads were obtained, and shown in Fig. 1. The characteristic
eaks of CS-GLA in Fig. 1a were located around as follows: the
verlapped peaks around 3421 cm−1 corresponded to –OH and
NH stretching vibrations, 1649 cm−1 was due to –NH bending
ibration in –NH2, 1157 cm−1 was assigned to –CN stretching
ibration, and 1064 cm−1 was corresponded to –C–O stretch-
ng vibration in –C–OH, respectively. As for CS/PAA-GLA beads,
ince they were obtained from coprecipitation in sodium hydrate
olution, the carboxyl groups were deprotonized and formed
a-form beads even washed to neutral. For comparison, the
lending beads were treated in acidic solution to be H-form
nes before FTIR measurement. The FTIR spectra of Na-form and
-form CS/PAA-GLA beads were shown in Fig. 1b and c, respec-

ively. The arm peak around 1566 cm−1 and the single peak
t 1386 cm−1 were both assigned to –COO− groups in Fig. 1b.
owever, in the FTIR spectrum of H-form CS/PAA-GLA beads
f Fig. 1c, two new characteristic peaks appeared at 1718 and
521 cm−1, which were assigned to –COOH and –NH3

+, respec-
ively. It indicated that PAA has been blended in the chitosan beads
uccessfully.

.2. Swelling, stability and mechanical properties

Chitosan was usually facile to dissolve in acidic media for
rotonation of the amine groups, but insoluble in neutral or alka-

ine solutions. Furthermore, CS beads were fragile, and the lower
echanical properties made it difficult to apply in practice. For

mprovement of the stability in low pH and mechanical properties
f CS beads, GLA was applied to prepare chemical cross-linked CS
eads. From Table 1, GLA cross-linked CS and CS/PAA beads could
ot dissolve, but be swollen in HCl aqueous solution. Hydration rate
f various beads, which were all higher than 90%, indicated that
S-GLA and CS/PAA-GLA beads contained high content of water.

n addition, from Table 1, hydrate rate of aforementioned two
ypes of beads both slightly decreased with the amount of GLA
ncrease. It was believed that the porous structures in swollen
eads was increased and magnified due to high hydration rate,

hich was beneficial to increase the amount and rate of the adsorp-

ion.
Furthermore, based on Table 1 and Supporting Information

ig. S3, it was found that the burst strength was enhanced as
Fig. 2. Effect of initial solution pH values on adsorption capacities of Cu(II) on
CS-GLA and CS/PAA-GLA beads (initial concentration of Cu(II) in the solution was
385.0 mg/L).

the amount of cross-linking agent increased, but the swollen
CS beads cross-linked with low amount of GLA was still easy
to break after soaked in pure water for chitosan shrinking in
its poor solvent. However, after PAA was blended into the CS
beads, the stability and burst strength of CS/PAA-GLA, even using
lower amount of cross-linking agent, were improved evidently
in comparison to these of CS beads. It was due to the typical
semi-interpenetrating polymer network (semi-IPN) structures of
CS/PAA-GLA hydrogel beads, and the strong electrostatic interac-
tions between the protonized amine groups of chitosan and the
carboxyl groups of PAA, both of which increased the intension of
CS beads greatly.

3.3. Effect of initial pH on adsorption of Cu(II)

The CS/PAA-GLA hydrogel beads were employed for removal of
Cu(II) from aqueous solution. Fig. 2 showed the adsorption capac-
ities of CS2, CS/PAA1 and CS/PAA2 for Cu(II) ions in solutions with
initial pH varied from 1.0 to 5.0, respectively. At pH values higher
than 5.0, precipitation of Cu(II) ions as Cu(OH)2 occurred simultane-
ously, and could not lead to accurate interpretation of adsorption.
In addition, the stability of CS1 beads were too low to further test
based on Table 1. According to Fig. 2, it was found that the adsorp-
tion capacity of Cu(II) ions onto each adsorbent increased as the
initial pH value of the solution increased. At lower pH, the adsorp-
tion capacity of CS-GLA beads were low, because the amine groups
in the beads easily formed protonation which induced an elec-
trostatic repulsion of Cu(II) ions. Therefore, competition existed
between protons and Cu(II) ions for adsorption sites, which resulted
in the decrease of adsorption capacity [20].

As for CS/PAA-GLA beads, in addition to amine groups, carboxyl
groups had various electrostatic interactions with Cu(II) ions at
different pH conditions. At higher pH, –COOH groups of CS/PAA-
GLA beads were dissociated into –COO− groups. This made the
electrostatic interaction between the adsorbents and Cu(II) ions
become significantly favorable or attractive, and hence resulted in
the increase of Cu(II) ions uptake [22]. Furthermore, the adsorp-
tion capacity for CS/PAA2 was slightly lower than that for CS/PAA1
because of consumption of more amine groups by crossing-linking

agents [19,20]. However, both CS/PAA-GLA beads had shown much
higher adsorption capacities than CS-GLA beads in whole measured
pH range, which indicated that PAA played an important role in
removal of Cu(II) ions.
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3.4. Isothermal adsorption equilibrium

The equilibrium isotherm was fundamental in describing the
interactive behavior between the solutes and adsorbent. The
adsorption isotherms for Cu(II) on CS-GLA and CS/PAA-GLA beads
was presented in Supporting Information Fig. S4, respectively. From
Fig. S4a and b, it was found that the adsorption isotherms for two
types of beads both showed temperature independent, which illu-
minated that the equilibrium amount of the adsorbed Cu(II) ions
could not be affected by temperature. At the beginning, adsorption
capacity of Cu(II) ions increased linearly with the initial concen-
trations of Cu(II) increasing, then reached to surface saturation at
high concentrations around 200 mg/L. It indicated that, at lower
initial concentrations of Cu(II) ions, the adsorption sites on the
beads were sufficient and the adsorption capacity relied on the
amount of Cu(II) ions transported from the bulk solution to the
surfaces of the beads. However, at higher initial concentrations
of Cu(II) ions, the adsorption sites on the surfaces of the beads
reached to saturation, and the adsorption of Cu(II) ions achieved
equilibrium [10]. Furthermore, the equilibrium uptakes of Cu(II)
on CS/PAA-GLA beads were greater than that on CS-GLA beads.
Based on Supporting Information Fig. S4 and Table 2, the experi-
mental equilibrium uptakes of Cu(II) on CS-GLA and CS/PAA-GLA
beads were average 66.27, and 120.27 mg/g, respectively.

The correlation of equilibrium data using either a theo-
retical or empirical equation was essential for the adsorption
interpretation and prediction of the extent of adsorption.
The adsorption data was generally interpreted by Lang-
muir, Freundlich, Sips, Dubinin–Radushkevich (D–R) and
Dubinin–Radushkevich–Kaganer (D–R–K) isotherm models.
The Langmuir model was based on the assumption of a structurally
homogeneous adsorbent where all adsorption sites were identical
and energetically equivalent. The Langmuir model was represented
as follows:

Ce

qe
= 1

qmaxb
+ Ce

qmax
(4)

where qe is the amount of Cu(II) ions adsorbed at equilibrium
(mg/g), Ce is the liquid-phase Cu(II) concentration at equilibrium
(mg/L), qmax is the maximum adsorption capacity of the adsorbent
(mg/g), and b is the Langmuir adsorption constant (L/mg), respec-
tively.

The Freundlich model was applied to describe heterogeneous
system characterized by a heterogeneity factor of 1/n. This model
described reversible adsorption and was not restricted to the for-
mation of the monolayer. The Freundlich model was expressed as
follows:

log qe = 1
n

log(Ce) + log K (5)

where Ce is the liquid-phase Cu(II) concentration at equilibrium
(mg/L), K is the Freundlich isotherm constant, and 1/n (dimension-
less) is the heterogeneity factor, respectively.

Meanwhile, the Sips isotherm model could be considered as
a combination of Langmuir and Freundlich equations and repre-
sented as below:

qe = qm(bCe)1/n

1 + (bCe)1/n
(6)

where qm is the amount of Cu(II) ions adsorbed at equilibrium

(mg/g), b is the median association constant (L/mg) and 1/n is the
heterogeneity factor. Values for 1/n � 1 indicate heterogeneous
adsorbents, while values close to or even 1.0 indicate a material
with relatively homogenous binding sites. In this case, the Sips
model is reduced to Langmuir equation. [29]
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The equilibrium data was also subjected to the D–R isotherm
odel for determination the nature of biosorption processes as

hysical or chemical process [30]. The D–R equation was given by
he following relationship:

n Qe = ln Qm − Kε2 (7)

here Qe is the amount of the Cu(II) ions adsorbed at equilibrium,
is the constant related to the mean free energy of sorption, Qm

s the theoretical saturation capacity, and ε is the Polanyi potential
ε = RT ln(1 + 1/Ce)). The D–R constant can give the valuable infor-

ation regarding the mean energy of adsorption by the following
quation:

= (2K)−1/2 (8)

In addition, D–R–K isotherm model was also applied to fit the
dsorption isotherms, which was based on the assumption of a
tructural monolayer adsorbent by the following equation:

e = qm exp

{
−
[

RT

Es
ln

(
C∗

Ce

)]n
}

(9)

here qm is the amount of Cu(II) ions adsorbed at equilibrium
mg/g), n is equal to 4, C* is the saturation concentration. Es is the
haracteristic energy of adsorption [31].

The Langmuir, Freundlich, Sips, D–R, and D–R–K model have
een tried to fit the experimental data, respectively, and their
arameters were listed in Table 2 and Supporting Information Table
1, respectively. The correlation coefficients (R2) of the linear form
or the Langmuir model were much closer to 1 than that of other

odels. Since there was no temperature dependence of adsorption
apacity for the two types of beads as mentioned above, the fitted
esults of the Langmuir model at 30 ◦C were selected and shown
n Supporting Information Fig. S5. It was found that the theoretic
imulated curves as thin solid lines fitted the experimental data in
fairly good way, which indicated that the Langmuir model was
uch better to describe the adsorption of Cu(II) onto CS-GLA and

S/PAA-GLA beads than other models. This meant the monolayer
overage of Cu(II) on the surfaces of the two types of beads. Fur-
hermore, the Qm,cal of CS-GLA and CS/PAA-GLA beads calculated by
angmuir model at 30 ◦C were 77.94, and 126.26 mg/g, respectively,
oth of which were close to the Qm,exp (65.97 and 119.93 mg/g,
espectively).

In addition, Freundlich parameter, n indicated the favorability
f the adsorption. If n was less than one, it indicated that adsorption
ntensity was good (or favorable) over the entire range of concen-
ration studied, but if the n value was more than one, it meant
hat adsorption intensity was good (or favorable) at high concen-
ration but much less at lower concentration [32]. Based on Table 2,
ll adsorbents showed n values more than one indicating that the
dsorption intensity was favorable at high concentration.

Meanwhile, according to the analysis from Sips model in Table 2,
he calculated values for 1/n were relatively close to 1, which
ndicated that these chitosan-based beads were homogeneous
dsorbents.

Furthermore, according to the analysis from D–R model, the
ean adsorption energy (E) could be deduced primarily. The E

alue of biosorption would give information about biosorption
echanisms, physical or chemical process: the adsorption behav-

ors could be described as the physical adsorption when E was
etween 1.0 and 8.0 kJ/mol, but the chemical adsorption while E
as more than 8.0 kJ/mol [33]. The mean adsorption energy for

u(II) were presented in Supporting Information Table S1, and the
values were all higher than 8.0 kJ/mol, although R2 is less than 0.9.
his indicated primarily that the adsorption behaviors for afore-
entioned two types of beads were both chemical adsorptions.

n addition, from Supporting Information Table S1, D–R–K model
Journal 165 (2010) 240–249 245

showed better fitness than D–R model, which confirmed the anal-
ysis of Langmuir model further that the adsorption mechanism
followed monolayer adsorption.

3.5. Adsorption kinetics

The adsorption kinetics was to establish the time course of Cu(II)
uptake on the beads. It was also desirable to examine whether the
adsorption behavior of Cu(II) on the beads could be described by
a theoretical model that was predictive. The typical experimental
results of adsorbed Cu(II) on the two types of beads versus time
at different temperatures were shown in Supporting Information
Fig. S6. It was found that the adsorption equilibrium time for both
beads decreased as the temperature increased, which indicated
that they could reach to adsorption equilibrium earlier at higher
temperature.

In order to investigate the adsorption mechanisms, the pseudo-
first order, pseudo-second order and intraparticle diffusion model
were applied to study the experimental data. The pseudo-first order
and pseudo-second order model were given as Eqs. (10) and (11),
respectively [34]:

log(qe − qt) = log qe − k1

2.303
t (10)

t

qt
= 1

k2q2
e

+ t

qe
(11)

where qe and qt are the amounts of Cu(II) ions adsorbed onto
adsorbents (mg/g) at equilibrium and at time t, respectively. k1
(min−1) and k2 (g mg−1 min−1) are the rate constant of first-order
and second-order adsorption, respectively.

Intraparticle diffusion equation was introduced to indicate the
behavior of intraparticle diffusion as the rate-limiting step in the
biosorption. The intraparticle equation could be described as [35]:

Qt = kpt0.5 + C (12)

where Qt is the amount of adsorbed Cu(II) ions at time t, t is the
contact time (min) and kp (mg/g min0.5) is the intraparticle diffusion
constant.

The pseudo-first order, pseudo-second order and intraparticle
diffusion model have been applied to fit the experimental data,
respectively, and their parameters were all listed in Table 3. Based
on the analysis of correlation coefficients (R2), the pseudo-second
order model was much better to describe the adsorption kinet-
ics behaviors of Cu(II) ions for both beads. Furthermore, the fitted
results of the pseudo-second order model at 30 ◦C were selected
and shown in Supporting Information Fig. S7. It was found that
the theoretic simulated curves as thin solid lines fitted the exper-
imental data quite well. It indicated that the adsorption of Cu(II)
ions onto various beads both followed the pseudo-second order
model, and the chemisorptions were the rate controlling mecha-
nism, whose results were fully consistent with those drawn from
adsorption isotherm analysis as mentioned above. Furthermore,
correlation coefficients for both pseudo-first order and intraparti-
cle diffusion model are both higher than 0.95, which indicated
that some weak interactions and intraparticle diffusion may both
involve in the adsorption process.

3.6. Adsorption mechanisms

To illustrate the different adsorption capacity for Cu(II) ions by

CS-GLA and CS/PAA-GLA beads from adsorption mechanisms, the
FTIR spectra of two types of beads before and after adsorption
of Cu(II) ions were obtained and shown in Fig. 3, respectively. In
comparison with the FTIR spectra of aforementioned beads before
adsorption of Cu(II) ions as shown in Fig. 3a and c, in those of beads
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Fig. 3. FTIR spectra for the two types of beads: before (a) and after (b) adsorption of
Cu(II) by CS-GLA beads, before (c) and after (d) adsorption of Cu(II) by CS/PAA-GLA
beads.

after adsorption of Cu(II) ions in Fig. 3b and d, respectively, the char-
acteristic peaks at around 1649 and 1064 cm−1 assigned to –NH2
and –OH groups, respectively, both shifted to lower wave num-
ber, and the intensities of two peaks became much stronger. All
these changes after adsorption of Cu(II) ions onto these beads were
related to the chemical bonds involving chelating effects of –OH and
–NH2 groups with Cu(II) ions. Furthermore, in CS/PAA-GLA beads,
the absorption bands at around 1560 and 1388 cm−1 in Fig. 3d,
assigned to the symmetric and antisymmetric O–C–O stretching
modes of –COO− groups, respectively, were both enhanced and
widened obviously after adsorption of Cu(II) ions, indicating that
carboxyl groups were also involved in the adsorption process. In
addition, the separation (�) between the symmetric and antisym-
metric O–C–O stretching modes of the coordinated carboxylate ions
in CS/PAA-GLA beads was 172 cm−1. Deacon and Phillips [36] have
reported that for bidentate carboxylates, the value was similar to,
or less than that found in the free formate, in this case, � for the
sodium salt was 241 cm−1 [37]. Thus what was observed experi-
mentally for PAA-Cu complex has proved the existence of bidentate
carboxylates, as shown in Scheme 2. It was obviously that the biden-
tate structures were beneficial to be adsorption of more Cu(II) ions
for carboxyl groups, which might be the reason that PAA blended
CS beads had higher adsorption capacity.

For further study on the complex structures, XPS has been
applied, which is a useful tool for analyzing the interactions
between adsorbates and adsorbents [10,17,25,26,38,39]. Fig. 4

showed the typical XPS wide scan spectra for the CS-GLA and
CS/PAA-GLA beads before and after adsorption of Cu(II) ions. It
was found clearly that a new peak at the binding energy (BE) of
about 935.0 eV appeared after adsorption of Cu(II) ions, which was

C

O

O

Cu 2+

C O

O

Cu 2+

OC

O

(b) (a) 

Scheme 2. The available structures of monodentate (a) and bidentate (b) carboxy-
lates for PAA-Cu(II) complexes.
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ig. 4. The typical XPS wide scan spectra for the two types of beads: before (a) and
y CS/PAA-GLA beads.

ttributed to the Cu 2p orbital. Therefore, the new peak provided
vidence of Cu(II) being adsorbed on the surface of various beads,
hich were fully in agreement with the FTIR findings.

Fig. 5 showed the O 1s XPS spectra of the CS-GLA and CS/PAA-
LA beads before and after adsorption of Cu(II) ions, respectively. In
ig. 5a and b, the O 1s XPS spectra did not show significant changes
f the O 1s BEs on CS-GLA beads before and after adsorption of Cu(II)
ons. It was believed that the contribution of Cu-oxygen interac-
ion to adsorption of Cu(II) ions on the CS-GLA beads was mainly
hrough weak interaction [10].

However, as for CS/PAA-GLA beads, there were two BE peaks in
1s spectrum before adsorption of Cu(II) ions around at 531.78

nd 533.18 eV as seen in Fig. 5c, which were assigned to the oxy-
en atoms in the –C O and –C–O–H groups, respectively[40]. After
dsorption of Cu(II) ions, the original two BE peaks changed into

ne peak around 532.78 eV, which further indicated that the car-
oxyl groups formed bidentate carboxylates with Cu(II) as shown in
cheme 2, and the two oxygen atoms on the carboxyl group turned
quivalent.

able 4
dsorption and desorption (recovery) behaviors of Cu(II) onto CS-GLA and CS/PAA-GLA b

Cycle CS-GLA

Adsorption
amount (mg/g)

Recovery (%)

Cycle I 66.55 99.99
Cycle II 66.54 99.98
Cycle III 66.55 99.96
Cycle IV 66.53 99.95
Cycle V 66.53 99.94
Cycle VI 66.52 99.92
Binding Energy (eV)

b) adsorption of Cu(II) by CS-GLA beads, before (c) and after (d) adsorption of Cu(II)

3.7. Desorption and reusability study

For practical application, desorption experiments were con-
ducted to regenerate these Cu(II)-loaded beads. The effects of pH
from 1.0 to 12.0 on desorption of Cu(II) were shown in Fig. 6. It
was found that Cu(II) ions was easy to be released from both CS-
GLA and CS/PAA-GLA beads at pH below 4.0, and at pH < 2.0, nearly
99% of Cu(II) ions was desorbed. However, at high pH (pH > 5.0), the
Cu(II)-load beads were quite stable.

Furthermore, the adsorption and desorption processes were
repeated to examine the potential of the two types of beads. Based
on previous discussion, the desorption process was carried out in
0.1 mol/L HCl aqueous solution. Table 4 showed the experimental
results on the amounts of Cu(II) ions adsorbed and the percentages
of desorption in six consecutive adsorption–desorption cycles. It

was indicated that desorption efficiency was generally high and
the adsorption capacity was almost not affected. In all, due to the
high recycling efficiency, these beads were qualified for practical
application.

eads.

CS/PAA-GLA

Adsorption
amount (mg/g)

Recovery (%)

121.55 99.98
121.54 99.97
121.53 99.95
121.53 99.95
121.52 99.94
121.53 99.93
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. Conclusion

CS/PAA-GLA beads have been successfully prepared by simple
ne-step method, and applied as an effective adsorbent for removal
f Cu(II) ions from aqueous solutions. In comparison to CS-GLA

eads, CS/PAA-GLA beads using a lower amount of crosslinking
gent had better chemical stability in lower pH solutions and higher
echanical strength. The experimental results showed that the

dsorptions of Cu(II) ions on two types of the beads were both pH
f Cu(II) by CS-GLA beads, before (c) and after (d) adsorption of Cu(II) by CS/PAA-GLA

dependent, but temperature independent. The adsorption capacity
of Cu(II) ion on the CS beads after blending PAA was increased near
one time than that on the pure CS-GLA beads. Adsorption equilib-
rium and kinetics study indicated that the adsorption behaviors for
aforementioned two types of beads were mainly chemical mono-
layer adsorption. The investigation of the adsorption mechanisms
from FTIR and XPS illustrated that hydroxyl and amine groups of
chitosan and carboxyl groups of PAA were all involved in chelating
with Cu(II) ions, and the higher adsorption capacity of CS/PAA-GLA
beads was ascribed to formation of bidentate carboxylates with
Cu(II) ions, which improved the efficiency for removal of metal ions.
Desorption study showed that Cu(II) ions could be easily and effec-
tively desorbed at pH below 4.0, and the regenerated adsorbent
could be reused almost without any loss of adsorption capacity for
a few cycles.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.cej.2010.09.024.
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