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a b s t r a c t

Novel chitosan-g-poly(acrylic acid)/attapulgite (CTS-g-PAA/APT) composites were applied as adsorbents
for the removal of Cu(II) from aqueous solution. The effects of the initial pH value (pH0) of Cu(II) solution,
contact time (t), APT content (wt%) and the initial concentration of Cu(II) solution (C0) on the adsorption
capacity of the composites were investigated. Results from kinetic experimental data showed that the
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Cu(II) adsorption rate on the composites with 10, 20 and 30 wt% APT was fast and more than 90% of
the maximum adsorption capacity for Cu(II) occurred within the initial 15 min. The adsorption kinetics
was better described by the pseudo-second order equation, and their adsorption isotherms were better
fitted for the Langmuir equation. The results of the five-time consecutive adsorption–desorption studies
showed that the composites had high adsorption and desorption efficiencies, which implies that the

as qu
inetics
sotherm

composites may be used

. Introduction

Removal of heavy metals from wastewater can be achieved
y coagulation and precipitation [1], ion exchange treatment [2],
dsorption [3] and coprecipitation/adsorption [4]. In comparison
ith the other processes for the treatment of polluted aqueous

ffluents, the sorption process possesses some advantages, such as
exibility in design and operation, producing superior effluent suit-
ble for reuse without other pollutants. Therefore, adsorption is one
f the more popular methods. With the selection of a proper adsor-
ent, the adsorption process can be a promising technique for the
emoval of certain types of contaminants [5,6].

The most widely used adsorbent is activated carbon. However,
ctivated carbon also requires complexing agents to improve its
emoval performance for inorganic matters [7]. The main disad-
antages of using activated carbon as adsorbent are high adsorbent
ost, problems of regeneration, and difficulties of separation of
owdered activated carbon from wastewater for regeneration. It is
ow recognized that using low-cost adsorbents to adsorb pollutants

s an effective and economical method for water decontamination.

any adsorbents materials have been studied, such as zeolite [8],

lay [9], sawdust [10], bark [11], biomass [12], lignin [13], chitosan
14] and other adsorbents [15]. Among these low-cost adsorbents,
arious clays have been recently focused on study [16–21]. How-

∗ Corresponding author. Tel.: +86 931 4968118; fax: +86 931 8277088.
E-mail address: aqwang@lzb.ac.cn (A. Wang).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.02.120
ite effective adsorbents for the removal of Cu(II) from aqueous solution.
© 2009 Elsevier B.V. All rights reserved.

ever, the adsorption capacity and adsorption rate for heavy metals
is poor [19].

In recent years, special attention has been given to hydrogel
adsorbents. Hydrogels are formed of three-dimensional cross-
linked polymer networks of flexible chains, which are able to absorb
and retain water and solute molecules. The higher water con-
tent and porous structure networks allow solute diffusion through
the hydrogel structure [22]. As hydrogels possess ionic functional
groups such as carboxylic acid, amine, hydroxyl and sulfonic acid
groups, they can absorb and trap metal ions or ionic dyes from
wastewater [23,24]. Therefore, a great deal of interest has been
observed in relation to the applicability of hydrogels as adsor-
bents for the removal and separation of metal ions from heavy
metal contaminated water [23–26], and the recovery and pre-
concentration of precious metal ions from different media [27].
Compared with conventional solid adsorbents like ion exchange
and chelating resins, main advantages of such materials are easy
loading and, in most cases, stripping of cations with simple chem-
icals, reusability and the possibility of semi-continuous operation.
In addition, high wettability and high swelling of hydrogels also
might be beneficial for improving adsorption of target metals [27].

Hydrogel composites based on polysaccharides and clay may
be used as alternative adsorbents for the removal of metal ions

or dyes from aqueous solution [28]. Attapulgite (APT) is a crys-
talline hydrated magnesium silicate with a fibrous morphology,
large specific surface area and moderate cation exchange capacity,
which is beneficial for the adsorption of heavy metals from solution
[29,30]. So, in order to reduce cost of the hydrogel adsorbents, in

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:aqwang@lzb.ac.cn
dx.doi.org/10.1016/j.jhazmat.2009.02.120
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Fig. 1. Schematic structure (a) and dig

he present study, several chitosan-g-poly(acrylic acid)/attapulgite
CTS-g-PAA/APT) composites with different APT content were syn-
hesized and used to remove heavy metal Cu(II) from aqueous
olutions. The factors influencing the adsorption capacity of the
omposites such as the initial pH value (pH0) of the Cu(II) solutions,
ontact time (t), APT content (wt%) and the initial concentration
f Cu(II) solutions (C0) were investigated. The adsorption kinet-
cs and isotherms for Cu(II) onto CTS-g-PAA/APT composites were
lso studied, and the desorption studies of the composites were
iscussed.

. Experimental

.1. Materials

Acrylic acid (AA, distilled under reduced pressure before use),
mmonium persulfate (APS, recrystallized from distilled water
efore use) and N,N′-methylenebisacrylamide (MBA, used as
eceived) were supplied by Shanghai Reagent Corp. (Shanghai,

hina). Chitosan (CTS, degree of deacetylation is 0.85, the aver-
ge molecular weight is 3 × 105) was supplied by Zhejiang Yuhuan
cean Biology Co. (Zhejiang, China). Natural Attapulgite (APT, sup-
lied by Jiangsu Autobang International Co., Ltd., Jiangsu, China)

able 1
hemical composition of attapulgite sample.

omponent wt%

iO2 57.06
gO 8.63

l2O3 16.59
e2O3 6.11
aO 4.55
iO2 0.71
nO 0.08

2O 3.51
a2O 1.35
2O5 0.22
O3 0.42

able 2
he BET specific surface area, total pore volume and average pore width for CTS-g-
AA polymer and CTS-g-PAA/APT composites.

ample BET specific surface
area (m2/g)

Total pore
volume (cm3/g)

Adsorption average
pore width (nm)

TS-g-PAA 1.83 0.0041 8.99
TS-g-PAA/10%APT 8.38 0.0343 16.35
TS-g-PAA/20%APT 19.41 0.0731 15.06
TS-g-PAA/30%APT 24.66 0.0995 16.13
TS-g-PAA/50%APT 9.85 0.0284 11.54
oto of CTS-g-PAA/APT composite (b).

was milled and sieved through a 320-mesh screen. The cationic
exchange capacity (CEC) of the sample is 30.0 meq/100 g. Chem-
ical composition of APT was determined with a Magix PW 2403
XRF Spectrometer (PANalytical Co.) and the results were shown
in Table 1. Copper acetate monohydrate (analytical grade reagent,
Cu(CH3COO)2 H2O, 199.65) was supplied by Shanghai Reagent Corp.
(Shanghai, China). Other reagents used were all of analytical grade
reagents and all solutions were prepared with distilled water.

2.2. Preparation of CTS-g-PAA/APT composites and their
characterization

CTS-g-PAA/APT composites were prepared according to our pre-
vious reports [31]. The schematic structure and digital photo of
CTS-g-PAA/APT composites were shown in Fig. 1. The prepara-
tion procedure of CTS-g-PAA was similar to that of CTS-g-PAA/APT
composites except without APT. The products were milled and all
samples used for test were sieved through a 80-mesh screen.

IR spectra (Thermo Nicolet NEXUS TM spectrophotometer)
showed that the graft reaction has taken place among CTS, AA and
APT [31]. The BET specific surface area, total pore volume and aver-
age pore width of the samples were measured using an Accelerated
Surface Area and Porosimetry System (Micromeritics, ASAP 2020)
by BET-method at 76 K, and the results were shown in Table 2.

2.3. Adsorption experiments

All batch adsorption experiments were carried out by mixing
0.1000 g composite sample with 25 mL aqueous solution of cop-
per acetate with the desired concentration and appropriate pH0
and shaking in a thermostatic shaker bath (THZ-98A) with 120 rpm
at 30 ◦C for a given time. The pH0 of Cu(II) solution was adjusted
to different pH values (2.00, 3.00, 4.00, 5.00, 5.50 and 5.85) with
acetic acid or sodium hydroxide solutions using a pH meter (DELTA-
320). Batch kinetic experiments were carried out by mixing 0.1000 g
sample with 25 mL Cu(II) solution (C0: 1220 mg/L, pH0 5.50) and
shaking at 30 ◦C for predetermined intervals of time. For equilib-
rium adsorption experiments, 25 mL of various initial concentration
of Cu(II) solution was mixed with 0.1000 g sample, then shaked at
30 ◦C until the equilibrium was established.

The Cu(II) solution was separated from the adsorbent by cen-
trifugation at 4500 rpm for 10 min and the pH of each suspension

was measured. Both the initial and the final concentrations of
Cu(II) in the solution were measured by EDTA titrimetric method
using 0.0050 mol/L EDTA solution as the standard solution and 0.5%
xylenol orange solution as the indicator. The adsorption capacity
of the composites for Cu(II) was calculated through the following
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ig. 2. Effect of pH0 on the adsorption capacity of CTS-g-PAA/10%APT composite for
u(II). Adsorption experiments—C0: 1220 mg/L; sample dose: 0.1000 g/25 mL; pH
ange: 2.0–5.85; temperature: 30 ◦C; equilibrium time: 240 min.

quation:

= V(C0 − C)
m

(1)

here q is the amount of Cu(II) adsorbed at time t or at equilibrium
mg/g). C0 is the initial concentration of Cu(II) solution (mg/L). C
s the liquid-phase Cu(II) concentration at time t or at equilibrium
mg/L). m is the mass of the adsorbent used (g) and V is the volume
f Cu(II) solution used (L).

.4. Desorption and regeneration studies

In order to search out an effective reagent for the copper-loaded
omposites desorption, certain amount of the representative
opper-loaded CTS-g-PAA/10%APT sample was prepared and its
dsorption capacity for Cu(II) was calculated (241.33 mg/g). The
nfluence of different acid solutions or distilled water on desorption
fficiency was studied by mixing 0.1000 g copper-loaded CTS-g-
AA/10%APT sample with 30 mL 0.05 mol/L acid solutions (HCl,
NO3, H2SO4, CH3COOH) or distilled water and agitating on a mag-
etic agitator with 220 rpm at room temperature for 60 min.

For evaluating the reuse value of the composites, 0.5000 g
opper-loaded CTS-g-PAA/APT composite sample was agitated with
.05 mol/L appropriate volume of HCl solution at room tempera-
ure for 60 min (dose: 0.1000 g/30 mL). The sample was separated
rom the solution by centrifugation and washed with distilled
ater for three times, and then dried for reuse. The consecutive

dsorption–desorption process was performed for five times.

. Results and discussion

.1. Effect of pH0 on Cu(II) adsorption

The pH of the metal ion solution plays an important role in
he whole adsorption process and particularly on the adsorption
apacity. Fig. 2 showed the effect of pH0 of Cu(II) solution on the
dsorption capacity of CTS-g-PAA/10%APT composite for Cu(II). It
an be seen from Fig. 2 that the adsorption capacity increased
harply from 55.06 to 245.02 mg/g when pH0 of Cu(II) solution

ncreased from 2.00 to 5.50, and then increased very little (from
45.02 to 248.38 mg/g) with the increase of pH0 from 5.50 to 5.85.
his result may be attributed to the following reasons: at low pH0,
i) most of the amino groups of CTS in the composite were ionized
nd presented in the form of NH3

+, electrostatic repulsion between
Fig. 3. Effect of contact time on the adsorption capacity of CTS-g-PAA/10%APT
composite for Cu(II). Adsorption experiments—C0: 1200 mg/L; sample dose:
0.1000 g/25 mL; pH0: 5.50; temperature: 30 ◦C.

Cu(II) and NH3
+ ions may prevent the adsorption of Cu(II) ions onto

the composite; (ii) there are more H+ ions competed with Cu(II)
ions in the solution, which may make the ion-exchange reaction
between Cu(II) ions and the exchangeable cations existed in the
composite happen very difficultly; (iii) carboxyl groups in the poly-
mer chain existed in the form of –COOH not –COO−, which could
make against the adsorption of Cu(II) ions onto the composite. Con-
sidering the formation of Cu(OH)2 precipitation when the pH value
of Cu(II) solution exceeds 5.50, the pH0 of 5.50 was selected as
the initial pH value of Cu(II) solution for the following adsorption
experiments.

3.2. Effect of contact time on adsorption

Contact time is an important parameter of adsorption which
can reflect the adsorption kinetics of an adsorbent for an adsor-
bate solution with the given C0 and pH0 values. Fig. 3 showed
the effect of contact time on the adsorption capacity of CTS-g-
PAA/10%APT composite for Cu(II). It is clear that the adsorption
capacity of the composite increased rapidly with the increase of
contact time from 0 to 20 min and more than 90% of the equilib-
rium adsorption capacity for Cu(II) occurred within 15 min. After
60 min, the adsorption capacity became constant and the adsorp-
tion reached equilibrium. Therefore, 60 min was selected as the
contact time for the adsorption of Cu(II) onto the composites under
our experimental conditions.

Fig. 4 showed the pH variation of the suspension (pHt) with
contact time during adsorption process. It can be seen that pHt

decreased rapidly when contact time increased from 0 to 20 min,
and then decreased quite little. After the adsorption equilibrium
was set up, the pH values of all suspensions did not change any
more. The following equations (Eq. (2) and (3)) may be used to
explain this phenomenon.

RCOOH ↔ RCOO− + H+ (2)

2RCOO− + Cu2+ ↔ (RCOO)2Cu (3)

It is known that CTS-g-PAA polymer and CTS-g-PAA/APT com-
posites are three-dimensional cross-linked polymer networks and
have lots of –COOH, which can be considered as the adsorption

sites for ion exchange and chelation. In aqueous solution, on the
one hand, –COOH groups on the composites dissociate and become
ionized (Eq. (2)). The dissociation of carboxyl groups may give birth
to protons, and the quantity of protons increases with the increase
of contact time, which cause the decrease of the pH value of the
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ig. 4. Variation of the pH value of the suspension with contact time. Adsorption
xperiments—C0: 1200 mg/L; sample dose: 0.1000 g/25 mL; pH0: 5.50; temperature:
0 ◦C.

uspension with the increase of contact time. The ionized carboxyl
roups (–COO−) can bond with Cu(II) ions to form a neutral species
nd establish equilibrium (Eq. (3)) [32]. On the other hand, the sur-
ace of natural APT is negative owing to isomorphic substitution
uring its form process, and negatively charged sites on the surface
f APT particles increase with the increase of APT mass, which can
nduce more protons to be adsorbed onto APT surface and result
n an increase in the pH value of the final solution [29]. Due to
he decrease tendency of the suspension pH value caused by the
issociation of carboxyl groups is more obvious than the increase
endency resulted from the negative charges on the surface of nat-
ral APT, so, the total effect is that pHt of the suspension decreased
hen contact time increased. From Fig. 4 it also can be observed

hat the decrease extent of pHt of the suspension (compared with
H0) decreased with the increase of APT content. This phenomenon

s only because that the more negatively charged sites on the sur-
ace of APT particles in the composites exist when APT content is
igher, which may result in a greater increase in the pH of the final
olution. While the adsorption of Cu(II) onto the composites come
o the saturation, the pH value of the suspension may keep con-
tant. According to the characteristic of the composite and the pH
ariation of the suspension (pHt) with contact time during adsorp-

ion processes, it is considered that the ion exchange and chelation

ay control simultaneously the adsorption process.
In order to further illustrate the adsorption mechanism of CTS-g-

AA/APT composite for Cu(II), Fig. 5 represented the FTIR spectra of

Fig. 5. IR spectra of the representative CTS-g-PAA/10%APT
Fig. 6. Variation of the adsorption capacity of CTS-g-PAA/APT composites with
different APT content with contact time. Adsorption experiments—C0: 1200 mg/L;
sample dose: 0.1000 g/25 mL; pH0: 5.50; temperature: 30 ◦C.

the representative CTS-g-PAA/10%APT composite before and after
Cu(II) adsorption. From Fig. 5, it can be seen that the IR spec-
tra of the sample after Cu(II) adsorption showed many variations
from that of the sample before Cu(II) adsorption. The major differ-
ences were listed as follows after adsorption of Cu(II): (i) the wide
absorption band at near 3447 cm−1, corresponding to the stretch-
ing vibration of –NH2 groups and –OH groups, widened and shifted
to the lower wave numbers; (ii) the strong absorption band at
1719 cm−1, assigned to the stretching vibration of C O of –COOH
groups, weakened obviously; (iii) the absorption band at 1561 cm−1,
assigned to the stretching vibration of C O of –COO− groups, was
enhanced obviously and shifted to the lower wave numbers; (iv) the
absorption band at 1249 cm−1, assigned to the deformation vibra-
tion absorption bands of –OH groups, were enhanced obviously
and shifted to the higher wave numbers. All of these changes in
FTIR spectra of the representative CTS-g-PAA/10%APT composites
before and after Cu(II) adsorption indicates that –NH2, –OH and
–COOH groups in the composites were all involved in the adsorp-
tion process. So, the chelation should be the dominating adsorption
mechanism for Cu(II) onto the composite.
3.3. Effect of APT content (wt%) on adsorption

Fig. 6 showed the variation of the adsorption capacity of CTS-
g-PAA/APT composites with different APT content (C0: 1200 mg/L;

composite before (B) and after (A) Cu(II) adsorption.
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Table 3
A comparison of the maximum adsorption capacity of the adsorbents for Cu(II).

Sorbent Maximum adsorption
capacity for Cu(II) (mg/g)

Source

Chitosan 17.79 ± 3.2 [34]
N,O-carboxymethyl-chitosan 162.5 [35]
Alumina/chitosan composite

membranes
200 [36]

Acid-activated palygorskite 32.24 [37]
CTS-g-PAA 262.25 This paper
CTS-g-PAA/10%APT 243.76 This paper
CTS-g-PAA/20%APT 226.95 This paper
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the driving force of the concentration gradient at the solid–liquid
TS-g-PAA/30%APT 206.39 This paper
TS-g-PAA/50%APT 170.65 This paper

ample dose: 0.1000 g/25 mL; pH0: 5.50; temperature: 30 ◦C). It
s clear that wt% was an important factor affecting the adsorp-
ion capacity of the composites. As can be seen from Fig. 6, under
he same conditions, the adsorption capacities of CTS-g-PAA/APT
omposites with different wt% are different and the equilibrium
dsorption capacity of the composites decreased from 262.25 to
70.65 mg/g, as wt% increased from 0 to 50%. The decrease ten-
ency of the adsorption capacity of composites with increasing wt%
ay be attributed to the following facts: (i) APT could react with
A and APT particles and act as cross-linking points in the network

31]. And the cross-linking density of the CTS-g-PAA/APT composite
ay increase with the increase of wt%. The greater the cross-linking

ensity, the worse the elasticity of the polymer chains, which may
esult in the decrease of the equilibrium adsorption capacity of the
omposites. (ii) Additionally, during the adsorption processes of
TS-g-PAA and the composites for Cu(II), carboxyl groups are the
ain functional groups responsible for the adsorption for Cu(II). The

igher the APT content, the lower the content of carboxyl groups
n the composite. So, increasing the APT content may result in the
ecrease of the adsorption capacity of the composites for Cu(II).
iii) When APT content exceeds 30 wt%, excess APT acts as a filler
n the polymeric network of the composite. Since the equilibrium
dsorption capacity of APT for Cu(II) (28.46 mg g−1) is much lower
han that of CTS-g-PAA polymer (262.25 mg g−1), the filled APT may
reatly decrease the adsorption capacity of the composites. The
ame phenomenon was also observed by Wang et al. [33].

Fig. 6 also showed the adsorption rate information about the
omposites with different APT content for Cu(II). It is obvious that
he adsorption rate of each sample for Cu(II) was very fast and

ore than 90% of the equilibrium adsorption capacity occurred
ithin 15 min. Both the adsorption rate of CTS-g-PAA/20%APT com-
osite and CTS-g-PAA/30%APT composite are higher than that of
TS-g-PAA, CTS-g-PAA/10%APT composite and CTS-g-PAA/50%APT
omposite. Such a result is nearly consistent with the results of the
pecific surface area, total pore volume and average pore width of
he composites (shown in Table 2), which indicates that the spe-
ific surface area, total pore volume and average pore width of the
omposites are the factors controlling the adsorption rate.

Under the same experimental conditions, the equilibrium
dsorption capacities of APT and CTS-g-PAA polymer were also
easured, they were 28.46 and 262.25 mg/g, respectively. And the

quilibrium adsorption capacities of the composites with APT con-
ent from 10 to 50 wt% were 243.76, 226.95, 206.39, 170.65 mg/g,
espectively. Compared with other adsorbents (listed in Table 3)
34–37], the equilibrium adsorption capacities of the composites
re quite high. Meanwhile, from the experimental data, it can be
een that there were differences of 4.89, 11.46, 14.28, 25.29 mg/g

etween the experimental value and the value calculated by the
dsorption capacities of APT and CTS-g-PAA, respectively, if APT
nd CTS-g-PAA polymer were only compounded physically. More-
ver, it can be seen that the differences increased with the increase
Materials 168 (2009) 970–977

of wt%. This result indicated that APT really reacted with the CTS-
g-PAA polymer and the introduction of APT into the polymer may
improve the adsorption ability of the polymer to some extent. In
practical industrial production, one of the most important purposes
of the addition of APT into CTS-g-PAA polymer is to largely reduce
the cost of adsorbents. Therefore, considering the economic advan-
tage and the adsorption capacity, CTS-g-PAA/APT composites are
very potential adsorbents for Cu(II).

3.4. Adsorption kinetics

In order to investigate the controlling mechanism of adsorption
process of CTS-g-PAA/APT composites for Cu(II), the pseudo-first
order and the pseudo-second order kinetic models were cited to
evaluate the experimental data obtained from batch Cu(II) removal
experiments. The pseudo-first order kinetic model has been widely
used to predict metal adsorption kinetics. It was suggested by Lager-
gren [38] for the adsorption of solid/liquid systems and its linear
form can be formulated as

log(qe − qt) = log(qe) − k1t

2.303
(4)

Ho and McKay’s pseudo-second order kinetics model can be
expressed as [39]:

t

qt
= 1

k2q2
e

+ t

qe
(5)

where qe and qt (mg/g) are the adsorption capacities at equilibrium
and at time t, respectively. k1 (min−1) is the rate constant of the
pseudo-first order adsorption. k2 (g mg−1 min−1) is the rate con-
stant of the pseudo-second order adsorption. All the corresponding
parameters obtained from the linear plots of log(qe − qt) versus t
and t/qt versus t were listed in Table 4.

From Table 4, it can be seen that the linear correlation coeffi-
cients (R2) for the pseudo-first order kinetic model are very high.
However, there are large differences between the experimental qe

values (qe,exp) and the calculated qe values (qe,cal), which indicated
the pseudo-first order kinetic model was poor fit for the adsorption
processes of CTS-g-PAA polymer and the composites for Cu(II). It
can also be found from Table 4 that R2 for the pseudo-second order
kinetic model are all over 0.9999, moreover, the qe,cal values for the
pseudo-second order kinetic model are all consistent with the qe,exp

values. These suggested that the adsorption processes of CTS-g-PAA
polymer and the composites for Cu(II) can be well described by the
pseudo-second order kinetic model.

3.5. Adsorption isotherm study

The influence of C0 on adsorption capacity of Cu(II) onto CTS-g-
PAA polymer and CTS-g-PAA/APT composites was shown in Fig. 7. It
is clear that C0 plays an important role in the adsorption processes
of Cu(II) onto CTS-g-PAA polymer and the composites. It can be
seen from Fig. 7 that the adsorption capacity of the composites for
Cu(II) increased with the increase of C0 and increased more sharply
when C0 did not exceed 1500 mg/L. For CTS-g-PAA/10%APT com-
posite, when C0 was further increased from 2412 to 3717 mg/L, no
further increase of the adsorption capacity was observed. However,
such a phenomenon was not observed in the adsorption processes
of CTS-g-PAA polymer and other three composites in the predeter-
mined range of C0. These may be attributed to the following facts.
Generally, the higher the initial Cu(II) concentration, the greater
interface. And the increase of the driving force of the concentration
gradient at the solid–liquid interface may cause the increase of the
amount of metal ions adsorbed onto the adsorbent. On the other
hand, at low initial Cu(II) concentration, ion exchange and elec-
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Table 4
Constants and correlation coefficients of the two kinetic models for Cu(II) adsorption onto CTS-g-PAA polymer and CTS-g-PAA/APT composites.

Sample Pseudo-first order model Pseudo-second order model

qe,exp (mg/g) qe,cal (mg/g) k1 (min−1) R2 qe,cal (mg/g) k2 (g mg−1 min−1) R2

CTS-g-PAA 262.25 48.40 0.1732 0.8632 263.16 0.0144 1
C
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TS-g-PAA/10%APT 243.76 98.27 0.1285
TS-g-PAA/20%APT 226.95 13.62 0.0889
TS-g-PAA/30%APT 206.39 16.24 0.0986
TS-g-PAA/50%APT 170.65 53.26 0.1354

rostatic attraction are dominant, and the adsorption of Cu(II) by
TS-g-PAA polymer and the composites tends to the possibility of
he formation of monolayer coverage of the molecules at the outer
nterface of the adsorbent. While at the high initial concentration
f Cu(II), the chelation between –COO− and Cu(II) ions are domi-
ant, and the formation of chelating compounds may result in the

ncrease of the amount of Cu(II) ions adsorbed onto the adsorbent.
Adsorption isotherms are important for the description of how

olecules of adsorbate interact with adsorbent surface. The corre-
ation of equilibrium data using either a theoretical or empirical
quation is essential for the adsorption interpretation and pre-
iction of the extent of adsorption [40]. The adsorption data

s generally interpreted using the Langmuir and the Freundlich
sotherm models. The Langmuir model is based on the assumption
f a structurally homogeneous adsorbent where all adsorption sites
re identical and energetically equivalent. The Langmuir model is
epresented as follows [41]:

Ce

qe
= 1

qmaxb
+ Ce

qmax
(6)

The Freundlich model is applied to describe heterogeneous sys-
em characterized by a heterogeneity factor of 1/n. This model
escribes reversible adsorption and is not restricted to the forma-
ion of the monolayer. The Freundlich model is expressed as follows
42]:

og(qe) = 1
n

log(Ce) + log K (7)

here qe is the amount of Cu(II) adsorbed at equilibrium (mg/g), Ce
s the liquid-phase Cu(II) concentration at equilibrium (mg/L), qmax

s the maximum adsorption capacity of the adsorbent (mg/g), and
is the Langmuir adsorption constant (L/mg). K is the Freundlich

sotherm constant (L/g) and 1/n (dimensionless) is the heterogene-
ty factor. The Langmuir and Freundlich parameters obtained from

ig. 7. Effect of the initial Cu(II) concentration of solution on the adsorp-
ion capacity of CTS-g-PAA polymer and CTS-g-PAA/APT composites. Adsorption
xperiments—sample dose: 0.1000 g/25 mL; pH0: 5.50; temperature: 30 ◦C; equi-
ibrium time: 60 min.
0.9659 243.90 0.0045 0.9999
0.9836 227.27 0.0242 1
0.9838 208.33 0.0230 1
0.9750 172.41 0.0125 1

the plots of Ce/qe versus Ce and log(qe) versus log(Ce) were listed in
Table 5.

The correlation coefficients (R2) of the linear form of the Lang-
muir model are closer to 1 than that of the Freundlich model. In
addition, the qmax values for the adsorption of Cu(II) onto the com-
posites calculated from the Langmuir model are all the same as the
experimental data. Obviously, the Langmuir model is much better to
describe the adsorption of Cu(II) onto CTS-g-PAA polymer and CTS-
g-PAA/APT composites than the Freundlich model. This means the
monolayer coverage of Cu(II) on the surface of CTS-g-PAA polymer
and the composites.

3.6. Desorption studies and the recycling of CTS-g-PAA/APT
composites

Except in the case of precious metals for which the cost of the
sorbent is not a limiting criterion, the recycling of the sorbent is a
required step in the design of the process. The recovery of metals
is also an important parameter for the economics of the process
[43]. Desorption studies can help to recover the Cu(II) ions from
the composite and regenerate the composite, so that it can be used
again to adsorb metal ions. Desorption studies can also help to elu-
cidate the nature of the adsorption process. If the metal adsorbed
onto the adsorbent can be desorbed by water, it can be said that
the attachment of the metal onto the adsorbent is by weak bonds.
If the strong acid, such as HNO3 and HCl, it can be said that the
attachment of the metal onto the adsorbent is by ion exchange. If
organic acids, for example, such as CH3COOH, can desorb the metal,
it can be said that the adsorption of the metal onto the adsorbent
is by chemisorption [44]. And the sorption of metal cations usually
occurs at pH close to neutral and the desorption is usually carried
out by contacting with acidic solution [45], though chelating agents
can be used.

Table 6 showed the results of desorption experiments. It was
clear that the copper-loaded sample cannot be desorbed by distilled
water at all, and only 13.03% desorption efficiency was obtained
when using 0.05 mol/L CH3COOH solution as the desorbing agent.
The desorption efficiencies of 0.05 mol/L HCl, HNO3 and H2SO4

solution are 86.26%, 84.91% and 85.31%, respectively. Among the
four acid solutions, both the desorption capacity and the desorption
efficiency of HCl solution are the largest (208.18 mg/g and 86.26%,
respectively). HCl is the cheapest among these acid used, in terms
of the principle of the economics of the desorption process and the

Table 5
Langmuir and Freundlich constants and correlation coefficients associated with
the adsorption isotherms of Cu(II) onto CTS-g-PAA polymer and CTS-g-PAA/APT
composites.

Sample Langmuir equation Freundlich equation

qmax (mg/g) b (L/mg) R2 K n R2

CTS-g-PAA 333.33 0.0235 0.9988 169.94 11.72 0.9951
CTS-g-PAA/10%APT 303.03 0.0328 0.9987 145.55 9.99 0.9816
CTS-g-PAA/20%APT 277.78 0.0169 0.9975 138.68 11.36 0.9824
CTS-g-PAA/30%APT 250.00 0.0220 0.9977 135.99 13.11 0.9879
CTS-g-PAA/50%APT 200.00 0.0189 0.9984 95.06 10.57 0.9963
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Table 6
The influence of desorbing agents on the desorption capacity and desorption
efficiency of Cu(II) from the representative copper-loaded CTS-g-PAA/10%APT com-
posite sample.

The desorbing agent The desorption capacity
(mg/g)

The desorption efficiency

Distilled water 0 0
Nitric acid 204.94 84.91%
A
S
H

r
a
l

s
t
a
t
s
f
P
t
i
a
p
t
d
h
f
a
a
a
t
i

d
C
a
m
s
i
t

F
g

cetic acid 31.46 13.03%
ulfuric acid 205.89 85.31%
ydrochloric acid 208.18 86.26%

eduction of the cost of the utilization of adsorbent, 0.05 mol/L HCl
queous solution was selected as the desorbing agent for copper-
oaded CTS-g-PAA/APT composites.

In order to evaluate the reuse value of the composites, the con-
ecutive adsorption–desorption process was performed for five
imes. The concentration of 0.05 mol/L of HCl solution was used
s the desorbing agent. Fig. 8 showed the relationship between the
ime for reuse and the adsorption capacity of the representative
amples (CTS-g-PAA polymer and CTS-g-PAA/30%APT composite)
or Cu(II). It can be seen that the adsorption capacity of CTS-g-
AA/30%APT composite decreased firstly with the increase of the
ime for reuse and then increased. However, the adsorption capac-
ty of CTS-g-PAA polymer decreased all along. This result may be
ttributed to the following facts: during the adsorption–desorption
rocesses, HCl solution was used as the desorbing agent and pro-
onated amino groups in the composite, which may cause the
ecrease of the adsorption capacity of the composite. On the other
and, the sample after desorption need to be dried in an oven (85 ◦C)

or 8 h. Thus, each adsorption–desorption process must go with
n acid-treated process and a heat-treated process, and both the
cid-treated process and the heat-treated process may increase the
dsorption capacity of APT [30]. So, after several times for reuse,
he adsorption capacity of CTS-g-PAA/30%APT composite began to
ncrease slowly.

In addition, during the five-time consecutive adsorption–
esorption processes, the average desorption efficiency of each
TS-g-PAA/APT composite was over 75%, which suggested that the
dsorption of Cu(II) onto CTS-g-PAA/APT composites carried out

ainly by electrostatic attraction. And all of these also further sub-

tantiated the discussion of the effect of pH value on adsorption and
ndicated that CTS-g-PAA/APT composites possessed of the poten-
ial of regeneration and reuse.

ig. 8. Relationship between the time for reuse and the adsorption capacity of CTS-
-PAA polymer and CTS-g-PAA/30%APT composite for Cu(II).
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4. Conclusions

The introduction of APT clay into CTS-g-PAA polymeric network
could reduce the cost of adsorbents and generate a loose and porous
surface, which might improve the adsorption ability of composites
to some extent. The results of the adsorption kinetics and isotherms
showed that the adsorption processes of the composites for Cu(II)
were all better fitted by the pseudo-second order equation and
the Langmuir equation, respectively. The monolayer coverage of
Cu(II) on the surface of the composites was in the ascendant. The
high adsorption capacity and average desorption efficiency dur-
ing the consecutive five-time adsorption–desorption processes of
CTS-g-PAA/APT composites implied that the composites possess the
potential of regeneration and reuse. In conclusion, it can be said
that the composites are quite effective adsorbents for the removal
of Cu(II) from aqueous solution.
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24] E.K. Yetimoğlu, M.V. Kahraman, Ö. Ercan, et al., N-vinylpyrrolidone/acrylic
acid/2-acrylamido-2-methylpropane sulfonic acid based hydrogels: synthesis,
characterization and their application in the removal of heavy metals, React.
Funct. Polym. 67 (2007) 451–460.

25] H. Kagöz, S. Özgümü, M. Orbay, Preparation of modified polyacrylamide hydro-
gels and application in removal of Cu(II) ion, Polymer 42 (2001) 7497–7502.

26] H. Kagöz, S. Özgümü, M. Orbay, Modified polyacrylamide hydrogels and their
application in removal of heavy metal ions, Polymer 44 (2003) 1785–1793.
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