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a b s t r a c t

In this study, chitosan-g-poly(acrylic acid) (CTS-g-PAA) hydrogel with crosslinked polymeric networks
was prepared from an aqueous dispersion polymerization and then used as the adsorbent to recover a
valuable metal, Ni2+. The adsorption capacity of CTS-g-PAA for Ni2+ was evaluated and the adsorption
kinetics was investigated using Voigt-based model and pseudo-second-order model. In addition, the
effects of pH values and coexisting heavy metal ions such as Cu2+ and Pb2+ on the adsorption capacity
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were studied. The results indicate that the as-prepared adsorbent has faster adsorption rate and higher
adsorption capacity for Ni2+ recovery, with the maximum adsorption capacity of 161.80 mg g−1. In a wide
pH range of 3–7, the adsorption capacity keeps almost the same, and even under competitive conditions,
the adsorption capacity of CTS-g-PAA for Ni2+ is observed to be as high as 54.47 mg g−1. Finally, the
adsorption performance of CTS-g-PAA for Ni2+ in real water sample and the reusability of the as-prepared
adsorbent were evaluated, and also the controlled adsorption mechanism was proposed.
echanism

. Introduction

Recently, the demand for nickel in the world market is progres-
ively growing, while primary resources are being depleted. Nickel
s a valuable metal used for the production of austenitic stainless
teel, super alloys, non-ferrous alloys, steel alloys, rechargeable
atteries, and catalysts [1]. No matter how valuable it is, nickel is
bserved to produce a general toxic effect on human organism and
e hazardous to the ecosystem. The inhalation of nickel and its com-
ounds can lead to serious problems, such as nasopharynx, lung and
ermatological diseases, and malignant tumors [2]. From the view-
oints of economical and environmental impacts, the guarantee for
ecovery and enrichment of nickel is rather high [3–5].

The traditional methods used in industry for recovering and
eparating nickel from solution include co-precipitation, solvent
xtraction, ion-exchange, reverse osmosis, electrodialysis, mem-
rane separation, etc. [5–7]. These methods have respective

imitations: difficult to filter, consuming large amounts of organic
olvent, high operation cost, low metal ions retention capacity, and

ong separation time. As an alternative, adsorption or solid-phase
xtraction is considered to be an effective method for the recovery
f valuable Ni2+. It had been reported that Chang et al. used a surface
mprinting technique for selective solid-phase extraction of Ni2+
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E-mail address: aqwang@licp.cas.cn (A. Wang).
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© 2010 Elsevier B.V. All rights reserved.

[8]. Solid-phase extraction is today the most popular method for
pre-concentration and recovery of valuable metals [9–11]. Devel-
opment of novel solid adsorbents for recovery of these valuable
metals from aqueous solution is thus of great importance. An effi-
cient adsorbent material must be a stable and insoluble material
having reactive functional groups such as carboxylates that can be
used as the chelating sites for capture of some valuable metals.

In recent years, polymer materials have attracted much atten-
tion as the adsorbent for recovering or separating metals from
impurities [12,13]. Hydrogel is a three-dimensional network of
hydrophilic polymers crosslinked by chemical or physical interac-
tions [14,15], and can be prepared with different functional groups
such as carboxylic acid, amine, hydroxyl, and sulfonic acid groups.
These groups attached onto the polymeric networks can be tailored
easily for a specific application [16]. Owing to higher adsorption
rate and adsorption capacity, polymer hydrogels can provide many
advantages as a novel type, fast-responsive, and high-capacity
adsorbent materials for the removal of pollutants from aqueous
solution [17–20]. These hydrogels used are generally prepared from
free-radical solution polymerization and the resulting product is
mainly in the gel-form [21,22], which requires more energy to dry
and to smash. In this study, we used chitosan, a biocompatible,

biodegradable and nontoxic natural polymer, as the backbone to
graft poly(acrylic acid), obtaining a granular hydrogel adsorbent
chitosan-g-poly(acrylic acid) (CTS-g-PAA) by an aqueous disper-
sion polymerization. CTS-g-PAA is a crosslinked polymeric hydrogel
that cannot be dissolved in the aqueous solution and organic sol-

dx.doi.org/10.1016/j.aca.2010.12.026
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ents. Due to the presence of a large amount of functional carboxylic
roups, this adsorbent is expected to show higher affinity to Ni2+

ia the chelating interaction between the deprotonated carboxylic
roups and Ni2+ ions. The attached Ni2+ ions can be desorbed from
his adsorbent by a small amount of inorganic acid, obtaining thus
high concentration solution of corresponding Ni2+ ions by which
i2+ can be enriched and recycled.

. Experimental

.1. Instrument and apparatus

FTIR spectra were recorded on a Thermo Nicolet NEXUSTM spec-
rophotometer using KBr pellets in the range of 400–4000 cm−1.
EM studies were carried out in a JSM-5600LV SEM instrument
JEOL, Ltd.) after coating the sample with gold film using an accel-
ration voltage of 20 kV. Ni2+ content was determined using the
imethylglyoxime spectrophotometric method at the wavelength
f 450 nm.

.2. Materials

Acrylic acid (AA, chemically pure, Shanghai Shanpu Chem-
cal Factory, Shanghai, China) was distilled under reduced
ressure before use. Ammonium persulfate (APS, analytical
rade, Sinopharm Chemical Reagent Co., Ltd., Shanghai, China),
,N′-methylene-bisacrylamide (MBA, chemically pure, Shanghai
uanfan additives plant, Shanghai, China), and chitosan (CTS,
eacetylation degree of 0.90, average molecular weight of 3 × 105,
hejiang Yuhuan Ocean Biology Co., Zhejiang, China) were used as
eceived.

A stock standard Ni2+ solution at 1000 mg L−1 was prepared
y dissolving an appropriate amount of analytical grade sulfate
alt in distilled water. The working solutions containing different
oncentrations of Ni2+ were prepared by stepwise dilution of the
tock solution. The pH values were adjusted by addition of 0.1
nd 1.0 mol L−1 NaOH or HCl solution to a designed value (Met-
ler Toledo FE20 pH-meter). Other reagents used were all analytical
rade and all solutions were prepared with distilled water.

.3. Preparation of CTS-g-PAA

The preparation process of CTS-g-PAA is similar to that reported
23] but with a small modification, which is rather simple and more
onvenient for our purpose: 0.5 g CTS was dissolved in a mixing
olution consisted of 3.6 g of AA, 0.1 g of MBA and 45 mL of tap water
n a 250 mL four-neck flask equipped with a stirrer, a condenser,

thermometer and a nitrogen line. After removal of oxygen, this
olution was heated to 60 ◦C gradually while 0.1 g of APS was intro-
uced to initiate CTS to generate macro-radicals. The temperature
as kept at 70 ◦C for 3 h to complete the polymerization reaction,

nd then the resulting granular product was poured into 6.0 mol L−1

aOH solution to pH 7.0 by neutralization. The swollen product was
ehydrated with methanol and dried at 70 ◦C to a constant weight.
ll samples used for adsorption test had a particle size in the range
f 40–80 mesh. The schematic procedure for preparation of CTS-
-PAA and the resulting product were shown in Fig. 1. In order to
xplain the graft reaction, PAA was obtained with the gel-form as
result of the absence of CTS.

.4. Adsorption experiment
In order to determine the adsorption capacity of CTS-g-PAA for
i2+, as well as the effects of contact time, pH value, and coexisting

ons, adsorption experiments were performed by batch equilibrium
echnique. A typical experiment was performed under 120 rpm
Acta 687 (2011) 193–200

with an orbital shaker THZ-98A. The experiments were carried out
in a series of 50 mL conical flasks containing 50 mg of hydrogel
adsorbent and 25 mL of Ni2+ solution. On reaching adsorption equi-
librium the adsorbents were separated by direct filtration and the
final Ni2+ concentrations in the solution were measured.

To evaluate the maximum adsorption capacity, 50 mg of adsor-
bent was equilibrated with Ni2+ solution with different initial
concentration (100–800 mg L−1) for 120 min. After the separa-
tion, the final Ni2+ concentration in the residual solution was
determined. For the adsorption kinetic studies, a series of Ni2+ solu-
tions of 100 mg L−1 or 400 mg L−1 were contacted with 50 mg of
adsorbent with different contact time (1–90 min), separated and
analyzed for residual Ni2+ concentration. The effects of pH were
studied in the pH range of 2–7 at an initial Ni2+ concentration of
100 mg L−1 or 400 mg L−1 and contact time of 30 min, with the ini-
tial pH values being adjusted by adding 0.1 or 1.0 mol L−1 NaOH
and HCl solutions. In addition, the adsorption capacity of CTS-g-
PAA for Ni2+ was determined under the presence of Cu2+ and Pb2+

ions and, the adsorption performance of CTS-g-PAA for Ni2+ in real
water sample was evaluated.

2.5. Constants

The adsorption capacity, the adsorption percentage and desorp-
tion ratio were calculated according to the following equations:

qe = (C0 − Ce)V
m

(1)

R1 = C0 − Ce

C0
(2)

R2 = q

qe
(3)

where qe is the adsorption capacity (mg g−1), q is the desorption
capacity (mg g−1), C0 and Ce are the initial and equilibrium Ni2+

concentration (mg L−1), m is the mass of adsorbent used (mg), V is
the volume of Ni2+ solution (mL), R1 is the adsorption percentage
(%), and R2 is the desorption ratio (%).

2.6. Desorption and regeneration

Desorption studies were performed by dispersing used adsor-
bent into different volume of 1.0 mol L−1 HCl solution (5, 10, 15,
20, 25, and 30 mL) and agitating at 30 ◦C for 60 min. Then, the des-
orbed amount of Ni2+ was obtained. The recovered adsorbent was
treated with 25 mL of NaOH solution at 0.1 mol L−1 to neutralize
and recondition the sample for adsorption in succeeding cycles.

2.7. Enrichment and recovery

A 50 mg of adsorbent was contacted with 50 mL of Ni2+ solu-
tion at 10 mg L−1 and agitated at 30 ◦C for 30 min to reach the
adsorption equilibrium. Then the Ni2+-loaded adsorbent was sep-
arated and contacted again with another 50 mL of Ni2+ solution at
10 mg L−1 to reach the adsorption equilibrium. A similar procedure
was repeated until the adsorption percentage R1 < 95%. Then, the
Ni2+ ions retained on the adsorbent were eluted with 1.0 mol L−1

HCl solution to be recovered.

3. Results and discussion
3.1. Characterization of CTS-g-PAA

Chemical modifications are promising ways to obtain various
utilizations of polysaccharides, such as CTS in this study. Of pos-
sible modifications, graft copolymerization is expected to be quite
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Fig. 1. Schematic preparation of CTS-g-P

romising for developing sophisticated functions. CTS bears two
ypes of reactive groups that can be grafted. First, the free amino
roups on deacetylated units and second, the hydroxyl groups on
he C3 and C6 carbons on acetylated or deacetylated units [24,25].
he graft copolymerization of CTS with vinyl monomers in water in
he presence of APS would give a three-dimensional cross-linked
roduct, and hence enlarge the field of the potential applications of
hem by choosing various types of side chains. As shown in Fig. 1,
general reaction mechanism for the preparation of CTS-g-PAA is
roposed as follows: under the heating, the thermal dissociation
nitiator APS is decomposed to produce a sulfate anion radical. Then,
he resulting anion radical abstracts hydrogen atom from –NH2 or
OH groups present in CTS to form macro-radicals. Afterwards,
hese macro-radicals initiate the grafting reaction of PAA to the

Fig. 2. FTIR spectra of (a) CTS, (b
d the digital photo of resulting product.

backbone of CTS, yielding to a three-dimensional structured graft
copolymer.

Fig. 2 shows the FTIR spectra of CTS, PAA and CTS-g-PAA. The
FTIR spectrum of CTS has strong peak around 3448 cm−1 due to the
stretching vibration of O–H, the extension vibration of N–H, and
inter-molecular hydrogen bonds of the polysaccharide. In addition,
the typical absorption bands of CTS at 1654, 1594 and 1328 cm−1

are assigned to amide I, amide II and amide III, respectively. In the
region of 1000–1200 cm−1, CTS presents a broad absorption band
centered at 1091 cm−1, corresponding to stretching of C–O bond of

secondary –OH. The band of 1034 cm−1 is derived from C–O stretch-
ing of primary –OH. The asymmetric stretching of C–O–C appears at
1155 cm−1 [26]. After the reaction, these characteristic absorption
bands get weaken or masked with other absorption bands, implying

) PAA, and (c) CTS-g-PAA.
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Fig. 3. Scanning electron micrograph

hat reactive functional groups of CTS, such as –NH2 and –OH, have
ook part in the copolymerization reaction. The absorption bands in
he spectrum of CTS-g-PAA at 1713, 1583, 1454 and 1409 cm−1 are
risen from PAA and assigned respectively to stretching C O vibra-
ion, asymmetric –COO− stretching vibration, bending vibration of
–H and symmetric –COO− stretching vibration. The occurrence of
hese bands in CTS-g-PAA spectrum is a powerful evidence of PAA
xistence. From above analysis, it is no doubtful that during the
eaction, PAA has been grafted on the backbone of CTS.

Fig. 3 shows the micrographs of CTS-g-PAA hydrogel. It is clearly
bserved that the as-prepared adsorbent shows a smooth surface
ith some micro-pores interspersed on the surface. This sur-

ace morphology is beneficial for water permeation, making the
i2+ ions be easily accessible to the reactive functional groups
istributed within the polymeric networks, and accordingly, one
an speculate that the adsorption equilibrium would be achieved
uickly.

.2. Adsorption capacity

As shown in Fig. 4, the adsorption capacity increases with
ncreasing the initial Ni2+ concentration. This is attributed to that an

ncrease in Ni2+ concentration can accelerate the diffusion of Ni2+

on into the polymeric networks as a result of an increase in the
riving force of concentration gradient. To obtain the maximum
dsorption capacity, in this study, the Langmuir model was used

ig. 4. The change of adsorption capacity as a function of initial Ni2+ concentra-
ion. Adsorption experiments: C0, 100–800 mg L−1; t, 120 min; adsorption dose,
0 mg/25 mL; natural pH; 30 ◦C/120 rpm.
TS-g-PAA: (a) 1000× and (b) 5000×.

to fit these experimental data. The Langmuir isotherm assumes
that the adsorption occurs at specific homogeneous sites on the
adsorbent and is the most commonly used model for monolayer
adsorption process, as represented by the following equation:

qe = qmbCe

1 + bCe
(4)

where qe is the equilibrium adsorption capacity of Ni2+ on adsor-
bent (mg g−1), Ce is the equilibrium Ni2+ concentration (mg L−1),
qm is the monolayer adsorption capacity of the adsorbent (mg g−1)
and b is the Langmuir adsorption constant (L mg−1). By non-linear
regression of the experimental data, the calculated qm, b and corre-
lation coefficient R is found to be 161.80 mg g−1, 0.2905 L mg−1 and
0.9936, respectively. It can be seen that the adsorption capacity of
CTS-g-PAA for Ni2+ is rather high.

3.3. Adsorption kinetics

Contact time is an important parameter which reflects the
adsorption kinetics of an adsorbent at a given initial adsorbate con-
centration. The effects of contact time on the adsorption capacity
were investigated at an initial Ni2+ concentration of 100 mg L−1 and

−1 2+
400 mg L , as shown in Fig. 5. The adsorption of Ni onto CTS-g-
PAA as a function of contact time illustrated that the adsorption
rate was rapid and the adsorption equilibrium could be achieved
within 30 min. The as-prepared adsorbent CTS-g-PAA has a super-
hydrophilic polymeric networks and a large amount of reactive

Fig. 5. Variation in the adsorption capacity as a function of contact time. Adsorption
experiments: C0, 100 or 400 mg L−1; t, 1–90 min; adsorption dose, 50 mg/25 mL;
natural pH; 30 ◦C/120 rpm.
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Table 1
Estimated adsorption kinetic parameters for Ni2+ adsorption.

C0 (mg L−1) Voigt-based model Pseudo-second-order model

qe, cal (mg g−1) k2 (g mg−1 min−1) h (mg g−1 min−1) R2

50.76 0.01198 30.86 0.9995
169.5 0.001217 34.97 0.9982
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r (min) qe (mg g−1) qe, exp (mg g−1)

100 2.03 46.52 49.86
400 6.89 158.1 161.1

unctional groups, which is responsible for its fast adsorption for
i2+ ions. This rapid adsorption rate is consistent with the expected

esults derived from SEM analysis.
In this study, we used the Voigt-based viscoelastic model to

haracterize the adsorption experimental data, as expressed as fol-
ows:

t = qe(1 − e−t/r) (5)

here qt is the adsorption capacity at any moment (mg g−1), qe is
he equilibrium adsorption capacity (mg g−1), t is the adsorption
ime (min), and r is the adsorption rate parameter (time required
o reach 0.63 of equilibrium adsorption capacity) (min). By fitting
nto the above equation (Table 1), the adsorption rate parame-
er r was calculated to be 2.03 and 6.89 min, respectively, while
he equilibrium adsorption capacity was found to be 46.52 and
58.1 mg g−1, respectively, when the initial Ni2+ concentration was
xed at 100 mg L−1 and 400 mg L−1, respectively. These data give an

ndication that the adsorption of Ni2+ onto the as-prepared adsor-
ent is a rapid adsorption process, though some differences in the
dsorption rate have been observed at different initial Ni2+ concen-
ration.

In order to understand better the adsorption process, the
seudo-second-order equation was also applied to test the adsorp-
ion experimental data:

t

qt
= 1

k2q2
e

+ t

qe
(6)

here qe and qt are the amounts of Ni2+ adsorbed (mg g−1) at
quilibrium and at time t, respectively. k2 is the rate constant
f pseudo-second-order adsorption (g mg−1 min−1), which can be
etermined from the straight-line plot of t/qt against t. The initial
dsorption rate h (mg g−1 min−1) can be obtained using the equa-
ion of h = k2q2

e . These parameters and correlation coefficient R2

ere calculated and listed in Table 1. It is observed that the cor-
elation coefficient R2 for pseudo-second-order kinetic model is
bove 0.99, indicating that the pseudo-second-order kinetic model
an describe well the adsorption experimental data. In addition,
igher initial Ni2+ concentration can provide the higher driving
orce, leading thus a higher initial adsorption rate. From the con-
lusions drawn from studies on adsorption capacity and adsorption
inetics, it is convinced that CTS-g-PAA has high adsorption capac-
ty and fast adsorption rate for Ni2+ recovery, which can be further
learly confirmed from a comparative study, as listed in Table 2.

able 2
omparison of the adsorption capacities of Ni2+ onto different adsorbents.

Adsorbents Max
capa

Bentonite 4
Sodium montmorillonite 10
Clinoptilolite 15
Polyethyleneimine-attached poly(p-chloromethylstyrene) beads 78
Chitosan 86
CTS-g-PAA 161
Fig. 6. Effects of pH on the Ni2+ adsorption capacity. Adsorption experiments: C0,
100 or 400 mg L−1; t, 30 min; adsorption dose, 50 mg/25 mL; pH, 2–7; 30 ◦C/120 rpm.

3.4. pH-dependence

During the adsorption process, the pH value is generally the key
parameter, because it controls not only the surface charge of an
adsorbent, but also the chemical nature of metallic cations. The
effects of pH on the adsorption capacity are shown in Fig. 6. CTS-
g-PAA, used in this study, is an ionic polymer matrix. At lower pH
value, it is observed that the adsorption capacity decreases appre-
ciably. This fact is ascribed to that the reactive functional groups
within the polymeric networks are shown as protonated form,
which can hinder the interaction between the adsorbent and cation.
In addition, non-ionic bonding mechanism (e.g. hydrogen bond-
ing) among carboxylic groups occurs at lower pH value, which is
also responsible for lower metal ion adsorption capacity. With an
increase in pH values, the adsorption capacity increases since the
dissociation of carboxylic groups is favored at higher pH values,
by which ionic bonds form between polymer backbone and metal
ions. Here, it is worthy pointing out that the adsorption capacity
of CTS-g-PAA to Ni2+ keeps almost constant in a wide pH range of
3–7. For other adsorbents reported, the adsorption capacity is gen-
erally pH-dependent [27,29,32]. Beyond pH 7, a precipitate would

be formed immediately. Based on these discussions, the pH of Ni2+

solution should be adjusted in the range between 3 and 7 during
the adsorption process.

imum adsorption
city (mg g−1)

Equilibrium
time (min)

Reference

.32 – [27]

.65 230 [28]

.55 500–1000 [29]

.2 150 [30]

.51 1440 [31]

.8 30 This study
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Fig. 7. Adsorption capacity of CTS-g-PAA for Ni2+ in the presence of Cu2+ and Pb2+.
Adsorption experiments: C0, 100 mg L−1 for each metal ion; t, 60 min; adsorption
dose, 50 mg/25 mL; natural pH; 30 ◦C/120 rpm.

Table 3
Determination results of CTS-g-PAA for Ni2+ recovery in real water sample.

Ni2+ concentration
(mg L−1)

Adsorption
capacity (mg g−1)

Adsorption
percentage (%)

3

N
t
t
c
3
a
i
e
g
a

F
C
D

16.19 7.975 98.72
52.29 25.88 99.17

101.1 50.37 99.44

.5. Competitive adsorption

Some other heavy metals such as Cu2+ and Pb2+ may coexist with
i2+ in industrial wastewater, and thus it is important to investigate

he adsorption capacities of CTS-g-PAA for Ni2+ in the presence of
hese coexisting ions. Under competitive conditions, the adsorption
apacity of CTS-g-PAA for Ni2+, Cu2+ and Pb2+ is 54.47, 53.47 and
5.33 mg g−1, respectively (Fig. 7). Due to the presence of –COOH
nd –COO− groups, the as-prepared adsorbent shows higher affin-

ty towards multivalent metal, but cannot distinguish them from
ach other. Nevertheless, the higher adsorption capacity of CTS-
-PAA for Ni2+ proves its potential to recover valuable Ni2+ from
queous solution.

ig. 8. Desorption ratio as a function of eluent volume. Adsorption experiments:
0, 400 mg L−1; t, 30 min; adsorption dose, 50 mg/25 mL; natural pH; 30 ◦C/120 rpm.
esorption experiments: 30 ◦C/120 rpm/60 min.
Fig. 9. Effect of sample volume on analytical recovery. Adsorption experiments: C0,
10 mg L−1; t, 30 min; adsorption dose, 50 mg; natural pH; 30 ◦C/120 rpm.

To assess the efficacy of the as-prepared adsorbent in real water
body, a natural water sample collected from Taihu Lake in Jiangsu
was used. The basic parameters of water quality were as fol-
lows: ammonium-nitrogen (NH4-N, mg L−1), 0.12; turbidity (NTU),
0.3; COD (mg L−1), 4; pH, 7.68; conductivity (�s cm−1), 597; Cu2+

(mg L−1), 1.8 × 10−3; Pb2+ (mg L−1), 1.0 × 10−4. The concentration
of heavy metal ions was so lower that during the experiment, def-
inite three concentrations of Ni2+ ion were added into the water
sample. The analytical results listed in Table 3 show that in real
water sample, the adsorption percentage approximates 99% for dif-
ferent three-level concentrations of Ni2+ ions, testifying the good
performance of the as-prepared adsorbent for Ni2+ recovery.

3.6. Desorption and reusability

Since the protonation of carboxylate groups under stronger acid
conditions, the interaction between carboxylate and Ni2+ could be

2+
easily weaken and subsequently Ni ions are released from the
adsorbent into the desorbing medium. With 1.0 mol L−1 HCl as the
eluent, the desorption behavior of Ni2+ from CTS-g-PAA was inves-
tigated using different volume of eluent. The results indicated that
the quantitative recoveries (R2 > 95%) of Ni2+ could be obtained

Fig. 10. The amount adsorbed for Ni2+ as a function of adsorption–desorption cycle.
Adsorption experiments: C0, 400 mg L−1; t, 30 min; adsorption dose, 50 mg/25 mL;
natural pH; 30 ◦C/120 rpm. Desorption experiments: 30 ◦C/120 rpm/60 min.
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Fig. 11. FTIR spectra of CTS-g-PAA b

sing 10 mL of 1.0 mol L−1 HCl as the eluent, as shown in Fig. 8.
urther increase in the volume of eluent has no obvious contribu-
ions to the desorption ratio. Afterwards, the enrichment studies
ere performed and the results (Fig. 9) suggested that the maxi-
um sample volume treated was up to 500 mL with R1 of 95% under

he conditions of 50 mg of adsorbent and Ni2+ solution at 10 mg L−1.
he Ni2+ ions adsorbed could be desorbed effectively from the as-
repared adsorbent, by which the Ni2+ ions would be enriched and
ecycled.

Reusing ability of an adsorbent during regeneration process is
n important parameter. Ni2+-loaded adsorbent was eluted with an
cid solution and activated with an alkaline solution as described
n the experimental part and used again for Ni2+ recovery. As dis-
ussions above, the Ni2+ ions adsorbed by the sample could be
esorbed efficiently (R2 > 95%). Though the adsorbed Ni2+ ions can-
ot be desorbed completely from the as-prepared adsorbent, some
dditional adsorption sites can be created during the regenera-
ion process. By a careful comparison of FTIR spectra of CTS-g-PAA
efore and after the regeneration, we have observed that after
he regeneration, the stretching vibration of –COOH groups gets
eakened and the intensities of asymmetric/symmetric vibration

bsorption bands of –COO− groups show a remarkable increase.
ompared with –COOH groups, –COO− groups show higher affin-

ty towards Ni2+ ions. Then, one can speculate that the as-prepared
dsorbent would exhibit an excellent reusability, as shown in
ig. 10. Clearly, by consecutive adsorption–desorption cycles, the
dsorption capacities in the second and third cycle are found to be
igher than that of initial one as a result of an increase in the adsorp-
ion sites during the regeneration process. Similar experimental
henomenon was also observed during the NH4

+ adsorption by our
arlier studies [23]. After the third adsorption–desorption cycle, the
dsorption capacity for Ni2+ shows a little decrease as a result of the
redominant occupancy of some adsorption sites by accumulative
i2+ ions. Nevertheless, the adsorption capacity in the sixth cycle
an reach 83% of the initial one, meaning its excellent reusability.
.7. Adsorption mechanism

A careful study has been performed to compare the infrared
pectra before and after the adsorption for Ni2+ (Fig. 11). The results
ndicate that after the adsorption, the asymmetric vibration absorp-
(a) and after (b) adsorption for Ni2+.

tion of carboxylate group has shifted from 1583 to lower wave
number of 1561 cm−1, while the symmetric vibration absorption
of carboxylate group remains almost the same (1409–1408 cm−1),
which is arisen from the chelating interaction of carboxylate to Ni2+

ion. The formation of coordination bond of carboxylate with met-
als will diminish the charge density on the carboxylate oxygen and
thus decrease the force constant of it [33]. In addition, the weaken
absorption bands of reactive functional groups of CTS cannot be
found after the adsorption for Ni2+, indicating that these resid-
ual reactive functional groups are also involved in the adsorption
process.

4. Conclusions

In this study, the recovery of a valuable metal Ni2+ was real-
ized using CTS-g-PAA as the adsorbent. The as-prepared adsorbent
shows good affinity to Ni2+ ion, with the maximum adsorption
capacity of 161.80 mg g−1. The adsorption equilibrium can be
achieved within 30 min, and the as-prepared adsorbent can be
applied in a wide pH range of 3–7. This adsorbent is observed to
have good adsorption capacity for Ni2+ in the presence of Cu2+ and
Pb2+, and can be easily regenerated with no conspicuous losses
in the adsorption capacity. Chelating interaction between the car-
boxylate groups and Ni2+ is the governing adsorption mechanism.
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