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Abstract: In this paper, a novel method for preparing nanoparticle-polymer hybrid adsorbent
was established. Laponite was dispersed in distilled water to form Laponite nanoparticles.
These nanoparticles were pre-adsorbed by 2-acrylamido-2-methylpropane-sulfonic acid (AMPS)
to improve their dispersion stability in chitosan solution. The nanoparticle-polymer hybrid adsorbent
was prepared by copolymerization of chitosan, acrylamide, acrylic acid, AMPS, and Laponite
nanoparticles. Four adsorbents were obtained and characterized by Fourier transform infrared
spectroscopy (FTIR), scanning electron microscopy (SEM), and Brunauer-Emmett-Teller adsorption
(BET). Additionally, the uptake capacities of Cu2+ using different samples were studied. Compared
to the adsorbent without chitosan and Laponite components, the maximum uptake of the hybrid
adsorbent increased from 0.58 to 1.28 mmol·g−1 and the adsorption equilibrium time of it decreased
from more than 75 min to less than 35 min, which indicated that the addition of chitosan and Laponite
could greatly increase the adsorption rate and capacity of polymer adsorbent. The effects of different
experimental parameters—such as initial pH, temperature, and equilibrium Cu2+ concentration—on
the adsorption capacities were studied. Desorption study indicated that this hybrid adsorbent was
easy to be regenerated.
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1. Introduction

Water pollution of heavy metal ions is now increasingly serious with the development of industry.
Heavy metal ions such as copper, cadmium, chromium, lead, and mercury ions are highly dangerous to
human beings as well as the environment, even at low concentration levels in water. These heavy metal
ions tend to accumulate in the tissues of living organisms, whether in plants or animals, and cause
many problems such as inhibiting natural growth and changes in the structure and function of cells
resulting in disease and even cell death [1–5]. For this reason, the treatment of toxic heavy metal ion
pollution in water has received an extensive concern and become a hot topic in environmental research.
Various methods such as coagulation/precipitation, ion-exchange, adsorption, oxidation/reduction,
electrolysis, solvent extraction, and membrane filtration have been developed to remove heavy metal
ions from contaminated water [6–14]. Among these methods, the adsorption process seems to be the
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most versatile and effective method if combined with appropriate regeneration steps [15–18]. As a
result, different types of modified/unmodified biopolymer-based adsorbents have been fabricated and
used for heavy metal ion removal [19–23]. Although these polymers are inexpensive, environmentally
friendly, non-toxic, and biodegradable in nature, but their high solubility, poor metal-chelation
capability, low surface area, and lack of ionic charges on the polymer surface restrict their extensive
utility as an adsorbent [24,25]. Recent advances in nanoscale science and engineering suggest that
nanostructured materials and particles exhibit good adsorption efficiency and rapid removal properties
especially due to their high surface area and great amount of active sites for interaction with heavy
metal ions [26–28].

Laponite, a synthetic clay, has alumina silicate mineral layers with negative charges that make
for an excellent cationic adsorption property due to its significant surface area [29,30]. The individual
particles of Laponite are exfoliated in aqueous solution and the size of a single Laponite crystal is
roughly 25 nm in diameter and 0.92 nm thick [31,32]. However, due to their sensitivity to ions, Laponite
nanoparticles tend to cause aggregation and gelation in an ionic environment. To avoid its dispersion
problem, Laponite can be pre-adsorbed by 2-acrylamido-2-methylpropanesulfonic acid (AMPS) before
further mixture with ionic chemicals [33]. Chitosan is usually derived from the deacetylation of chitin
from the shells of shrimp, crab, and other arthropods and has been widely used in pharmaceutical
industries for drug delivery [34,35]. Chitosan is a polycationic polymer consisting of D-glucosamine
and N-acetyl-D-glucosamine, so it is a multifunctional polymer that has primary and secondary
hydroxyl groups, as well as highly reactive amino groups. It is regarded as a useful starting support
for adsorption purposes [36,37]. Until now, chitosan-based adsorbents have been used in the removal
of copper, lead, cadmium, and mercury ions from aqueous solution [38–40].

In this paper, we established a novel chitosan and Laponite-based nanoparticle-polymer hybrid
adsorbent. In this adsorbent, there are a lot of functional groups such as –COO−, –NH2, –OH, –CONH2,
and –SO3

−, which is conducive to adsorption. Moreover, the nanocomposite structure also improves
the adsorption rate and efficiency. As a result, the adsorption kinetics and efficiency of this adsorbent
on the removal of Cu2+ was studied.

2. Materials and Methods

2.1. Materials

Chitosan, which has, when measured by viscometry, a molecular weight of 2.4 × 105 g·mol−1 and
an 85% degree of deacetylation, was supplied by Haidebei Marine Bioengineering Co. (Jinan, China),
refined twice by dissolution in a 0.1 mol·L−1 HCl solution, filtered, precipitated with ethanol,
and finally dried in vacuo at 50 ◦C for 48 h. Laponite XLG (Mg5.34Li0.66Si8O20(OH)4Na0.66)
was provided by Rockwood (Wesel, Germany). Acrylamide (AM, 98%), acrylic acid (AA, 98%),
2-acrylamido-2-methylpropanesulfonic acid (AMPS, 98%), potassium persulfate (KPS, 99%) and
N,N′-methylenebisacrylamide (MBA, 98%) were purchased from Sinopharm Chemical Reagent Co.
Ltd. (Shanghai, China). Other chemicals were analytical reagents and used as received.

2.2. Preparation of Adsorbent

Chitosan was dissolved in 2 wt % AA solution in order to obtain a concentration of 5 wt %.
Laponite XLG was dispersed in deionized water under ultrasonication for 30 min and the concentration
is 2 wt %. A certain amount of AMPS was added into the Laponite dispersion and a uniform dispersion
was obtained under stirring for 2 h. Other chemicals including AM, chitosan, AA, and MBA were
added. After stirring for 3 h, 10 g of KPS solution (0.5 wt %) was added into the monomer system and
the polymerization was performed at 70 ◦C in a nitrogen atmosphere. The product was dried in vacuo
at 65 ◦C for 48 h and sieved to obtain particles between 40 mesh and 20 mesh.
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2.3. Characterization

FTIR was carried out on a Tensor 27 spectrometer (Bruker, Switzerland) with sample prepared as
KBr pellets. The spectra were acquired in the frequency range 4000–400 cm−1 at a resolution of 4 cm−1

with a total of 16 scans.
The morphologies of the surfaces of dried S-2 and S-4 samples were observed with a scanning

electron microscope (JSM-7600F, JEOL, Tokyo, Japan) coupled with an EDS (Energy Dispersive
X-ray spectroscopy) system. The surfaces of samples were coated with a thin layer of gold before
SEM examinations.

The pore surface area of four samples was determined using a specific surface area and pore
analyzer (NOVA 3200e, Quantachrome, Boynton Beach, FL, USA). Prior to adsorption at 77 K, samples
were degassed for 24 h. The specific surface area was calculated by the Brunauer-Emmett-Teller
equation. The total pore volume was obtained from the amount of nitrogen adsorbed at a relative
pressure of about 0.99. The pore size distribution was derived from the desorption isotherms on
the basis of the Barrett-Joyner-Halenda (BJH) method. The average pore size D (nm) of sample was
determined by the following equation:

D = 4Vtotal/ABET (1)

where ABET (m2·g−1) is the specific surface area, Vtotal (cm3·g−1) is the total pore volume.

2.4. Adsorption Experiments

The removal of Cu2+ onto adsorbent was carried out by batch method and the influence of contact
time, initial pH, temperature, and equilibrium Cu2+ concentration were studied. For each experimental
run, 100 mL of Cu2+ solution of known concentration was taken in a 250 mL stoppered reagent bottle.
The solution was stirred by a magnetic stirrer continuously during the adsorption experiment. About
20 mg of adsorbent was used in all experiments. The Cu2+ uptake q (mmol·g−1) was determined by
the following equation:

q =
(C0 − Ct)×V

m
(2)

where C0 and Ct are the initial and final Cu2+ concentrations (mmol·L−1), respectively; V is the volume
of solution (L), and m is the mass (g) of adsorbent used. The Cu2+ concentration of solution was
determined by atomic adsorption spectrophotometer (Varian Spectra HP 3510, Santa Clara, CA, USA).

2.5. Desorption Experiments

After being immersed into Cu2+ solution (1 mmol·L−1, pH 5.3) for 5 h, the adsorbent was taken
out from the Cu2+ solution. The adsorbed Cu2+ was removed by stirring the adsorbent in 10 mL of HCl
(0.1 mol·L−1) solution for 30 min. After thorough washing, they were reused for the next new Cu2+

solution (100 mL, 1 mmol·L−1). The adsorption-desorption test of hybrid adsorbent was repeated 10
consecutive times.

2.6. Model to Experimental Data

For adsorption kinetics study, two models—pseudo-first-order and pseudo-second-order—were
employed to analyze the experimental data.

The pseudo-first-order model is described as [2]:

qt = qe − qee−K1t, (3)

where K1 is the pseudo-first-order rate constant (min−1); qe and qt are the metal ion uptake (mmol·g−1)
at equilibrium and at time t, respectively.
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The pseudo-second-order model is described as [2]:

t
qt

=
1

K2q2
e
+

(
1
qe

)
t (4)

where K2 is the pseudo-second-order rate constant (g·mmol−1·min−1).
For adsorption isotherm study, two models—Langmuir and Freundlich—were employed to

analyze the experimental data.
The Langmuir isotherm equation is given below [2]:

qe =
bqmaxCe

1 + bCe
, (5)

where Ce is the concentration of heavy metal ion solution at equilibrium (mg·L−1); qmax signifies the
adsorption capacity (mg·g−1) and b is related to the energy of adsorption.

The Freundlich isotherm equation is given below [2]:

qe = K f Cn
e (6)

where Kf (mg·g−1) represents adsorption capacity and n is related to adsorption intensity.

3. Results and Discussion

3.1. Preparation and Characterization of Adsorbents

3.1.1. Effects of AMPS and Chitosan Concentrations on the Dispersion Property of Laponite

Chitosan is only soluble in diluted mineral and organic acids, except for sulfuric acid because
of the protonation of its amine groups. However, Laponite nanoparticles will aggregate in acidic or
polymer solution. As a result, in order to improve the dispersion property of Laponite nanoparticles
in acidic chitosan solution, they can be adsorbed by AMPS molecules before AA and acidic chitosan
solution are added into the system. The AMPS concentration has a great influence on the dispersion
property of Laponite nanoparticles as shown in Figure 1. When the AMPS concentration is less than
1.5 wt %, obvious flocculation phenomena are observed. When the AMPS concentration is more than
2.0 wt %, the bottom layer flocculate disappears and a uniform system is obtained. The absorbance
values of different dispersion systems were measured as shown in Figure 2. It is indicated that,
when the AMPS concentration is 2.5 wt %, Laponite can disperse as nanoscale particles in a broad
concentration range of chitosan (from 0 to 1.5 wt %). In our experiment, four samples with different
ratios of chitosan/Laponite/monomers—named S-1, S-2, S-3, and S-4—were prepared as presented in
Table 1. S-1 is free of Laponite and chitosan, S-2 is free of Laponite and S-3 is free of chitosan. For S-3
and S-4, the concentrations of AMPS and chitosan are suitable for the favorable dispersion property of
Laponite nanoparticles.

Table 1. The feeding composition of four samples.

Sample AM
(g)

AA
(g)

AMPS
(g)

MBA
(g)

H2O
(g)

Laponite
(g)

Chitosan
(g)

KPS
(g)

Yield
(%)

S-1 5.0 2.5 2.5 0.03 90.0 0 0 0.05 96.9
S-2 5.0 2.5 2.5 0.03 90.0 0 0.5 0.05 96.3
S-3 5.0 2.5 2.5 0.03 90.0 0.5 0 0.05 98.1
S-4 5.0 2.5 2.5 0.03 90.0 0.5 0.5 0.05 98.6
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Figure 1. Effect of AMPS concentration on the dispersion property of Laponite in chitosan solution. 
Concentrations: Laponite 0.5 wt %; chitosan 1 wt %; AA 0.4 wt %; AMPS (1) 0 wt %; (2) 0.5 wt %; (3) 1 
wt %; (4) 1.5 wt %; (5) 2 wt %; (6) 2.5 wt %. 

 
Figure 2. Effects of AMPS concentration (a) and chitosan concentration (b) on the absorbance value 
of Laponite dispersion system at 680 nm. Concentrations: (a) Laponite 0.5 wt %, chitosan 1 wt %, AA 
0.4 wt %; (b) Laponite 0.5 wt %, AMPS 2.5 wt %, AA 0.4 wt %. 

3.1.2. FTIR Analysis of Four Samples 

The structures of S-1, S-2, S-3, and S-4 were evaluated by FTIR as shown in Figure 3. The 
presence of chitosan component in S-2 and S-4 is indicated by the peak at 1109 cm−1, which is 
classically assigned to the polysaccharide molecule backbone vibrations, and the peaks at 519 and 
455 cm−1 for S-3 and S-4 are assigned to the absorption band of Si-O in Laponite. The peaks around 
1600 cm−1 are assigned to the absorption band of the carbonyl groups of AM, AMPS, or chitosan. 
Moreover, carbonyl groups of carboxylic acids usually absorb at a high wavenumber (1800–1650 
cm−1) if they are present in an acidic form. The appearing in the spectrum of four samples at 1728 
cm−1 within this spectral region is consistent with the preparation (acidic conditions). The broad 
peaks around 3500 cm−1 of four samples can be related to the absorption band of O–H or N–H from 
different functional groups. 

  
Figure 3. FTIR spectra of S-1, S-2, S-3, and S-4. 

Figure 1. Effect of AMPS concentration on the dispersion property of Laponite in chitosan solution.
Concentrations: Laponite 0.5 wt %; chitosan 1 wt %; AA 0.4 wt %; AMPS (1) 0 wt %; (2) 0.5 wt %;
(3) 1 wt %; (4) 1.5 wt %; (5) 2 wt %; (6) 2.5 wt %.
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Figure 2. Effects of AMPS concentration (a) and chitosan concentration (b) on the absorbance value
of Laponite dispersion system at 680 nm. Concentrations: (a) Laponite 0.5 wt %, chitosan 1 wt %,
AA 0.4 wt %; (b) Laponite 0.5 wt %, AMPS 2.5 wt %, AA 0.4 wt %.

3.1.2. FTIR Analysis of Four Samples

The structures of S-1, S-2, S-3, and S-4 were evaluated by FTIR as shown in Figure 3. The presence
of chitosan component in S-2 and S-4 is indicated by the peak at 1109 cm−1, which is classically
assigned to the polysaccharide molecule backbone vibrations, and the peaks at 519 and 455 cm−1 for
S-3 and S-4 are assigned to the absorption band of Si-O in Laponite. The peaks around 1600 cm−1 are
assigned to the absorption band of the carbonyl groups of AM, AMPS, or chitosan. Moreover, carbonyl
groups of carboxylic acids usually absorb at a high wavenumber (1800–1650 cm−1) if they are present
in an acidic form. The appearing in the spectrum of four samples at 1728 cm−1 within this spectral
region is consistent with the preparation (acidic conditions). The broad peaks around 3500 cm−1 of
four samples can be related to the absorption band of O–H or N–H from different functional groups.

Polymers 2016, 9, 5 5 of 14 

 

 
Figure 1. Effect of AMPS concentration on the dispersion property of Laponite in chitosan solution. 
Concentrations: Laponite 0.5 wt %; chitosan 1 wt %; AA 0.4 wt %; AMPS (1) 0 wt %; (2) 0.5 wt %; (3) 1 
wt %; (4) 1.5 wt %; (5) 2 wt %; (6) 2.5 wt %. 

 
Figure 2. Effects of AMPS concentration (a) and chitosan concentration (b) on the absorbance value 
of Laponite dispersion system at 680 nm. Concentrations: (a) Laponite 0.5 wt %, chitosan 1 wt %, AA 
0.4 wt %; (b) Laponite 0.5 wt %, AMPS 2.5 wt %, AA 0.4 wt %. 

3.1.2. FTIR Analysis of Four Samples 

The structures of S-1, S-2, S-3, and S-4 were evaluated by FTIR as shown in Figure 3. The 
presence of chitosan component in S-2 and S-4 is indicated by the peak at 1109 cm−1, which is 
classically assigned to the polysaccharide molecule backbone vibrations, and the peaks at 519 and 
455 cm−1 for S-3 and S-4 are assigned to the absorption band of Si-O in Laponite. The peaks around 
1600 cm−1 are assigned to the absorption band of the carbonyl groups of AM, AMPS, or chitosan. 
Moreover, carbonyl groups of carboxylic acids usually absorb at a high wavenumber (1800–1650 
cm−1) if they are present in an acidic form. The appearing in the spectrum of four samples at 1728 
cm−1 within this spectral region is consistent with the preparation (acidic conditions). The broad 
peaks around 3500 cm−1 of four samples can be related to the absorption band of O–H or N–H from 
different functional groups. 

  
Figure 3. FTIR spectra of S-1, S-2, S-3, and S-4. Figure 3. FTIR spectra of S-1, S-2, S-3, and S-4.



Polymers 2017, 9, 5 6 of 14

3.1.3. SEM Analysis of Four Samples

The surface morphologies of S-2 and S-4 were observed with SEM as shown in Figure 4. S-2 shows
a corrugated surface, and S-4 represents a more uneven surface. Moreover, there are many micropores
and small aggregates on the surface of S-4, which might be convenient for the penetration of metal
ions into the network and thus enhance its adsorption ability. The irregular granular structures with
the size of 50–200 nm might be formed by the aggregation of Laponite nanoparticles. The element
component on the surface of S-4 was obtained from EDS analysis. Two points were measured and
the result was shown in Table 2. In these two points, the high atomic percentages of carbon, nitrogen,
oxygen, and sulfur elements represent the high content of polymer components. Moreover, these are
both low atomic percentages of magnesium and silicon elements in these two points, which indicates
the component of Laponite in the sample.
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Table 2. The element components of S-4 surface for EDS analysis.

Element Atomic % Atomic %

C 55.30 56.04
N 11.63 11.55
O 29.91 28.42
S 1.72 1.98

Mg 0.61 0.85
Si 0.83 1.16

Total 100.00 100.00

3.1.4. BET Analysis of Four Samples

The incorporation of Laponite nanoparticles within the polymer matrix was expected to improve
its surface properties, such as its surface area and pore diameter. Therefore, the structural differences in
these four samples were studied via BET analysis and the results are shown in Table 3, Figures 5 and 6.
For S-2, the BET surface area and pore volume are 1.19 m2·g−1 and 0.00195 cm3·g−1, respectively.
However, after nanocomposite formation with Laponite particles, the surface area and pore volume
for S-4 are 44.69 m2·g−1 and 0.07715 cm3·g−1, respectively. From the result of pore size distribution
analysis as shown in Figure 6, it is indicated that the main population of pores occurred at about 1 nm
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and 8 nm, and the pore size distribution between 1 and 14 nm appears to be continuous. Herein, the
in situ incorporation of Laponite nanoparticles onto the polymer matrix enhances the surface area,
average pore diameter, and total pore volume. This experimental result reflects that the interfacial
interaction between the polymer and nano filler significantly affects the pore structure of the hybrid
composite material. Similar changes in the surface properties of polymers after the incorporation of
nanoparticles have also been reported [41,42].

Table 3. Structural characteristics of four samples.

Sample ABET (m2·g−1) V total (cm3·g−1) D (nm)

S-1 1.89 0.00249 5.27
S-2 1.19 0.00195 6.55
S-3 52.86 0.09350 7.08
S-4 44.69 0.07715 6.90
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3.2. Adsorption Studies

3.2.1. Adsorption Kinetics

The removal capacities of four adsorbents for Cu2+ as a function of time were studies as shown in
Figure 7. The removal of Cu2+ occurs in the order of S-4 (1.28 mmol·g−1) > S-3 (0.96 mmol·g−1) > S-2
(0.71 mmol·g−1) > S-1 (0.58 mmol·g−1). From the results, it is indicated that this hybrid adsorbent has
a good performance for Cu2+ removal. It is also indicated that the addition of chitosan and Laponite
could greatly increase the adsorption capacity of adsorbent. Additionally, these adsorbents containing
a Laponite component (S-3 and S-4) possess the advantage of quick adsorption. It takes less than
35 min for S-3 and S-4 until an equilibrium adsorption state is reached. However, the time is more
than 75 min for S-1 and S-2.

Adsorption kinetics is an important step for the understanding of adsorption mechanisms and
evaluation of adsorbent performance. Pseudo-first-order and pseudo-second-order kinetics models
are two widely used models to analyze the solid-liquid adsorption. A very high correlation between
experimental data and two kinetics models (R2 > 0.988) are obtained as shown in Table 4. The numerical
result of K1 (pseudo-first-order model) is in the order of S-3 (0.113) > S-4 (0.057) > S-1 (0.040) > S-2 (0.028),
and it was in the order of S-3 (0.523) > S-4 (0.121) > S-1 (0.087) > S-2 (0.042) for K2 (pseudo-second-order
model). Thus it can be seen that Laponite nanoparticles obviously improve the adsorption rate of
these adsorbents.

Polymers 2016, 9, 5 8 of 14 

 

3.2.1. Adsorption Kinetics 

The removal capacities of four adsorbents for Cu2+ as a function of time were studies as shown 
in Figure 7. The removal of Cu2+ occurs in the order of S-4 (1.28 mmol·g−1) > S-3 (0.96 mmol·g−1) > S-2 
(0.71 mmol·g−1) > S-1 (0.58 mmol·g−1). From the results, it is indicated that this hybrid adsorbent has 
a good performance for Cu2+ removal. It is also indicated that the addition of chitosan and Laponite 
could greatly increase the adsorption capacity of adsorbent. Additionally, these adsorbents 
containing a Laponite component (S-3 and S-4) possess the advantage of quick adsorption. It takes 
less than 35 min for S-3 and S-4 until an equilibrium adsorption state is reached. However, the time 
is more than 75 min for S-1 and S-2. 

Adsorption kinetics is an important step for the understanding of adsorption mechanisms and 
evaluation of adsorbent performance. Pseudo-first-order and pseudo-second-order kinetics models 
are two widely used models to analyze the solid-liquid adsorption. A very high correlation between 
experimental data and two kinetics models (R2 > 0.988) are obtained as shown in Table 4. The 
numerical result of K1 (pseudo-first-order model) is in the order of S-3 (0.113) > S-4 (0.057) > S-1 
(0.040) > S-2 (0.028), and it was in the order of S-3 (0.523) > S-4 (0.121) > S-1 (0.087) > S-2 (0.042) for K2 
(pseudo-second-order model). Thus it can be seen that Laponite nanoparticles obviously improve 
the adsorption rate of these adsorbents. 

 
Figure 7. Adsorption kinetics of Cu2+ by different adsorbents (30 °C; pH 5.3; initial Cu2+ concentration 
1 mmol·L−1). 

Table 4. Adsorption kinetics constants for Cu2+ adsorbed by different adsorbents. 

Model Coefficient S-1 S-2 S-3 S-4 

Pseudo-first 
K1 0.040 0.028 0.113 0.057 
qe 0.57 0.72 0.97 1.31 
R2 0.9985 0.9967 0.9970 0.9886 

Pseudo-second 
K2 0.087 0.042 0.523 0.121 
qe 0.62 0.81 0.98 1.34 
R2 0.9970 0.9886 0.9991 0.9953 

3.2.2. Effect of pH 

The solution pH is an important parameter influencing the adsorption process at the 
water-sorbent interface. To determine the optimum pH for the maximum removal of Cu2+ by four 
samples, the equilibrium adsorption of Cu2+ was investigated over a pH range of 1.8–5.3 as shown 
in Figure 8. At low initial pH, the adsorption capacities for all adsorbents are insignificant and 
when it increases from 1.8 to 4.3, sharp increases of adsorption capacities are observed. This might 
be mainly due to the dissociation of functional groups in polymer and the charge change on the 

Figure 7. Adsorption kinetics of Cu2+ by different adsorbents (30 ◦C; pH 5.3; initial Cu2+ concentration
1 mmol·L−1).

Table 4. Adsorption kinetics constants for Cu2+ adsorbed by different adsorbents.

Model Coefficient S-1 S-2 S-3 S-4

Pseudo-first
K1 0.040 0.028 0.113 0.057
qe 0.57 0.72 0.97 1.31
R2 0.9985 0.9967 0.9970 0.9886

Pseudo-second
K2 0.087 0.042 0.523 0.121
qe 0.62 0.81 0.98 1.34
R2 0.9970 0.9886 0.9991 0.9953

3.2.2. Effect of pH

The solution pH is an important parameter influencing the adsorption process at the water-sorbent
interface. To determine the optimum pH for the maximum removal of Cu2+ by four samples, the
equilibrium adsorption of Cu2+ was investigated over a pH range of 1.8–5.3 as shown in Figure 8.
At low initial pH, the adsorption capacities for all adsorbents are insignificant and when it increases
from 1.8 to 4.3, sharp increases of adsorption capacities are observed. This might be mainly due
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to the dissociation of functional groups in polymer and the charge change on the Laponite surface.
Previous research has shown that, at low pH values, the concentration of H+ can alter the speciation of
some active functionalities such as carboxylate and amine, protonating them to carboxylic acid and
ammonium, which reduces the adsorption [1,27,31]. When initial pH increases from 4.3 to 5.3, there
are no remarkable differences in the adsorption capacities for S-1 and S-2. However, for S-3 and S-4,
especially for S-4, the adsorption capacity increases obviously when the pH increases from 4.3 to 5.3.
Due to hydroxyl groups, oxygen atoms and negative charges on the Laponite surface, there is
interaction between Laponite nanoparticles and other components. The pH change might affect
this interaction and Laponite nanoparticles might be sensitive to pH.

In the adsorption test, pH change was observed as shown in Figure 9. When the pH value is 1.8
or 3.3, it changes a little in the whole adsorption test. When the pH value is 5.3, it decreases a lot in the
beginning stage of adsorption. After 20 min, the pH value obtains a balanced value (4.68). The pH
change might be due to the dissociation of ionic functional groups and ion exchange. In addition, the
decrease of pH might affect the actual adsorption capacity of this material.
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3.2.3. Effect of Temperature

The temperature has two major effects on the adsorption process. Temperature dependence of the
adsorption system dictates the adsorption as endothermic or exothermic. Increasing the temperature
is recognized to increase the rate of diffusion of the adsorbate, owing to the decrease in the viscosity
of the solution [43,44]. In this experiment, the temperature was set at 20–50 ◦C according to the
usual temperature regime in wastewater treatment. As shown in Figure 10, slight increase in the
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adsorption efficiency was observed for S-3 and S-4 upon increasing the temperature from 20 to 30 ◦C.
Further temperature increases led to minor decreases in the adsorption capacity. The adsorption
capacity for S-1 and S-2 decreased all the way from 20 to 60 ◦C. An increase in temperature may
facilitate the transfer of metal ions from aqueous solution into adsorbent, however, higher temperature
may also induce a desorption process of metal ions [1].
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3.2.4. Adsorption Isotherm

In the adsorption process, the distribution of solute between the solid and liquid phase
and measurement of the distribution coefficient can be studied by utilizing various adsorption
isotherms [25]. In order to disclose the nature of the interaction between the adsorbent and adsorbate
molecules, the Langmuir and Freundlich isotherm models were employed to fit the Cu2+ removal
process by four samples as shown in Figure 11 and Table 5.
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Table 5. Adsorption isotherm constants for Cu2+ adsorbed by different adsorbents.

Model Coefficient S-1 S-2 S-3 S-4

Langmuir
qmax 66.16 74.82 88.85 122.76

b 0.023 0.027 0.042 0.040
R2 0.9936 0.9947 0.9874 0.9892

Freundlich
Kf 5.99 8.22 14.91 18.88
n 0.44 0.41 0.34 0.36

R2 0.9741 0.9709 0.9359 0.9614

Langmuir isotherm describes the formation of a monolayer adsorption with physical interaction.
The basic theory for it is that all the adsorption sites on the adsorbent surface are homogeneous,
having equal affinity to the adsorbate molecules [45]. Freundlich isotherm is normally used to describe
multilayer adsorption occurring on the heterogeneous surface of adsorbents. The basic theory for it
is that the distribution of adsorption sites on the adsorbent surface are heterogeneous, the stronger
adsorption sites are occupied first, and with an increase in the coverage of adsorbent surface, the affinity
of adsorbent to adsorb decreases [46]. In the present study, according to the correlation coefficient,
it could be concluded that the Langmuir model provided a better fit than Freundlich model to the
adsorption process for all four adsorbents. This suggests that adsorption occurs on the structurally
homogeneous surface of adsorbent with identical binding sites. The parameter of n from Freundlich
model for S-3 and S-4 is smaller than that for S-1 and S-2, reflecting the extent of the bond strength
between adsorbate and adsorbent due to the addition of Laponite in the adsorbent [1].

3.3. Desorption Studies

Reusability is a very important requirement for adsorbent, which will reduce the material-cost
significantly in practical application. To evaluate the property of regeneration of nanocomposite
adsorbent, various regents—such as HCl, EDTA, KCl, and CaCl2—were tested as eluents for S-4
as shown in Figure 12a. Cu2+ desorption is almost complete (desorption percentage, 97.3%) when
the loaded adsorbent was treated with 0.1 mol·L−1 HCl, but when it is treated with 0.1 mol·L−1

KCl, the desorption percentage was only 39.8%. Thus, HCl was selected for the regeneration of S-4.
As shown in Figure 12b, there is a small loss of adsorption capacity after the first reuse cycle. However,
the adsorption capacities do not show any significant decrease after the second reuse cycle. As the
reusability experiments were conducted in sequence for 10 runs, the equilibrium adsorption capacity
decreases from 1.28 mmol·g−1 to 1.19 mmol·g−1, an excellent adsorption capacity, which is 93.0% of
the initial adsorption capacity.
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4. Conclusions

Novel chitosan and Laponite-based nanoparticle-polymer hybrid material was prepared and
it was demonstrated to be a rapid and effective adsorbent for the removal of Cu2+ from aqueous
solution. Herein, the addition of chitosan and AMPS-stabilized Laponite nanoparticles into adsorbent
is essential for the improvement of adsorption rate and capacity. Additionally, excellent regenerative
efficacy of the hybrid adsorbent was obtained after soaking in 0.1 mol·L−1 HCl solution for 30 min,
which will improve the economic benefit of the process.

Acknowledgments: The authors are grateful for financial support from the National Natural Science Foundation
of China (51203187), Shandong Provincial Natural Science Foundation (ZR2011BL023), the Open Fund of
State Key Laboratory of Offshore Oil Exploitation (CCL2015RCPS0222RNN), Undergraduate Innovation and
Entrepreneurship Training Program (20161036), the Program for Changjiang Scholars and Innovative Research
Team in University (IRT_14R58).

Author Contributions: All authors contributed to this study. Jie Cao and Mingbo Sun conceived the experiments
and wrote the paper; Han Cao and Yuejun Zhu prepared and characterized the adsorbent materials; Dingwei Qian
and Guodong Chen performed adsorption and desorption experiments; Shanshan Wang and Weian Huang
contributed to the results analysis. All authors participated in the discussion and commented on the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Phetphaisit, C.W.; Yuanyang, S.; Chaiyasith, W.C. Polyacrylamido-2-methyl-1-propane sulfonic
acid-grafted-natural rubber as bio-adsorbent for heavy metal removal from aqueous standard solution
and industrial wastewater. J. Hazard. Mater. 2016, 301, 163–171. [CrossRef] [PubMed]

2. Cao, J.; Tan, Y.; Che, Y.; Xin, H. Novel complex gel beads composed of hydrolyzed polyacrylamide and
chitosan: An effective adsorbent for the removal of heavy metal from aqueous solution. Bioresour. Technol.
2010, 101, 2558–2561. [CrossRef] [PubMed]

3. Guo, Z.; Fan, J.; Zhang, J.; Kang, Y.; Liu, H.; Jiang, L.; Zhang, C. Sorption heavy metal ions by activated
carbons with well-developed microporosity and amino groups derived from Phragmites australis by
ammonium phosphates activation. J. Taiwan Inst. Chem. Eng. 2016, 58, 290–296. [CrossRef]

4. Ge, F.; Li, M.-M.; Ye, H.; Zhao, B.-X. Effective removal of heavy metal ions Cd2+, Zn2+, Pb2+, Cu2+ from
aqueous solution by polymer-modified magnetic nanoparticles. J. Hazard. Mater. 2012, 211, 366–372.
[CrossRef] [PubMed]

5. Park, H.G.; Chae, M.Y. Novel type of alginate gel-based adsorbents for heavy metal removal. J. Chem.
Technol. Biotechnol. 2004, 79, 1080–1083. [CrossRef]

6. Kuang, W.; Tan, Y.B.; Fu, L.H. Adsorption kinetics and adsorption isotherm studies of chromium from
aqueous solutions by HPAM-chitosan gel beads. Desalin. Water Treat. 2012, 45, 222–228. [CrossRef]

7. Nguyen, T.A.H.; Ngo, H.H.; Guo, W.S.; Zhang, J.; Liang, S.; Yue, Q.Y.; Li, Q.; Nguyen, T.V. Applicability
of agricultural waste and by-products for adsorptive removal of heavy metals from wastewater.
Bioresour. Technol. 2013, 148, 574–585. [CrossRef] [PubMed]

8. Li, Y.; Yue, Q.; Gao, B. Adsorption kinetics and desorption of Cu(II) and Zn(II) from aqueous solution onto
humic acid. J. Hazard. Mater. 2010, 178, 455–461. [CrossRef] [PubMed]

9. Niu, Y.; Ying, D.; Li, K.; Wang, Y.; Jia, J. Fast removal of copper ions from aqueous solution using an
eco–friendly fibrous adsorbent. Chemosphere 2016, 161, 501–509. [CrossRef] [PubMed]

10. Kwon, O.-H.; Kim, J.-O.; Cho, D.-W.; Kumar, R.; Baek, S.H.; Kurade, M.B.; Jeon, B.-H. Adsorption of As(III),
As(V) and Cu(II) on zirconium oxide immobilized alginate beads in aqueous phase. Chemosphere 2016, 160,
126–133. [CrossRef] [PubMed]

11. Kurniawan, T.A.; Chan, G.Y.S.; Lo, W.-H.; Babel, S. Physico–chemical treatment techniques for wastewater
laden with heavy metals. Chem. Eng. J. 2006, 118, 83–98. [CrossRef]

12. Bessbousse, H.; Rhlalou, T.; Verchère, J.F.; Lebrun, L. Removal of heavy metal ions from aqueous solutions
by filtration with a novel complexing membrane containing poly(ethyleneimine) in a poly(vinyl alcohol)
matrix. J. Membr. Sci. 2008, 307, 249–259. [CrossRef]

http://dx.doi.org/10.1016/j.jhazmat.2015.08.056
http://www.ncbi.nlm.nih.gov/pubmed/26348149
http://dx.doi.org/10.1016/j.biortech.2009.10.069
http://www.ncbi.nlm.nih.gov/pubmed/19939679
http://dx.doi.org/10.1016/j.jtice.2015.05.041
http://dx.doi.org/10.1016/j.jhazmat.2011.12.013
http://www.ncbi.nlm.nih.gov/pubmed/22209322
http://dx.doi.org/10.1002/jctb.1080
http://dx.doi.org/10.1080/19443994.2012.692061
http://dx.doi.org/10.1016/j.biortech.2013.08.124
http://www.ncbi.nlm.nih.gov/pubmed/24045220
http://dx.doi.org/10.1016/j.jhazmat.2010.01.103
http://www.ncbi.nlm.nih.gov/pubmed/20149528
http://dx.doi.org/10.1016/j.chemosphere.2016.07.017
http://www.ncbi.nlm.nih.gov/pubmed/27470942
http://dx.doi.org/10.1016/j.chemosphere.2016.06.074
http://www.ncbi.nlm.nih.gov/pubmed/27372261
http://dx.doi.org/10.1016/j.cej.2006.01.015
http://dx.doi.org/10.1016/j.memsci.2007.09.027


Polymers 2017, 9, 5 13 of 14

13. Sakai, H.; Matsuoka, S.; Zinchenko, A.A.; Murata, S. Removal of heavy metal ions from aqueous solutions
by complexation with DNA and precipitation with cationic surfactant. Colloids Surf. A Physicochem. Eng. Asp.
2009, 347, 210–214. [CrossRef]

14. Zahri, N.A.M.; Jamil, S.; Abdullah, L.C.; Yaw, T.C.S.; Mobarekeh, M.N.; Huey, S.J.; Rapeia, N.S.M. Improved
method for preparation of amidoxime modified poly(acrylonitrile-co-acrylic acid): Characterizations and
adsorption case study. Polymers 2015, 7, 1205–1220. [CrossRef]

15. Lin, L.; Xu, X.; Papelis, C.; Cath, T.Y.; Xu, P. Sorption of metals and metalloids from reverse osmosis
concentrate on drinking water treatment solids. Sep. Purif. Technol. 2014, 134, 37–45. [CrossRef]

16. Huang, S.-H.; Chen, D.-H. Rapid removal of heavy metal cations and anions from aqueous solutions by an
amino-functionalized magnetic nano-adsorbent. J. Hazard. Mater. 2009, 163, 174–179. [CrossRef] [PubMed]

17. Ngah, W.W.; Teong, L.; Hanafiah, M. Adsorption of dyes and heavy metal ions by chitosan composites:
A review. Carbohydr. Polym. 2011, 83, 1446–1456. [CrossRef]

18. Mi, H.; Jiang, Z.G.; Kong, J. Hydrophobic poly(ionic liquid) for highly effective separation of methyl blue
and chromium ions from water. Polymers 2013, 5, 1203–1214. [CrossRef]

19. Badruddoza, A.Z.M.; Shawon, Z.B.Z.; Tay, W.J.D.; Hidajat, K.; Uddin, M.S. Fe3O4/cyclodex-trin polymer
nanocomposites for selective heavy metals removal from industrial wastewater. Carbohydr. Polym. 2013, 91,
322–332. [CrossRef] [PubMed]

20. Liu, X.; Hu, Q.; Fang, Z.; Zhang, X.; Zhang, B. Magnetic chitosan nanocomposites: A useful recyclable tool
for heavy metal ion removal. Langmuir 2009, 25, 3–8. [CrossRef] [PubMed]

21. Sun, X.; Peng, B.; Ji, Y.; Chen, J.; Li, D. Chitosan (chitin)/cellulose composite biosorbents prepared using
ionic liquid for heavy metal ions adsorption. Aiche J. 2009, 55, 2062–2069. [CrossRef]
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