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Abstract: A series of chitosan and Laponite based nano-
composite adsorbents, which showed an excellent 
performance for fast and efficient removal of Cd(II), 
methylene blue (MB) and Congo red (CR) from aqueous 
solution, were prepared. In the adsorbent, with the 
increase of Laponite component, the surface area incre-
ased from 44.69 m2 g-1 to 64.58 m2 g-1. As a result, the 
adsorption rates were enhanced by increasing Laponite 
component. The adsorption capacities for Cd(II) and MB 
increased with increasing Laponite component due the 
cationic characteristic of two pollutants, and the oppo-
site result was found for the removal of CR. The impacts 
of some factors, e.g. solution pH, temperature, pollu-
tant concentration and salt, on the adsorption capacity 
were investigated. Additionally, this adsorbent could be 
effectively regenerated by dilute HCl solution after the 
adsorption of Cd(II), and the mixture of methanol and 
acetic acid was a suitable eluent after the adsorption of 
two dyes.
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Abstract: Let F denote a �eld and let V denote a vector space over Fwith �nite positive dimension. Consider
a pair A, A∗ of diagonalizable F-linear maps on V, each of which acts on an eigenbasis for the other one in an
irreducible tridiagonal fashion. Such a pair is called a Leonard pair. We consider the self-dual case in which
there exists an automorphismof the endomorphismalgebra ofV that swapsA andA∗. Such anautomorphism
is unique, and called the duality A ↔ A∗. In the present paper we give a comprehensive description of this
duality. Inparticular,wedisplay an invertibleF-linearmap T onV such that themap X �→ TXT−1 is theduality
A ↔ A∗. We express T as a polynomial in A and A∗. We describe how T acts on 4 �ags, 12 decompositions,
and 24 bases for V.

Keywords: Leonard pair, tridiagonal matrix, self-dual
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1 Introduction
Let F denote a �eld and let V denote a vector space over F with �nite positive dimension. We consider a
pair A, A∗ of diagonalizable F-linear maps on V, each of which acts on an eigenbasis for the other one in an
irreducible tridiagonal fashion. Such a pair is called a Leonard pair (see [13, De�nition 1.1]). The Leonard pair
A, A∗ is said to be self-dual whenever there exists an automorphism of the endomorphism algebra of V that
swaps A and A∗. In this case such an automorphism is unique, and called the duality A ↔ A∗.

The literature containsmany examples of self-dual Leonardpairs. For instance (i) the Leonardpair associ-
atedwith an irreduciblemodule for the Terwilliger algebra of the hypercube (see [4, Corollaries 6.8, 8.5]); (ii) a
Leonard pair of Krawtchouk type (see [10, De�nition 6.1]); (iii) the Leonard pair associatedwith an irreducible
module for the Terwilliger algebra of a distance-regular graph that has a spin model in the Bose-Mesner alge-
bra (see [1, Theorem], [3, Theorems 4.1, 5.5]); (iv) an appropriately normalized totally bipartite Leonard pair
(see [11, Lemma 14.8]); (v) the Leonard pair consisting of any two of a modular Leonard triple A, B, C (see [2,
De�nition 1.4]); (vi) the Leonard pair consisting of a pair of opposite generators for the q-tetrahedron alge-
bra, acting on an evaluationmodule (see [5, Proposition 9.2]). The example (i) is a special case of (ii), and the
examples (iii), (iv) are special cases of (v).

Let A, A∗ denote a Leonard pair on V. We can determine whether A, A∗ is self-dual in the following way.
By [13, Lemma 1.3] each eigenspace of A, A∗ has dimension one. Let {θi}di=0 denote an ordering of the eigen-
values of A. For 0 ≤ i ≤ d let vi denote a θi-eigenvector for A. The ordering {θi}di=0 is said to be standard
whenever A∗ acts on the basis {vi}di=0 in an irreducible tridiagonal fashion. If the ordering {θi}di=0 is standard
then the ordering {θd−i}di=0 is also standard, and no further ordering is standard. Similar comments apply to
A∗. Let {θi}di=0 denote a standard ordering of the eigenvalues of A. Then A, A∗ is self-dual if and only if {θi}di=0
is a standard ordering of the eigenvalues of A∗ (see [7, Proposition 8.7]).
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1  Introduction
As a result of rapid urbanization and industrialization, 
water pollution, which is caused by the continuous release 
of toxic pollutants from heavy metals, dyes, synthetic 
manure and organic compounds into the encompassed 
water bodies, has attracted worldwide attention (1-3). 
Cd(II) is considered as one of the most toxic heavy metal 
ions. Even at very low concentration, the presence of 
Cd(II) is tremendously harmful to the water environment 
and human health in terms of renal disturbances, 
muscular cramps, high blood pressure, lung insufficiency, 
proteinuria, bone lesions, destruction of red blood cells 
and testicular tissues (4). Pollution by Cd(II) usually 
comes from several industries such as electroplating, 
metal production, alloy manufacturing, plastic, the 
combustion of fossil fuels, the manufacturing of batteries, 
pigments, and screens (5,6). Around 100,000 types of 
dyes are produced with a yearly production rate of over  
7 × 105 to 1 × 106 tons and utilized as a part of a few businesses, 
for example, material, textile, leather, paper, printing, 
paint, pigments, rubber and plastic  (7). Methylene blue 
(MB), a cationic dye, is widely used for colouring paper, 
printing cotton, dyeing leather, and indicating oxidation-
reduction in analytical chemistry and also used as an 
antiseptic (8). Congo red (CR), an anionic dye, is used for 
dyeing plastic and textile and also used as a biological 
stain (9). From short time and prolonged contact with MB 
and CR dyes, many diseases can be caused, such as tissue 
necrosis, cyanosis, and heart beat increase in humans and 
also threats to marine life (10).

From wastewater treatment, heavy metal ions 
and dyes have been removed by various technologies, 
such as chemical precipitation, ultrafiltration, ion 
exchange, oxidation/reduction, membrane separation 
and electrochemical technologies (11-13). However, each 
method has its inherent limitations, such as high energy 
consumption, generation of toxic sludge, incomplete 
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treatment, and high reagent requirement  (14). The 
adsorption method has been developed as a suitable 
process for the treatment of heavy metal ions from 
contaminated water or soil because of its low cost, 
great removal efficiency and simple regeneration (15). 
For preparing effective adsorbent, efficient adsorption 
group is crucial for adsorbent. The introduction of 
different adsorption groups into adsorbent is one of the 
basic methods to improve the adsorption performance 
of adsorbent. A lot of adsorbents with novel molecular 
structures and excellent properties have been prepared 
and studied (16-18). Additionally, surface area and 
microstructure are also important for fast adsorption 
and high removal efficiency (19). High surface area and 
large amount of micropores in adsorbent is convenient 
for the penetration of water and heavy metal ions into 
the interior and thus enhances the adsorption rate 
and removal efficiency. Additionally, the surface area 
and microstructure of adsorbent could also affect the 
utilization of functional groups for adsorption (20,21).

Laponite could be exfoliated into individual particles 
with a thickness of about 1 nm, and a diameter of about 
25 nm in aqueous solution (3). Due to its significant surface 
area and charged surface, Laponite is suitable for the 
adsorption of several chemicals (22,23). However, Laponite 
dispersion cannot be directly mixed with many chemicals to 
prepare Laponite based nanocomposite because Laponite 
particles flocculate in salt or polymer solution. It has been 
reported that nanometer Laponite particles exhibit much 
better dispersion performance of salt resistance after being 
pre-adsorbed by 2-acrylamido-2-methylpropanesulfonic acid 
(AMPS) (24). Chitosan is the most abundant biopolymer after 
cellulose. Chitosan is regarded as an efficient component in 
the adsorption of pollutants due to its high content of -NH2 
groups and -OH groups, which are conducive to chelating 
and surface contact with pollutant molecules (17,25). Up 
to now, chitosan based materials have been prepared and 
applied in the removal of Cd(II), Pb(II), Cu(II), Hg(II), Congo 
red, methylene blue, methyl orange, malachite green and 
tartrazine from aqueous solution (26).

In our previous experiment, we prepared a novel 
chitosan and Laponite based hybrid nanocomposite 
adsorbent (3). The introduction of AMPS into the 
nanocomposite could obviously improve the dispersion 
stability of Laponite, which increased the surface area 
and total pore volume of this adsorbent. As a result, 
this adsorbent exhibited an excellent adsorption 
capacity and high adsorption rate for Cu(II). To further 
understand this kind of adsorbent, the removal of Cd(II), 
MB and CR from aqueous solution was studied in detail 
in this paper.

2  Experimental

2.1  Materials

Chitosan with a deacetylation degree of 85% was 
purchased from Jinan Haidebei Marine Bioengineering 
Co. (China), and purified twice as follows: it was dissolved 
in HCl solution with a concentration of 0.1 mol L-1, then the 
solution was filtered and precipitated with ethanol, and 
the product was dried in vacuo at 50°C for 48 h. The average 
molecular weight of chitosan was measured by intrinsic-
viscosity method and the result was 2.4  ×  105 g mol-1.  
Laponite XLG (Mg5.34Li0.66Si8O20(OH)4Na0.66) was obtained 
from Rockwood (Wesel, Germany). Monomers, including 
acrylic acid (AA, 98%), acrylamide (AM, 98%), 
2-acrylamido-2-methylpropanesulfonic acid (AMPS, 98%), 
initiator potassium persulfate (KPS, 99%) and crosslinker 
N,N’-methylenebisacrylamide (MBA, 98%) were obtained 
from Shanghai Sinopharm Chemical Reagent Co. Ltd. 
(China). Other chemicals were of analytical grade and 
used as received.

2.2  Adsorbent preparation

An AA aqueous solution with a concentration of 2 wt% 
was prepared, and chitosan with a concentration of 
5  wt% was dissolved in the solution under agitation for 
48  h at room temperature. A transparent Laponite XLG 
aqueous dispersion was obtained under ultrasonication 
for 30 min, and the concentration of Laponite was 2 wt%. 
AMPS was added into the dispersion, and after stirring 
for 2  h, other chemicals including AM, AA, MBA, and 
chitosan were added. After stirring for 30 min under a 
nitrogen atmosphere, 10 g of KPS solution (0.5 wt%) was 
added and polymerization was performed at 70°C for 4 h. 
The product was dried under vacuum at 65°C for 48 h and 
sieved to give 40-20 mesh particles.

2.3  Characterization

The molecular structure of adsorbent was confirmed 
by Fourier transform infrared spectroscopy (FTIR) on 
a Tensor 27 spectrometer (Bruker, Switzerland). The 
sample was prepared as KBr pellet and the result was 
obtained at a resolution of 4 cm-1 in the frequency range 
of 4000-400 cm-1 for a total of 16 scans. Thermogravi-
metric analysis (TGA) of the adsorbent was performed 
using a thermogravimetric analyzer (Mettler TGA / 
SDTA851) under a nitrogen atmosphere at a heating rate 
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of 10°C min-1. N2 adsorption-desorption experiment was 
performed by a specific surface area and pore analyzer 
(NOVA 3200e, Quantachrome), and the specific surface 
area, average pore size, and pore size distribution of 
adsorbent was obtained. Before the experiment, each 
sample was treated with organic solvents to remove mois-
ture. The specific surface area was calculated according 
to Brunauer-Emmett-Teller (BET) equation. The volume 
of adsorbed N2 at a relative pressure of 0.99 was used 
to calculate the total pore volume. The desorption iso-
therm was used to study the pore size distribution via the  
Barrett-Joyner-Halenda (BJH) method. The average pore 
size D (nm) was calculated by Eq. 1 (27):

		  D V A4 /
total BET

= 			       (1)

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

2.4  Adsorption experiments

The effects of adsorption time, initial solution pH, 
temperature, salt concentration and equilibrium pollutant 
concentration on the adsorption capacity of different 
adsorbents were analyzed by batch adsorption experiments. 
For each experiment, 0.050 g of adsorbent was added into 
50 mL of pollutant solution. The solution was stirred by a 
magnetic stirrer through the whole adsorption process. 
After adsorption, the solution was analyzed using an atomic 
absorption spectrophotometer (Varian Spectra HP 3510) to 
determine the residual Cd(II) concentration, whereas the 
equilibrium concentration of dyes was determined with 
a UV-1780 (Shimadzu, Japan) spectrophotometer. The 
adsorption capacity q was calculated by Eq. 2:

		  =
− ×

q
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m
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where C0 (mmol L-1) is the initial concentration of 
pollutant, Ce (mmol L-1) is the concentration of pollutant 
at equilibrium, V (L) is the volume of solution, and m (g) is 
the mass of adsorbent used.

2.5  Desorption experiments

After the 90-min adsorption of Cd(II) (50 mL, 500 mg L-1)  
experiment, the adsorbent (0.05 g) was filtered out from 
solution. The adsorbed pollutant was removed from 
the adsorbent being washed in HCl solution (50 mL) 
for 30 min. And then, the adsorbent was used in the 
same Cd(II) solution again. For the removal of MB and 

CR, the regeneration of adsorbent was performed in the 
same process except that 50 mL of methanol/acetic acid  
(v/v, 9/1) was used as eluent. The reutilization experiment 
of adsorbent was performed for 5 consecutive times.

2.6  Model to experimental data

For adsorption kinetic analysis, two models were used to 
evaluate the time required to remove pollutants.

The pseudo-first-order kinetic model, described as:

		  q q q e
t e e
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1= − − 		  (3)

where qt and qe are adsorption capacity (mmol g-1) at time 
t (min) and at equilibrium respectively, k1 (min-1) is the 
kinetic rate constant.

The pseudo-second-order kinetic model, defined as:
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where k2 (g mmol-1 min-1) is the pseudo-second-order rate 
constant.

For adsorption isotherm analysis, two common 
isotherm models were employed to fit the experimental 
data.

The first adsorption isotherm model is the Langmuir 
isotherm model expressed by Eq. 5:

		
=

+
q

k q c
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L m e

L e
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where qe (mg g-1) is the equilibrium adsorption capacity of 
the adsorbent, Ce is the equilibrium pollutant concentration 
in solution (mg L-1), qm (mg g-1) is the maximum adsorption 
capacity of the adsorbent, and KL (L mg-1) is the Langmuir 
adsorption constant. 

The second adsorption isotherm model is the 
Freundlich isotherm model, which is expressed as:

		  =q K C
e F e

n1/ 		  (6)

where qe and Ce are defined as above, KF (L mg-1) is the 
Freundlich constant, and n is the heterogeneity factor.

3  Results and discussion

3.1  Characterization of adsorbents

The molecular structures of four samples (Table 1) were 
analyzed by FTIR analysis, and the results are shown 
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adsorbents was investigated by BET analysis as shown in 
Figure 2 and Table 2. For S-4, the BET surface area and pore 
volume are measured to be 64.58 m2 g-1 and 0.1713 cm3 g-1.  
However, the BET surface area and pore volume for S-1 
are only 44.69 m2 g-1 and 0.0772 cm3 g-1, which are much 
smaller than S-4. This reflects that the increase of Laponite 
component could enhance the surface area and total pore 
volume of the adsorbent. For adsorbents with similar 
molecular structures, higher surface area might be more 
beneficial for rapid and effective adsorption of pollutant 
from wastewater. The BJH analysis method was further 
used for BET results to investigate the pore-size distribution 
for each sample, and the results are shown in Figure 3. By 
comparing S-1 and S-3, it is found that S-1 has smaller total 
pore volume and lower porosity than S-3, and obviously, S-1 
has narrower pore-size distribution. Furthermore, it is worth 
noting that the average pore size also gradually increases 
with the increase of Laponite component. Thus, for this 
adsorbent, greater surface area, pore volume, and average 
pore size are pronounced with more Laponite addition.

The results for TGA measurements and differential 
thermogravimetric analysis (DTGA) for four samples are 
shown in Figure 4. For any sample, a mass-loss peak 
could be observed from 200°C to 280°C, which is generally 
attributed to the thermal decomposition of chitosan 

in Figure 1. The FTIR spectra exhibit O-H stretches near 
3551 cm-1, the C-H stretching vibrations around 2932  cm-1, 
and the C-H bending vibrations around 1450 cm-1. The 
characteristic peaks around 1034 cm-1 and 1184 cm-1  
are attributed to the absorption band of sulfonic group. 
The peak at 1109 cm-1 is classically assigned to the 
absorption band of polysaccharide molecule backbone, 
which indicates the introduction of chitosan component 
in four samples (3). In general, the broad peak at around 
1800-1600 cm-1 corresponds to the absorption band of 
carbonyl group in ketone, carboxylic acid, carboxylate 
and amide, furthermore, the carbonyl group in carboxylic 
acid usually exhibits a high absorption peak at around 
1750 cm-1. As a result, the peak at 1728 cm-1 could be 
attributed to the absorption of carboxylic acid, and this is 
consistent with the adsorbent preparation process (acidic 
condition). The peaks at 519 and 455 cm-1 are attributed 
to the absorption band of Si-O from Laponite component, 
and the absorption intensity of these peaks continuously 
increases from S-1 to S-4, which is consistent with the 
gradual increase of the feeding ratio of Laponite (28).

It has been reported that the incorporation of inorganic 
nanoparticles into polymer matrix is expected to improve 
its surface properties, such as its surface area and pore 
diameter (29). The microstructure difference in the four 

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 0.5 0.5 0.05 98.6
S-2 5.0 2.5 2.5 0.03 90.0 1.0 0.5 0.05 98.8
S-3 5.0 2.5 2.5 0.03 90.0 1.5 0.5 0.05 98.2
S-4 5.0 2.5 2.5 0.03 90.0 2.0 0.5 0.05 97.9

Figure 1: FTIR analysis of four samples. 
Figure 2: N2 adsorption-desorption isotherms of four adsorbents 
(inset, adsorbed N2 volume at low pressure).
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component and the imidization reaction between amide 
groups on polymer backbone (30,31). The maximum 
mass-loss peak during the whole thermal degradation 
process is found at around 330°C, and it is interpreted as 
the breakdown of the polymer backbone and the imides 
formed in the above decomposition region. However, as 
shown in DTGA inset, from S-1 to S-4, the temperature 
for this mass-loss process is 324°C, 330°C, 337°C and 
345°C, respectively, which could indicate that the thermal 

Figure 3: Pore size distributions of four adsorbents.

Figure 4: TGA and DTGA curves of four adsorbents.

stability of polymer backbone is reinforced due to the 
increase of Laponite. Additionally, the residual weight 
percentage of thermal decomposition at 700°C is in the 
same order of Laponite concentration because inorganic 
component is more stable at high temperature.

3.2  Adsorption studies

3.2.1  Adsorption kinetics

From adsorption kinetics investigation, key information 
about the adsorption rate and the pathway for adsorption 
process can be obtained, which could mostly determine 
the potential applications of adsorbent. The relationship 
between adsorption capacity and contact time by four 
samples is illustrated in Figure 5. It can be seen that 
four adsorbents have rapid adsorption rate compared to 
conventional polymeric adsorbent. The increase of Laponite 
component in adsorbent will improve the adsorption rate. 
For example, for the removal of Cd(II), the adsorption 
equilibrium time for S-3 and S-4 is 20 min, and that for 
S-2 and S-1 is 25 min and 35 min, respectively. This can be 
attributed to the increase of surface area and pore volume 
by the formation of nanocomposite in the adsorbent.

For the removal of Cd(II), the adsorption capacity 
happens in the order of S-3 (0.47 mmol g-1) > S-4  
(0.43 mmol g-1) > S-2 (0.4 mmol g-1) > S-1 (0.36 mmol g-1). 
For an adsorbent, the adsorption is induced by the 
combination interaction from its different functional 
groups. As a result, an optimal ratio between different 
groups exists in this process (32). For the removal of MB, 
four adsorbents exhibit excellent adsorption capacities, 
and the removal efficiency for each sample is more than 
95%. A slight increase of adsorption capacity with the 
increase of the Laponite concentration is found, and S-4 
presents the best adsorption capacity (0.31 mmol g-1). 
Different from the above two cases, for the removal of CR, 
the adsorption capacity continuously reduces with the 
increase of the Laponite concentration. CR is an anionic 
compound and Laponite is a high negatively charged 
component. The electrostatic repulsion between them 
could be an unfavorable factor for the adsorption (10). S-1 
shows the best adsorption capacity (0.091 mmol g-1), and 
its removal efficiency is 63.4%.

The adsorption kinetics curve fittings by the pseudo-
first-order kinetic model and the pseudo-second-order 
kinetic model have been carried out and the corresponding 
parameters were calculated as shown in Table 3. For each 
adsorbent, the higher coefficient of determination (R2) is 

Table 2: Structural characteristics of four samples.

Sample ABET (m2 g-1) Vtotal (cm3 g-1) D (nm)

S-1 44.69 0.0772 6.90
S-2 54.45 0.1216 8.93
S-3 61.63 0.1487 9.65
S-4 64.58 0.1713 10.61
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obtained for the pseudo-first-order kinetic model. Moreover, 
the closer agreement of the calculated equilibrium 
adsorption capacity (qe) from the pseudo-first-order kinetics 
with the experimentally determined value further proves 
that the adsorption processes for four adsorbents follow 
the pseudo-first-order kinetic model. Taking the removal of 
Cd(II) as an example, the numerical result of k1 (pseudo-
first-order model) is in the order of S-4 (0.152) > S-3 (0.148) > 
S-2 (0.138) > S-1 (0.092). As a result, the increase of Laponite 
component obviously improves the adsorption rate.

3.2.2  Adsorption isotherm

The amount of adsorbed pollutant versus equilibrium 
concentrations, which is also called as adsorption 
isotherm, are shown in Figure 6, and the corresponding 
parameters from the Langmuir and the Freundlich models 
are summarized in Table 4. As the pollutant concentration 
increases, all adsorbent samples have a similar trend 
in equilibrium adsorption capacity for the removal of 

Cd(II), MB or CR. For example, for the removal of Cd(II), 
the adsorption capacity of S-1 increases from 11.0 to 
93.7 mg g-1 with increasing the initial concentration from 
20 to 400 mg L-1, and the adsorption capacity shows a 
slight increase with further increasing the concentration. 
With the increase of pollutant concentration, the driving 
force for the adsorption is enhanced. At lower pollutant 
concentration, almost all pollutant molecules can 
contact with the active sites on the surface of adsorbent, 
as a result, a significant enhancement in the adsorption 
capacity of adsorbent can be observed with the increase 
of pollutant concentration. However, the adsorption sites 
will reach saturation at high pollutant concentration, and 
a balanced adsorption capacity is found (33).

The Langmuir model assumes that adsorption 
occurs at specific homogenous sites of adsorbent and all 
adsorption sites are energetically equivalent (34). However, 
the Freundlich model is suitable for describing multilayer 
adsorption on heterogeneous adsorbent surface. The 
Freundlich model assumes that the distribution of 

Figure 5: Adsorption kinetic on the adsorption of (a) Cd(II), (b) MB and (c) CR. (Conditions: initial pollutant concentration 100 mg L−1;  
pH 6.0; 30°C; adsorbent dosage 1 g L−1).
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adsorption sites is heterogeneous on adsorbent surface (35).  
In comparison to the Freundlich model, the Langmuir 
model describes the isotherm data noticeably better for 
each pollutant. For the removal of Cd(II), the maximum 
adsorption capacity (qm) is in the order of S-4 (267.8 mg g-1) 
> S-3 (236.3 mg g-1) > S-2 (170.1 mg g-1) > S-1 (139.6 mg g-1). 
However, an opposite result is found for the removal of CR, 
and qm is in the order of S-1 (399.4 mg g-1) > S-2 (394.1 mg g-1)  
> S-3 (390.3 mg g-1) > S-4 (368.3 mg g-1). For the removal 
of MB, the greatest qm is obtained by S-1 with a value of  
576.6 mg g-1, and lowest qm is obtained by S-3 with a 
value of 563.6 mg g-1. The interaction between adsorbent 
and dye molecules generally contains van der Waals 
forces, hydrogen bond and electrostatic interaction (36). 
The significant difference in the adsorption capacities 
between anionic and cationic dyes means the electrostatic 
interaction might play an important role in the adsorption.

3.2.3  Effect of pH

Since pH is one of the most important factors that 
may affect the adsorption capacity of adsorbent, the 
adsorption capacities of S-3 for Cd(II), MB and CR over a 
pH range of 2.0-6.0, 2.0-10.0 and 2.0-10.0, respectively, were 
investigated (Figure 7). For the removal of Cd(II), at lowest 
pH, the adsorption capacity is insignificant and it sharply 
increases with the increase of pH value. The change of pH 
value alters the surface charge on the hydrated Cd(II) ion, 
because pH affects the protonation or deprotonation of 
surface functional groups (37). pH also affects the charge 
of functional groups in polymer and Laponite. Increased 
H+ ion restricts the approach of Cd(II) ion to the functional 
groups because of the repulsive force (38,39). For the 
removal of MB, an increase in solution pH apparently 
favors the adsorption capacity. This could also be due to 
the cationic characteristic of MB in aqueous solution. In 
contrast to Cd(II) and MB, CR removal seems to diminish 
with expanding the pH value. This may be attributed to the  
effect of acidic media on the surface of the adsorbent.  
The acidic conditions may cause surface protonation, and 
the adsorbent surface becomes positively charged (1).

3.2.4  Effect of temperature

Generally, two major effects on the adsorption process  
could be found from temperature. The temperature 
dependence of the adsorption system determines the 
adsorption to be endothermic or exothermic. Due to the 
decrease in viscosity of the solution, it is believed that 
increasing the temperature increases the rate of diffusion 
of the adsorbate. For the removal of Cd(II), there is an Ta
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obvious increase with temperature increasing from 20°C 
to 40°C, and a noticeable decrease with temperature 
increasing from 40°C to 60°C (Figure 8). The increase 
of temperature could facilitate the transfer of Cd(II) 
from aqueous solution into adsorbent, however, higher 
temperature may also induce the desorption process 
of pollutant, especially for the pollutant adsorbed by 
multilayer adsorption (40). For the removal of MB, 
the adsorption capacity increases from 426.5 mg g-1 to  
509.1 mg g-1 when the temperature increases from 20°C to 
60°C, and a continuous increase in the adsorption capacity 
can also be found for the adsorption of CR.

3.2.5  Effect of salt

Because almost all wastewater contains a certain 
amount of salt, the effect of salt (NaCl and CaCl2) on the 
adsorption capacities of Cd(II), MB and CR onto S-3 was 
studied, and the results are shown in Figure 9. For the 
removal of Cd(II), a continuous decrease of adsorption 
capacity is observed in each salt solution, which could 
be attributed to the competitive binding of the cations for 

Figure 6: Adsorption isotherm on the adsorption of (a) Cd(II), (b) MB and (c) CR. (Conditions: time 90 min; pH 6.0; 30°C; adsorbent dosage 1 g L−1).

the surface functional groups of the adsorbent (41). When 
the concentration is 0.5 mol L-1, the adsorption capacity is 
133.2 mg g-1 and 124.8 mg g-1 for NaCl and CaCl2, respectively. 
Compared to the monovalent cation, the divalent cation 
presents a more significant suppressive effect on Cd(II) 
adsorption, likely due to the stronger complexing ability 
of functional groups with Ca2+ ion (27). For the removal of 
MB, it is obvious that two salts play negative role on the 
performance. When the salt concentration increases from 
0 to 0.5 mol L-1, the adsorption capacity decreases from 
433.7 mg g-1 to 377.2 and 355.6 mg g-1 for NaCl and CaCl2, 
respectively. This negative effect might suggest that the 
ion-exchange interaction plays an important role during 
the adsorption process because the adsorbent is an anionic 
substance and MB is a cationic compound (42). With the 
increase of salt concentration, the active sites on the 
surface of the adsorbent and the active concentration of 
MB will decrease, causing the decrease of the interaction 
between positive charge and negative charge (43). For the 
removal of CR, the existence of salt is found to be favor 
for the adsorption property. The adsorption capacity in 
distilled water, NaCl solution (0.5 mol L-1) and CaCl2 solution  
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(0.5 mol L-1) is 218.7, 247.9 and 241.0 mg g-1, respectively. The 
performance difference between MB and CR is mainly due 
to their different molecular structures. The introduction of 
salt may screen the electrostatic interaction between like 
charges, as a result, the electrostatic repulsion between 
the negative charged CR and the anionic adsorbent could 
be reduced (44,45).

3.3  Desorption studies

For practical point of view, reusability is an important 
feature of an advanced adsorbent because this reduces 
the material-cost significantly. According to our previous 
study, different solutions, such as HCl, EDTA, KCl and 
CaCl2 solutions, were used as eluents for the regeneration 

Figure 7: Effect of initial pH on the adsorption capacity of S-3. 
(Conditions: time 90 min; initial pollutant concentration 500 mg L−1; 
30°C; adsorbent dosage 1 g L−1).

Figure 8: Effect of temperature on the adsorption capacity of S-3. 
(Conditions: time 90 min; initial pollutant concentration 500 mg L−1; 
pH 6.0; adsorbent dosage 1 g L−1).
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3.4  Comparison of various adsorbents

The removal of heavy metal ions and dyes from aqueous 
solution has been extensively investigated by many 
adsorbents. Table 5 compares the adsorption capacities 
of the nanocomposite obtained in this work with different 
adsorbents previously used for the removal of pollutants. 
It can be seen that there are not many adsorbents 
capable of well adsorbing heavy metal ions, anionic 
dyes and cationic dyes simultaneously. Therefore, this 
nanocomposite adsorbent might be used as a universal 
adsorbent for different pollutants. In addition, the 
adsorption capacities of the nanocomposite adsorbent are 
much greater than that of many other previously reported 
adsorbents indicating that the as-prepared adsorbent 
has great potential application in pollutant removal from 
aqueous solution.

4  Conclusions
We successfully synthesized and characterized a chitosan 
and Laponite-based nanoparticle-polymer hybrid 
material. This nanocomposite adsorbent shows an 
excellent capacity for removing Cd(II), MB and CR from 
aqueous solution rapidly and efficiently due to its large 
surface area and total pore volume, which is enhanced by 
the Laponite component. With the increase of Laponite 
component in the adsorbent, the adsorption equilibrium 
time decreases from 35 min to 20 min. Additionally, this 
adsorbent exhibits a good reusability. In conclusion, this 
novel nanocomposite adsorbent is a promising material 
for wastewater treatment.

Figure 9: Effects of (a) NaCl and (b) CaCl2 on the adsorption 
capacity of S-3. (Conditions: time 90 min; initial pollutant 
concentration 500 mg L−1; pH 6.0; adsorbent dosage 1 g L−1).

Figure 10: The regeneration and recycle of S-3.

of this adsorbent after the adsorption of heavy metal ions, 
and dilute HCl solution was proved to be the most efficient  
one (3). During the removal process of Cd(II), the 
regeneration of S-3 with HCl solution (0.1 mol L-1) was 
investigated as shown in Figure 10. After the first reuse 
cycle, a slight loss of adsorption capacity is observed, 
and the adsorption capacity remains broadly stable 
from the second reuse cycle to the fifth reuse cycle. 
After the fifth reuse cycle, the equilibrium adsorption 
capacity decreases from 165.2 mg g-1 to 151.8 mg g-1. The 
dilute HCl or NaOH solution is not a proper eluent for 
the desorption of MB or CR Other methods, such as 
thermal desorption, and eluting with different kinds of 
organic solution (ethanol, methanol, acetic acid and a 
mixture of methanol and acetic acid) were tested, and the 
mixture of methanol and acetic acid (v/v, 9/1) was found 
to be the best eluent (46,47). After the fifth reuse cycle, 
the adsorption capacity decreases from 433.7 mg g-1 to  
348.6 mg g-1, and from 218.7 mg g-1 to 173.5 mg g-1 for the 
removal of MB and CR, respectively.
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