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a b s t r a c t
A crosslinked quaternized chitosan (N-2-hydroxypropyl-trimethylammonium chloride chitosan)/ 
bentonite (CHTCC/BT) composite was developed via immobilizing crosslinked quaternized chitosan 
into bentonite and characterized by X-ray diffraction and fourier transform infrared spectroscopy 
techniques. This composite was applied for the adsorption of methyl orange (MO) from aqueous solu-
tion. Effects of the amount of quaternized chitosan in the CHTCC/BT composite, initial pH, initial dye 
concentration, inorganic sodium salt and ionic strength on MO adsorption were studied in detail using 
a batch method. Increasing the amount of quaternized chitosan in the CHTCC/BT composite enhanced 
the adsorption of MO while increasing initial pH, initial dye concentration and ionic strength decreased 
the adsorption of MO. The adsorption kinetics followed the mechanism of the pseudo-second-order 
equation. The equilibrium data were described by the Langmuir model. The monolayer adsorption 
capacity of CHTCC/BT composite was 632.9 mg/g at 298 K and natural pH value. The adsorbent was 
prone to regeneration with 0.3 mol/L NaOH solution. The possible pathways for MO adsorption may 
include the electrostatic interaction and hydrogen bonding between CHTCC/BT composite and MO.
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1. Introduction

Numerous textile or printing industries, which mainly use 
dyes, release a large amount of highly colored effluents into 
the environment, probably containing more than 105 kinds of 
commercial dyes and over 7 million tons annually [1]. The 
discharge of colored effluent even at very low concentrations 
can have a potentially destructive effect on aquatic systems 
[2]. Many methods have been employed for the removal of 
dyes from colored effluents, such as membrane filtration 
[3], oxidation, coagulation [4], biological treatment, electro-
chemical process and adsorption [5–7]. Among these tech-
niques, adsorption presents important advantages over the 
other methods because of simple operation, high treatment 

efficiency and economy [2]. In recent years, much attention 
was paid to the search for low-cost adsorbents with pollut-
ant-binding capacities, such as natural materials, agricultural 
wastes and industrial wastes.

Bentonite (BT), which is mainly composed of montmo-
rillonite, is a layered mineral with a crystalline structure 
and net negative surface charge. Natural BT exhibited low 
adsorption capacity for anionic pollutants due to the net 
negative charge surface. However, BT can be easily mod-
ified by cationic exchange reactions between the sodium 
ions in the montmorillonite layers and cations, such as Ni, 
Co, Zn, cationic surfactants and polymers [8–10]. However, 
some cationic substances are difficult to degrade in nature 
and may be toxic to humans and the environment. Therefore, 
the use of biodegradable polymers, such as chitosan has 
generated the increasing attention. A quaternized chitosan, 
N-2-hydroxypropyl-trimethylammonium chloride chitosan 
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(HTCC), as a cationic polymer, is one of the derivatives from 
chitosan. It is itself a good adsorbent and flocculent agent 
due to its unique properties, such as biocompatibility, bio-
degradation, biological activity, low toxicity, etc. [11]. Li et al. 
[12] investigated the adsorption of both methyl orange (MO) 
and chromium from their aqueous solutions using a quater-
nary ammonium salt modified chitosan magnetic composite 
adsorbent. The results showed that the quaternary ammo-
nium salt modified chitosan magnetic adsorbent had evi-
dently high adsorption capacities for both anionic pollutants 
ascribed to the additional quaternary ammonium salt groups 
as compared with chitosan magnetic adsorbent without mod-
ification. At present, though there were lots of studies about 
clay–chitosan composite for making composite films, sen-
sors, adsorbent material [13], enzyme immobilization sup-
ports and nanocomposites [14,15], there are few reports on 
the preparation or application of quaternized chitosan immo-
bilized BT composite. Luo et al. [16] demonstrated that the 
modification of montmorillonite with quaternized chitosan 
could enhance the adsorption capacity of montmorillonite in 
comparison with quaternized chitosan resin without mont-
morillonite. In our previous study, it was also found that the 
HTCC/BT composite showed high adsorption capacity for 
anionic Cr(VI) [17].

In this study, the crosslinked quaternized chitosan 
(CHTCC) would be attempted to modify BT. Though the 
quaternized chitosan (HTCC) is itself a good adsorbent, it is 
costly. Besides, it was prone to loss due to its water solubility 
during the application in wastewater treatment, thus, it was 
often modified. The combining of HTCC with other low-cost 
materials would result in the decreased cost of adsorbents 
and the enhanced stability of adsorbents. Meanwhile, it was 
also expected that the resultant composite could exhibit a 
high binding capacity for anionic dyes due to the introduc-
tion of positively charged quaternary ammonium groups. 
MO would be chosen as a model dyes in this study because 
it is a common water-soluble azo dye, which is widely used 
in chemical, textile and paper industries, and it is seriously 
hazardous to the environment. The color index number of 
MO is 13025. This study evaluated the adsorption capacity 
of CHTCC/BT composite for MO from aqueous solutions. 
Effects of the amount of HTCC, pH value of MO solution, 
initial MO concentration and ionic strength on MO adsorp-
tion were examined. The equilibrium data were analyzed 
using Langmuir, Freundlich and Dubinin–Radushkevich 
(D–R) isotherm models. The kinetic constants of the exper-
imental data were determined using the pseudo-first-order 
and pseudo-second-order models. Besides, the regeneration 
of the adsorbent was evaluated.

2. Materials and methods

2.1. Materials

Chitosan was purchased from the Sinopharm Group 
Chemical Reagent Limited Company (China) with a degree 
of deacetylation of 90% and average molecular weight of 
105 g/mol. HTCC, with a substitution degree of 89.3%, was 
prepared according to our previous literature [14]. The reac-
tion scheme of HTCC is depicted in Fig. 1(a). BT powder with 
a particle size of 200-mesh was acquired from the chemical 

factory of Shentai, Xinyang, Henan, China. MO was supplied 
by Sigma Chemical Company (Shanghai, China), and used 
as adsorbate in this study. The molecular structure of MO 
is presented in Fig. 1(b). MO concentrations were measured 
using a UV–Vis spectrometer at 464 nm. All other reagents 
were of analytical grade. Initial pH value of MO solutions 
was adjusted by adding 0.1 mol/L HCl or NaOH solutions.

2.2. Preparation of CHTCC/BT composite 

HTCC (1 g) was dissolved in 50 mL of distilled water 
under constant stirring for 2 h at 25°C. About 1 g of BT was 
added and then mixed for 5 h. The resulting HTCC–clay solu-
tion was uniformly coated in the Petri dishes, and allowed to 
stay at 60°C in an oven to form membranes. After immers-
ing in a solution of 5% epichlorohydrin in ethanol at 60°C for 
20 h, these membranes were washed using distilled water to 
remove any impurities and dried in an oven at 60°C for 24 h. 
After drying, the membranes were ground and sieved. The 
particles of 100-mesh size for the crosslinked HTCC immobi-
lized BT composite were obtained, and used for adsorption 
studies. The resultant composite was referred to CHTCC/BT 
composite.

2.3. Characterization of CHTCC/BT composite

FTIR analysis of CHTCC/BT composite was conducted 
in a FTIR spectrometer (Shimadzu 4100), using the transmit-
tance method with wavelength between 400 and 4,000 cm–1 at 
a resolution of 4 cm–1. X-ray diffraction (XRD) patterns were 
recorded on a Shimadzu XD3A diffractometer with Cu Kα 
radiation for the identification of crystalline phase. The sam-
ples were recorded from 5° to 55° with a scan rate of 0.02°/s.

The point of zero charge (pHpzc) for the quaternized 
chitosan immobilized BT was determined according to the 
method described by the solid addition method [18]. Initial 
pH of 50 mL of 0.1 mol/L NaCl solutions (pHi) was adjusted 
from pH 1 to 10 by adding either 0.1 mol/L HCl or 0.1 mol/L 
NaOH solutions. CHTCC/BT composite (0.01 g) was added 
to 50 mL of 0.1 mol/L NaCl solution and was shaken for 

HTCC

(a)

(b)

Fig. 1. Reaction scheme of HTCC (a) and molecular structure of 
MO (b).
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60 min. Final pH (pHf) of the solution was measured. The 
difference between the initial and final pH (pHf – pHi) was 
plotted against the initial pH (pHi) and the point where pHf 
– pHi = 0 was thought to be the point of zero charge (pHpzc) 
of adsorbent.

2.4. Kinetic experiments

Kinetic experiments were conducted in order to deter-
mine the time needed to reach equilibrium and adsorption 
rates of dye. Adsorption kinetics experiments at different 
concentrations (100, 200, 300 and 500 mg/L) were carried out 
by the batch method, where 0.02 g of adsorbent was added 
to 50 mL MO solutions. The samples were agitated for times 
varying from 5 to 180 min. At the end of each adsorption 
period, the samples were collected by filtration, and the con-
centrations of the residual MO in the filtrates were then deter-
mined. The removal, R, and adsorption capacity, qt (mg/g), at 
t, were calculated as follows:

q C C V
Mt = − ×( )0 t  (1)

R
C C
C

t= ×
−

100 0

0

( )
 (2)

where C0 and Ct are the concentrations of MO in the initial 
solution and at time, t, (mg/L), respectively; V is the volume 
of MO solution (L) and M is the mass of adsorbent (g).

2.5. Isotherm experiments

The equilibrium study was conducted by agitating 0.02 g  
of adsorbent in 50 mL MO solutions for 100 min at different 
temperatures (298, 308, 318 and 328 K). The concentrations 
of MO solutions changed from 100 to 800 mg/L. After equi-
librium, the adsorbent was separated by filtration and the 
concentrations of the residual MO in the filtrates were then 
determined. The adsorption capacity, qe (mg/g), at equilib-
rium, was calculated as follow:

q C C V
Me = − ×( )0 e  (3)

where C0 and Ce are the concentrations of MO in the ini-
tial solution and at equilibrium (mg/L), respectively; V 
is the volume of MO solution (L) and M is the mass of 
adsorbent (g).

2.6. Desorption experiments

In this study, the adsorption experiments were  conducted 
by adding 0.02 g of adsorbents in 50 mL MO solution  
(100 mg/L) and agitated for 100 min at 298 K. In the desorp-
tion process, the adsorbents loaded by MO were added 
into 50 mL eluents and agitated for 2 h at 298 K. After the 
 regenerated adsorbents were washed with distilled water sev-
eral times, and dried, they were applied for the  adsorption of 
MO again. In the desorption process, these eluents  including 
NaOH, NaCl and HCl solutions were tested.

3. Results and discussion

3.1. Effect of the amount of HTCC on MO adsorption

To investigate the effect of the amount of HTCC on MO 
adsorption, the adsorption experiments were performed at 
298 K. 0.02 g of adsorbent was added to 50 mL MO solutions 
(100 and 200 mg/L) and continuously agitated at 200 rpm for 
60 min. The results are shown in Fig. 2. Increasing the amount 
of HTCC enhanced the removal toward MO. This increase 
may be attributed to the electrostatic interaction between 
the cationic charges of HTCC and the anionic charges of MO 
molecules. Higher amounts of HTCC provided more cationic 
charges and consequently a stronger electrostatic interaction 
with the anionic dye occurred. Beyond 1.0 g of HTCC, a fur-
ther increase in the amount of HTCC only showed a slight 
effect on MO adsorption. Therefore, 1.0 g of HTCC was 
applied in the preparation of this composite without special 
description.

3.2. Effect of initial dye concentration

For this test, the adsorption experiments were carried out 
at 298 K. 0.02 g of adsorbent was added to 50 mL of aque-
ous MO solutions varying from 100 to 500 mg/L and contin-
uously agitated at 200 rpm for 60 min. As shown in Fig. 3(a), 
increasing the MO concentrations decreased the MO adsorp-
tion onto this composite. In this study, the adsorbent dosage 
was kept fixed. A fixed adsorbent dosage reflects the constant 
adsorption sites. As the dye concentration increased, the ratio 
of adsorption sites to the number of dye molecules would 
decrease because more adsorption sites were unavailable for 
the adsorption of dye molecules. Therefore, at higher dye 
concentrations, lower removal was observed. Similar results 
have been reported in the literatures [19,20].

3.3. Effect of pH value of MO solutions

The pH value of dye solutions plays an important role 
in adsorption process. To estimate the effect of pH on MO 

Fig. 2. Effect of the amount of HTCC on MO adsorption.
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adsorption by this composite, the adsorption experiments 
were conducted at 298 K. 0.02 g of adsorbent was added to 
50 mL MO solutions (200 and 300 mg/L) and continuously 
agitated at 200 rpm for 60 min. The pH value of MO solutions 
varied from 3 to 11. The results are shown in Fig. 3(b). High 
removal was observed in a wide pH range of 3–9. The removal 
was 95.3% and 74.2% for MO solutions with 200 and 300 mg/L 
at natural pH, respectively. To better understand the effect of 
initial pH value on adsorption, the plot for the measurement 
of pHpzc of this adsorbent was presented in Fig. S1 in the 
supplementary materials and obtained at 7.2 or so. The sur-
face of the adsorbent will be negatively charged above pHpzc 
and positively charged below pHpzc. The sulfonate groups 
of MO (–SO3Na) were dissociated and converted to anionic 
dye ions –SO3

– in aqueous solution. In acidic media (<pHpzc), 
the surface of this adsorbent was positively charged, which 
facilitated the electrostatic attractions between the anionic 
groups –SO3

– of dyes and the positively charged surface of 
this composite, thus resulted in an increase in dye adsorp-
tion. However, when increasing pH values, the number of the 

negatively charged sites increased, thus a decrease in removal 
with increasing pH was attributed to the decreasing the elec-
trostatic attractions. Beyond pH 9, a sharp decline in removal 
was observed due to the decreased positively charges of the 
adsorbent as well as the competitive adsorption of the abun-
dant OH– ions and anionic MO for the adsorption sites.

3.4. Effects of inorganic sodium salt and ionic strength

Sodium salt is often used as a stimulator in dying indus-
tries. Effect of inorganic sodium salt (0.05 mol/L) on MO 
adsorption is presented in Fig. 3(c). The presence of inorganic 
sodium salts decreased MO adsorption by this composite. This 
decrease followed the order: PO4

3– > CO3
2– > SO4

2– > Cl–. For SO4
2– 

and Cl–, the decreased removal may result from their compet-
itive adsorption with MO for adsorptive sites. For PO4

3– and 
CO3

2–, the addition of CO3
2– and PO4

3– enhanced the pH values 
of MO solutions. As presented in the results of pH effect in 
section 3.3, the removal decreased when the pH value of MO 
solution increased, especially beyond pH 9. The dramatically 

ba

c d

Fig. 3. Effects of MO concentration (a), initial pH value of MO solution (b), inorganic sodium salt (c) and ionic strength (d) on MO 
adsorption.
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decreased removal in the presence of PO4
3– and CO3

2– may be 
due to their competitive adsorption as well as the increased 
pH value. To further understand the effect of inorganic 
salts on MO adsorption, the concentration of MO solution 
tested was 100 mg/L and various NaCl concentrations were 
applied to conduct the adsorption experiments. The results in  
Fig. 3(d) show that increasing NaCl concentration (ionic 
strength) weakened the adsorption of MO onto this compos-
ite. Previous studies showed that if the electrostatic attraction 
is the main adsorption mechanism, the ionic strength has a 
significant negative effect on the adsorption process [21–23]. 
Thus, our results indicated that the electrostatic interaction 
between MO and this composite was the main interaction in 
MO adsorption.

3.5. Kinetic experiments

Kinetic experiments were conducted in order to deter-
mine the time needed to reach equilibrium and adsorption 
rates of dye. Adsorption kinetic experiments at different con-
centrations (100, 200, 300 and 500 mg/L) were performed by 
the batch method, where 0.02 g of adsorbent was added to  
50 mL MO solution. The samples were agitated for times vary-
ing from 5 to 180 min. At the end of each adsorption period, the 
samples were collected by filtration, and the concentrations 

of the residual MO in the filtrates were then determined. 
As shown in Fig. 4, the adsorption of MO onto this adsor-
bent approached constant values after a period of 100 min, 
and thus the time required for the  adsorption  equilibrium 
was 100 min. The data were  modeled using both first- and 
 second-order kinetic  models. The  pseudo-first- order model 
can be expressed according to Eq. (4) [24]:

1 11

q
k
q t qt e e

= +         (4)

where qe (mg/g) and qt (mg/g) are the amounts of MO adsorbed 
at equilibrium and at different time intervals, respectively. 
k1 (1/min) is the rate constant of pseudo-first-order model. 
Linear plots of “log(1/qt) vs. 1/t ” were used to predict k1 and 
qe from the slope and intercept, respectively.

The pseudo-second-order model can be expressed 
according to Eq. (5) [25]:

t
q k q q

t
t e e

= +
1 1

2
2

 (5)

where k2 (g/mg min) is the rate constant of the pseudo- 
second-order adsorption process. The values of k2 and qe can 
be determined from the slope and intercept of the “t/qt vs. t” 
plots, respectively.

These plots are presented in Fig. S2 in the supplemen-
tary materials and the parameters obtained are summarized 
in Table 1. Though the calculated qe values from both mod-
els agreed very well with the experimental ones, the values 
for R2 of pseudo-second-order model were all much closer 
to 1.0 than those of pseudo-first-order model, indicating 
that the pseudo-second-order equation was more suitable 
to describe the adsorption kinetics of CHTCC/BT compos-
ite for MO. The similar results were also reported by some 
authors [26,27].

3.6. Adsorption isotherm study

Adsorption isotherm models describe the relationship 
between adsorbates and adsorbents when the adsorption 
process reaches equilibrium. These equilibrium data of MO 
onto this composite at different temperatures were fitting to 
the Langmuir, Freundlich and Dubinin–Radushkevich (D–R) 
isotherm models. The Langmuir adsorption model assumes 
that the maximum adsorption corresponds to a saturated 
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Fig. 4. Plots of the adsorption capacity vs. contact time at 
 different MO concentrations.

Table 1
Kinetic parameters of the adsorption of MO onto the CHTCC/BT composite

Models Parameters Concentration (mg/L)
100 200 300 500

Pseudo- 
first- 
order

qe,exp (mg/g) 249.4 497.3 566.7 611.2
qe,cal (mg/g) 254.5 512.8 584.8 606.1
k1 (1/min) 2.524 5.549 3.614 1.442
R2 0.9966 0.9994 0.9953 0.9495

Pseudo- 
second- 
order

qe,cal (mg/g) 250.6 505.1 574.7 617.3
k2 (g/mg min) 0.0002 0.0004 0.0006 0.0008
R2 0.9999 1.000 1.000 0.9999
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monolayer adsorption on the homogeneous surface. The 
Langmuir equation [28] is expressed as:

C
q Qb

C
Q

e

e

e= +
1  (6)

where Q is the maximum amount of adsorption with complete 
monolayer coverage on the adsorbent surface (mg/g) and b is 
the Langmuir constant, which is related to the energy of adsorp-
tion (L/mg). From the linear plots of Ce/qe against Ce, Q and b val-
ues can be calculated from the slope and intercept, respectively.

The Freundlich isotherm can be applied for non-ideal 
sorption on heterogeneous surfaces and multilayer sorption. 
The Freundlich equation [29] is expressed as:

log log logq K
n

Ce f e= +
1  (7)

where Kf [(mg/g)(L/mg)1/n] and n are Freundlich constants 
related to adsorption capacity and heterogeneity factor, 
respectively. Kf and n values can be calculated from the inter-
cept and slope of the linear plots between logCe and logqe.

The D–R isotherm equation, which is more generally 
used to distinguish between physical and chemical adsorp-
tion, is represented by the following equation [30]:

ln lnq qme = −βε2  (8)

where qe is the amount of dye adsorbed (mg/g), Xm is the max-
imum adsorption capacity of dye (mg/g), β is the D–R con-
stant (kJ2/mol2) and ε is the Polanyi potential given by Eq. (9):

ε = +RT ln(1 1 Ce )  (9)

where R is the gas constant in J/mol K, T is the temperature 
(K) and Ce is the equilibrium concentration of MO (mol/L). 
The linear plot of lnqe against ε gives the values of β and 
Xm from slope and intercept, respectively. The constant β is 
related to the mean free energy of sorption and this can be 
computed using the following relationship:

E =
1
2β

 (10)

where E is the mean adsorption energy (kJ/mol) and β is 
the D–R constant (kJ2/mol2). The E value ranges from 1 to 
8 kJ/mol for physical sorption and 8–16 kJ/mol for chemical 
sorption. 

These plots are presented in Fig. S3 in the supplemen-
tary materials and the relative parameters of Langmuir, 
Freundlich and D–R adsorption isotherms are listed in 
Table 2. The plots for the experimental and calculated data 
from three isotherm models are depicted in Fig. 5. Based on 
the R2 values, the adsorption of MO onto the CHTCC/BT 
composite was best described by the Langmuir model. This 
implied the monolayer distribution of MO molecules onto 
the homogeneous active sites on the adsorbent surface. The 
maximum monolayer Q was obtained at 632.9 mg/g at 298 K 
and natural pH. However, increasing temperature decreased 
the adsorption of MO onto this composite, suggesting that 
the adsorption of MO was favored at low temperatures and 
it was an exothermic process. Meanwhile, Fig. 5 shows that 
the calculated data from Langmuir model were closer to the 
experimental ones as compared with those from Freundlich 
and D–R models.

In addition, the E values in all experiments tested were 
found in the range of 1–8 kJ/mol, indicating that the govern-
ing type of adsorption was essentially physical. Therefore, 
the adsorption of MO from aqueous solution formed a mono-
layer onto the adsorbent surface generally through physical 
adsorption.

3.7. Desorption study

To evaluate the reusability of this composite, the regen-
erated adsorbents were used to adsorb MO again. As pre-
sented in Table 3, 0.3 mol/L NaOH and NaCl solutions were 
effectively applied for the regeneration of this adsorbent. 
The regenerated adsorbents with 0.3 mol/L NaOH solution 
still exhibited high removal toward MO, indicating that the 
adsorption of MO onto this adsorbent was conducted by 
electrostatic interaction. This result corroborated well the 
explanation of pH effect investigated in section 3.3. HCl 
solutions was unable to break this binding in interaction 
effectively, thus the regeneration using HCl solutions was 
unsatisfactory.

Table 2
Adsorption isotherm parameters of MO onto the CHTCC/BT composite

Isotherms Parameter Temperature (K)
298 308 318 328

Langmuir b (L/mg) 0.1503 0.2080 0.2624 0.4041
Q (mg/g) 632.9 621.1 591.7 558.7
R2 0.9986 0.9973 0.9989 0.9998

Freundlich Kf [(mg/g)(L/mg) 1/n] 323.3 317.0 314.4 304.7
1/n 0.1276 0.1251 0.1194 0.1170
R2 0.8725 0.9075 0.8958 0.8933

D–R Xm (mg/g) 570.7 548.4 538.6 511.4
β (kJ2/mol2) 3.27E–7 2.02E–7 2.23E–7 1.82E–7
E (kJ/mol) 1.2 1.6 1.5 1.7
R2 0.9458 0.9304 0.9533 0.9103
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3.8. Characterization of materials

Fig. 6 shows the XRD patterns of BT, the adsorbents 
before and after MO adsorption. From Fig. 6, the XRD pattern 
of BT showed the characteristic peak of montmorillonite at 
around 6.56°. After BT interacted with crosslinked HTCC, this 
peak at 6.56° was shifted to a smaller angle (6.19°), and this 
was accompanied by slight change in the intensity of the peak 
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Fig. 5. Plots for the experimental and calculated data from three isotherm models at different temperatures.

Table 3
Regeneration of crosslinked quaternized chitosan/bentonite 
composite

Types of  
eluent

Eluent  
concentrations (mol/L)

Removal  
(%)

HCl 0.1 48.7
0.3 62.4
0.5 64.9

NaOH 0.1 66.9
0.3 87.7
0.5 69.3

NaCl 0.1 54.5
0.3 83.9
0.5 59.9

a

b

c

2θ( )

Fig. 6. XRD patterns of BT (a), crosslinked quaternized chitosan/
BT composite (b) and MO loaded crosslinked quaternized chi-
tosan/BT composite (c).
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as observed in Fig. 6. These results suggested the incorpora-
tion of crosslinked HTCC into the interlayer spacing of BT. 
However, after the adsorbent was loaded by MO, the inten-
sity of the peak at 6.19° was decreased, indicating the occur-
rence of the reaction between MO and this composite [31].

Spectra of BT, crosslinked HTCC, and the adsorbents 
before and after MO adsorption were examined for func-
tional groups that contributed to the adsorption process; the 
spectra are shown in Fig. 7. In the spectrum of BT, the peak 
at 3,623 cm–1 was assigned to a stretching band of the inner 
OH unit within the clay structure, and the peak at 3,455 cm–1 
was related to the OH vibration of water molecules. The char-
acteristic peaks corresponding to the phyllosilicate structure 
of BT appeared between 470 and 1,160 cm–1. A broad peak 
between 1,045 and 1,160 cm–1 was attributed to the character-
istic stretching vibration of the Si–O, and the peak at 525 cm–1 
belonged to the angular deformation of Si–O in the tetrahe-
dral sheet. The peaks from 915 to 794 cm–1 corresponded to 
the octahedral layers of BT.

In the spectrum of crosslinked HTCC, a broad intense 
peak near 3,441 cm–1 was attributed to the stretching vibra-
tions of O–H and N–H groups. The peaks at 2,922 and  
2,876 cm–1 corresponded to the C–H stretching vibrations 
of the alkyl group. The peaks at 1,643 and 1,564 cm–1 were 
associated to the stretching vibrations of amide and amine 
groups, respectively. The peak at 1,482 cm–1 was attributed to 
the methyl of the ammonium groups in HTCC [32].

After BT interacted with crosslinked HTCC, the 
 intensities of the characteristic peaks of the amine and 
ammonium groups decreased as compared with those of 
crosslinked HTCC. The intensities of the characteristic peaks 
of BT changed and this was accompanied by the changes in 
the positions of these peaks in comparison with the spectrum 
of BT. These results indicated that the amine and ammo-
nium groups in crosslinked HTCC mainly participated in the 
 reaction with BT.

In the spectrum of the MO loaded adsorbent, the intensi-
ties of the characteristic peaks of the amine and ammonium 
groups decreased and even disappeared, and the positions of 
these peaks shifted as shown in Fig. 7. These changes indicated 
the amine and ammonium groups in HTCC were involved 

in the adsorption of MO due to the electrostatic interaction. 
Meanwhile, the intensities and positions of the characteris-
tic peaks of BT were different from those of the adsorbent 
before MO adsorption due to the hydrogen bonds between 
BT and MO. The intensity of the peak near 3,441 cm–1 due to 
the stretching vibrations of O–H and N–H was decreased due 
to the hydrogen bonds between amine and hydroxyl groups 
and MO. Besides, a new peak at 1,369 cm–1 attributed to aro-
matic nitro compound was detected, indicating the presence 
of MO molecules on the adsorbent surface [33].

Based on the results of the adsorption experiments and 
FTIR analysis, the possible mechanisms for MO adsorption 
on the composite were obtained. These mechanisms involved 
the electrostatic interaction and the hydrogen bonds between 
this adsorbent and MO. However, the electrostatic interac-
tion was the main mechanism of MO adsorption onto this 
composite.

4. Conclusion

A CHTCC/BT composite was prepared via immobilizing 
crosslinked quaternized chitosan into BT and used for the 
adsorption of MO. The MO adsorption onto the CHTCC/BT 
was affected by the amount of quaternized chitosan,  initial 
pH, initial dye concentration, inorganic sodium salt, etc. 
Kinetic and isotherm studies showed that the pseudo- second-
order model and Langmuir model could well describe the 
adsorption behavior. The maximum monolayer adsorption 
capacity of CHTCC/BT composite was 632.9 mg/g at 298 K 
and natural pH value. The adsorption behavior and FTIR 
analysis indicated that the possible adsorption  mechanism 
of MO involved the electrostatic interaction and  hydrogen 
bonding. Besides, the adsorbent was regenerated with 
0.3 mol/L NaOH solution effectively. Therefore, the CHTCC/
BT composite is expected to have a promising future for the 
dye-polluted water purification.
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Fig. S1. Determination of pHpzc of CHTCC/BT composite.

0 50 100 150 200 250 300 350 400
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7 (a)  298 K
 308 K
 318 K
 328 K

Ce

C e/q
e

-0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0

2.4

2.5

2.6

2.7

2.8 (b)  298 K
 308 K
 318 K
 328 K

 logCe

lo
gq

e

0.0 6.0x105 1.2x106 1.8x106 2.4x106 3.0x106 3.6x106 4.2x106
5.4

5.6

5.8

6.0

6.2

6.4

6.6

(c)  298 K
 308 K
 318 K
 328 K

ε2 

ln
 q

e

Fig. S3. Plots of the Langmuir (a′), Freundlich (b′) and D–R (c′) 
adsorption isotherms.
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Fig. S2. Plots of pseudo-first-order model (a′) and pseudo- 
second-order model (b′).


