
Adsorptive removal of methyl orange using enhanced cross-linked
chitosan/bentonite composite

Lujie Zhang, Qian Liu, Pan Hu, Ruihua Huang*

College of Science, Northwest A & F University, Yangling, Shaanxi 712100, China, Tel. +86 029 87092226;
emails: 25475492@qq.com (L. Zhang), 1185898219@qq.com (Q. Liu), 1515325595@qq.com (P. Hu), hrh20022002@163.com
(R. Huang)

Received 7 April 2015; Accepted 3 August 2015

ABSTRACT

In this study, the cross-linked chitosan/bentonite composite was treated further with con-
centrated HCl. The resultant composite was referred to as the enhanced cross-linked chi-
tosan/bentonite (ECCS/BT) composite, which was characterized by X-ray diffraction,
scanning electron microscopy, and Fourier transform infrared spectroscopy techniques.
ECCS/BT composite was used as an adsorbent to remove an anionic dye, methyl orange
(MO), from aqueous solutions by a batch method. Various conditions were evaluated,
including acid treatment, the ratio of chitosan to bentonite, initial MO concentration, adsor-
bent dosage, solution pH, and contact time. The adsorption kinetics and equilibrium iso-
therms of MO by the ECCS/BT composite were studied using the pseudo-first-order and
pseudo-second-order kinetic models as well as Freundlich and Langmuir isotherm models.
The kinetic data followed the pseudo-second-order equation; the isotherm data were
described by the Langmuir isotherm model and the maximum adsorption capacity (Qmax)
was obtained at 136.8 mg/g at natural pH and 293 K.

Keywords: Enhanced cross-linked chitosan/bentonite composite; Methyl orange; Adsorption;
Kinetics

1. Introduction

Many kinds of dyes are being used in many indus-
tries including textile, tannery, papermaking, electro-
plating, and food processing. Dyes usually have a
synthetic origin and complex chemical structure which
makes them very stable to light and oxidation and
very difficult to biodegrade [1]. If these dyes are not
treated before discharging into a water system, it
would cause various environmental problems [2]. Sev-
eral physical, chemical, and biological techniques have

been employed to remove dyes from wastewaters,
such as photochemical degradation, biological
degradation, coagulation, chemical oxidation, and
adsorption [3–8]. Among these methods, adsorption
has been thought to be the most promising option for
the removal of dyes from wastewaters. Of all the
adsorbents, activated carbon is often used due to its
porous nature and large surface area [9]. However, it
is quite expensive and difficult to recover [10], thus,
its broad application was restricted to some degree.
This has prompted a search for cheap and efficient
alternative materials, such as bagasse pith, wood, fly
ash, rice husk, and clay.
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Bentonite (BT) is a kind of low-cost and abundant
clay that is primarily composed of montmorillonite
(Mt). However, natural bentonite only removes weak
dyes from water due to the strong hydration of its
inorganic exchangeable ions. Therefore, bentonite was
modified with organic cations or by combination with
some biomaterials, such as chitosan, chitin, and lignin.
Chitosan (CS) is an alkaline deacetylated product of
chitin, characterized by high hydrophilicity and large
number of hydroxyl and amino groups, and is consid-
ered as an environmentally friendly material with
minimal toxicity, biocompatibility, biodegradability,
and great availability in nature [11]. Besides, chitosan
can maintain good compatibility with clay minerals
[12,13]. However, using pure chitosan as an adsorbent
has several disadvantages, such as being costly and
low stability in acidic media. To prevent the dissolu-
tion of chitosan in acidic media, cross-linking agents
including epichlorohydrin, tripolyphosphate, and glu-
taraldehyde have been frequently employed to
enhance the stability of chitosan. Cho et al. developed
a composite adsorbent by entrapping cross-linked chi-
tosan and nano-magnetite on heulandite surface to
remove Cu(II) and As(V) from aqueous solution [14].
To decrease the cost of chitosan-based adsorbents,
immobilizing chitosan on a low-cost material, like ben-
tonite, sand, and montmorillonite, was an effective
modification method. Pereira et al. prepared chitosan–
montmorillonite beads by cross-linking with
pentasodium tripolyphosphate, and investigated the
adsorption of Cu(II) from aqueous solutions onto this
biocomposite [15]. In our previous study, we reported
the cross-linked chitosan/bentonite (CCS/BT) compos-
ite for the removal of methyl orange (MO). The cross-
linked chitosan/bentonite (CCS/BT) composite
showed a high adsorption capacity, and the maximum
adsorption capacity of CCS/BT composite calculated
by the Langmuir model was 224.8 mg/g [16]. How-
ever, the amount of chitosan in this composite was
still great.

In the present study, in order to decrease the
amount of chitosan, the cross-linked chitosan/ben-
tonite composite with the ratio of chitosan to bentonite
(2/5) would be treated with concentrated HCl for the
activation of bentonite and the protonation of cross-
linking chitosan. The enhanced cross-linked chitosan/
bentonite composite (ECCS/BT) exhibited a relatively
high adsorption capacity for MO. Surface morphology
characterization and structural analysis of the ECCS/
BT composite were done by scanning electronic micro-
scopy (SEM), X-ray diffraction (XRD), and Fourier
transform infrared spectroscopy (FTIR) techniques.
The effects of adsorption conditions, such as contact
time, solution pH, adsorbent dosage, and initial MO

concentration, were investigated. In addition, the
adsorption isotherms and kinetic behaviors of MO
onto the ECCS/BT composite were studied in detail.

2. Materials and methods

2.1. Reagents

Chitosan was supplied by Sinopharm Group
Chemical Reagent Limited Company (China) with a
degree of deacetylation of 90% and average molecular
weight of 105 g/mol. Bentonite powder with a particle
size of 200 mesh was acquired from the chemical fac-
tory of Shentai, Xinyang, Henan, China. MO was sup-
plied by Sigma chemical company, and was used as
adsorbate in the tests. All other reagents used were
analytical grade reagent. Deionized water was used
for all aqueous solutions.

2.2. Preparation of ECCS/BT composite

CCS/BT composite in powder form was prepared
according to our previous study [13]. The CCS/BT
composite was treated with concentrated HCl for
60 min for the protonation of cross-linked chitosan
and the activation of bentonite. The resultant compos-
ite was named as the ECCS/BT composite, washed
with distilled water to neutral pH, dried at 60˚C in an
oven, and ground. The ECCS/BT composite particles
of 100-mesh size were obtained, and used for adsorp-
tion studies.

2.3. Measurement of MO

Stock solution (1,000 mg/L) of MO was prepared
by dissolving 1 g of MO into 1,000 mL of deionized
water. The stock solution was then diluted to give
standard solutions of appropriate concentration. MO
concentration measurements were carried out using a
UV–vis spectrometer (Shanghai Precision & Scientific
Instrument Co., Ltd, 754-N, China) at 464 nm. The pH
value of dye solution was determined with the Leici
acidity meter (Leici pHs-3c, Shanghai, China).

2.4. Characterization of ECCS/BT composite

Surface morphology images of the samples were
observed by field emission scanning electronic micro-
scope (FE-SEM) (Hitachi S4800). XRD profiles of the
samples were performed using a Shimadzu XD3A
diffractometer equipped with a monochromatic Cu Ka
source operating at 40 kV and 30 mA. FTIR spectra
were collected with a spectrometer (Shimadzu 4100)
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using KBr pellets. The diffraction patterns were
recorded from 3˚ to 55˚ with a scan rate of 0.02˚/s.
The zero point of charge (pHZPC) of the sample was
measured by the solid addition method.

2.5. Adsorption of MO onto the ECCS/BT composite

Adsorption experiments were performed in conical
flasks containing 50 mL of MO solution and required
dosage of adsorbent at specified temperature. The flasks
were shaken at 200 rpm. When the predefined contact
time attained, the adsorbent was separated by filtration.
The concentration of MO in the filtrate was measured.
The adsorption capacity for MO at any time, t (qt,
mg/g), was calculated using the following equation:

qt ¼ ðC0 � CtÞV
W

(1)

where Ct (mg/L) is the dye concentration at any time
t (min), C0 (mg/L) is the initial MO concentration, W
(g) is the adsorbent dosage, and V (L) is the volume
of MO solution.

2.6. Adsorption isotherm models of MO

Adsorption isotherms of MO on ECCS/BT com-
posite were determined at 293, 303, 313, and 323 K,
respectively, with desired concentration, natural pH,
and 180 min of contact time. Eq. (1) can be used to
calculate the equilibrium capacity of MO on the
ECCS/BT composite (qe, mg/g), and the Ct in the
equation can be changed to Ce (the equilibrium MO
concentration in solution, mg/L). The Langmuir and
Freundlich isotherm models were used to describe the
linear forms about the adsorption of MO on the
ECCS/BT composite.

2.7. Adsorption kinetics of MO

Adsorption kinetics of MO on the ECCS/BT com-
posite was investigated by batch experiments at initial
MO concentrations (50, 100, and 150 mg/L, respec-
tively). Separate flasks were prepared for each time
interval and only one flask was taken out for the desired
time. In order to investigate the mechanism of adsorp-
tion, the pseudo-first-order and pseudo-second-order
models have been used for the adsorption processes.

2.8. Desorption and regeneration studies

Desorption studies were also conducted in the
batch mode. Similar to adsorption studies, 0.05 g of

fresh adsorbent was added to 50 mL of MO solution
(100 mg/L). After 24 h at room temperature, the satu-
rated MO-loaded adsorbent was collected by filtration
and washed with distilled water in order to remove
the unadsorbed traces of MO. Then, the adsorbent
was agitated with 50 mL of 0.1, 0.3, and 0.5 mol/L
HCl or 0.1, 0.3, and 0.5 mol/L NaOH solutions for
24 h, followed by adsorbent separation from the elu-
ent, and washed with distilled water for several times
to remove excessive acidity/alkalinity. Finally, the
adsorbent was dried at 60˚C for 12 h. To test the
reusability of the adsorbent, the adsorbent was
applied in the adsorption of MO (100 mg/L). The
regeneration rate (RR) was calculated according to the
following equation:

RR ¼ ðRfre � RregÞ
Rfre

� 100% (2)

where the values for Rfre and Rreg are the removals
toward MO using the fresh adsorbent and regenera-
tive one, respectively.

3. Results and discussion

3.1. Characterization of the ECCS/BT composite

Fig. 1 shows the XRD patterns of CS, the proto-
nated cross-linked chitosan, BT, the BT treated with
concentrated HCl, and the ECCS/BT composite. The
XRD pattern of CS (Fig. 1(a)) showed the characteristic
crystalline peaks at 11.2˚ and 22.4˚ [17]. However, the
natural crystal peak at 11.2˚ disappeared and the peak
at 22.4˚ weakened obviously in the protonated cross-
linked chitosan, as shown in Fig. 1(b), indicating that
the crystallinity degree of chitosan was destroyed due
to the cross-linking reaction and the protonation of
−NH2 groups. The XRD pattern of BT (Fig. 1(c)) exhib-
ited a typical reflection of montmorillonite at 6.56˚.
However, after BT was treated with concentrated HCl,
the peak at 28˚ assigned to the characteristic peak of
feldspar disappeared, and the typical reflection of
montmorillonite was shifted from 6.56˚ to 5.96˚, sug-
gesting an increase in basal spacing, as shown in
Fig. 1(d). For the ECCS/BT composite (Fig. 1(e)), this
peak attributed to a typical reflection of montmoril-
lonite at 5.96˚ was shifted to a smaller angle as com-
pared with the bentonite treated with concentrated
HCl, indicating the intercalation of chitosan into ben-
tonite.

The surface images of BT, the BT treated with con-
centrated HCl, and the ECCS/BT composite were
observed by FE-SEM. The results are shown in Fig. 2.
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As shown in Fig. 2(a), the original BT was character-
ized by a drusy texture, partially developed crystalline
laminar and conglomerates of compact crystals. The
surface images of BT treated with concentrated HCl
and ECCS/BT composite were different from that of
original bentonite. After bentonite was activated by
concentrated HCl, the crystalline laminar of bentonite
cracked open, and its surface structure became loose,
as shown in Fig. 2(b). However, when bentonite was
covered with cross-linked chitosan molecules and trea-
ted with concentrated HCl, the crystals of bentonite
could not be seen clearly, and the structure became
compact as compared with the acid-activated ben-
tonite, which confirmed the combination of bentonite
with chitosan.

The FTIR spectra of the ECCS/BT composite sam-
ples before and after MO adsorption are illustrated
in Fig. 3. The peak at 1,643 cm−1 in the ECCS/BT
composite was assigned to the N–H bending vibra-
tion. The vibrations of silica group comprising of
Si–O–Si symmetric and asymmetric stretches, Si–O–Si
bend, and silanol Si–O stretches were found between
467 and 1,039 cm−1, which were attributed to the
characteristic peaks of bentonite. After the ECCS/BT

Fig. 1. XRD patterns for various materials: (a) chitosan, (b)
protonated cross-linked chitosan, (c) bentonite, (d) acid-
activated bentonite, and (e) enhanced cross-linked
chitosan/bentonite composite.

Fig. 2. SEM images for bentonite (a), acid-activated bentonite, and enhanced cross-linked chitosan/bentonite composite
(c).
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composite was loaded by MO molecules, this peak at
1,643 cm−1 clearly weakened, suggesting the involve-
ment of amine groups in the adsorption of MO.
Meanwhile, the intensity of the peak at 793 cm−1

attributed to the symmetric stretching vibration of
Si–O–Si was weakened and other characteristic peaks
of bentonite were shifted slightly, suggesting that
MO adsorption also occurred on the surface of ben-
tonite. Besides, some new peaks were observed in
the FTIR spectrum of the MO-loaded ECCS/BT com-
posite. The peak at 1,603 cm−1 was assigned to the
characteristic peak of aromatic ring [18,19]. The peak
at 1,368 cm−1 was attributed to −CH3 bending vibra-
tion [18,19]. These observations confirmed the pres-
ence of MO molecules.

The determination of the pHZPC of the sample was
carried out using a procedure as described previously
by El Qada et al. [20]: 50 ml of 0.1 mo/L NaCl solu-
tions were placed in 150-mL conical flasks. Initial pH
of 0.1 mo/L NaCl solutions (pHi) was adjusted from
pH 2 to 11 by adding either 0.1 mol/L HCl or
0.1 mol/L NaOH solution. Adsorbent dosage (0.05 g)
was added to 50 mL of 0.1 mol/L NaCl solution and
stirred for 120 min and final pH (pHf) of 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 zero point of charge (pHZPC) of adsorbent
(Fig. 4). The pHpzc of zirconium-immobilized ben-
tonite was found to be 6.5 or so.

3.2. Effect of acid treatment on MO adsorption

To improve the adsorption for MO by the CCS/BT
composite, the CCS/BT composite was treated with

acid for the activation of BT and the protonation of
−NH2 groups in CS. HCl and HNO3 solutions with
various concentrations were applied in the treatment
of the CCS/BT composite. The results are shown in
Fig. 5. The CCS/BT composite treated with acid
allowed higher removal than the CCS/BT composite.
The removal increased gradually with an increase in
HNO3 concentration until it was 6 mol/L, and then it
reduced slightly. However, the removal increased with
an increase in HCl concentration, and the CCS/BT
composite treated with concentrated HCl showed the
maximum removal toward MO. This high removal

Fig. 3. FTIR spectra of ECCS/BT composite and MO-
loaded ECCS/BT composite.
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Fig. 4. Determination of pHZPC of ECCS/BT composite.

Fig. 5. Effect of acid treatment on MO adsorption.
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may be attributed to the activation of BT and the pro-
tonation of −NH2 groups in CS. For the activation of
BT, acid treatment was helpful to increase the basal
spacing of bentonite and dredge the inner passage in
bentonite, as shown in Fig. 1(d). An increase in basal
spacing and the dredged inner passage can provide a
better adsorption of MO onto this composite. For the
protonation of −NH2 groups in chitosan, Viswanathan
et al. prepared protonated cross-linked chitosan beads
for fluoride adsorption. After the cross-linked chitosan
beads were treated with concentrated HCl for the pro-
tonation of beads, the protonated cross-linked chitosan
beads has shown high removal for fluoride due to
strong electrostatic interaction between positively
charged surface and negatively charged fluoride ions
[21]. In this study, the CCS/BT composite was treated
with concentrated HCl for the protonation of chitosan;
an increase in electropositivity would facilitate the
adsorption of anion dye (MO). Therefore, the concen-
trated HCl was chosen for the treatment of the CCS/
BT composite.

3.3. Effect of the ratio of chitosan to bentonite on MO
adsorption

Fig. 6 shows the effect of the ratio of chitosan to
bentonite in the ECCS/BT composite on MO adsorp-
tion. At the given adsorption conditions, T (293 K),
pH (unadjusted), contact time (60 min), MO concentra-
tion (100 mg/L), and adsorbent dosage (1 g/L), the
ECCS/BT composite has shown a diametrically high
removal as compared with both the protonated
cross-linked chitosan and acid-activated bentonite as
expected. This high removal may be due to the

activation of bentonite and the protonation of −NH2

groups in chitosan. However, decreasing this ratio
weakened the adsorption of MO, suggesting that
increasing content of bentonite in the ECCS/BT com-
posite was adverse to the adsorption of MO onto the
ECCS/BT composite. In this study, the ratio of chi-
tosan to bentonite in adsorbent (2/5) was adopted
because the ECCS/BT composite prepared at this ratio
exhibited relatively high removal.

3.4. Effect of pH of MO solution on MO adsorption

The initial pH value of dye solution is recognized
as an important operational parameter which can sig-
nificantly affect the adsorption mechanisms between
dye molecules and the adsorbent. The adsorption
conditions are listed as follows: T (293 K), contact time
(60 min), MO concentration (50 mg/L), and adsorbent
dosage (1 g/L), the effect of pH on MO adsorption
onto the ECCS/BT composite was studied with an ini-
tial pH of 1, 3, 5, 7, 8, 9, and 11. The pHZPC of the
ECCS/BT composite was obtained at pH 6.5 or so
(Fig. 4). The surface of the adsorbent will be nega-
tively charged above pHZPC and positively charged
below pHZPC. Our results (Fig. 7) revealed that the
maximum removal occurred at pH 3. At pH (>9) and
pH (<3), the removal decreased drastically. Its pKa

value in water is close to 3.4 [22]. MO has two chemi-
cal structures, whose chromophores are anthraquinone
or azo bond depending on the pH of the solution [23],
as can be expressed as follows:

At pH <3 (<pHZPC), the MO existed in left pattern,
the number of negatively charged sites in MO
decreased, while the surface of the adsorbent was

Fig. 6. Effect of the ratio of chiosan to bentonite on MO
adsorption.

Fig. 7. Effect of pH value of MO solution on MO adsorp-
tion.
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mainly positively charged, thus, a weak attraction
between the positively charged composite and the
negative functional groups of MO occurred, leading to
low removal. With increase in pH from 3 to 7, a slight
decrease in removal from 98.7 to 97.4% was observed.
In this case, the MO existed in right pattern, the num-
ber of negatively charged sites in MO enhanced, while
the surface of ECCS/BT composite was still positively
charged, and partial −NH2 groups in adsorbent were
protonated into �NHþ

3 groups, so the electrostatic
attraction between the negatively charged MO anions
and the positively charged surface of the adsorbent
enhanced, resulting in high removal. However, above
pH 7, decreasing removal may be due to the competi-
tion of hydroxyl ions in the solution with the dye
anions for adsorptive sites and the electrostatic repul-
sive force between the negatively charged surface and
the anionic dye. Similar results from MO adsorption
onto the multi-walled carbon nanotubes and activated
carbons of corncob-derived char wastes were reported
by Yao et al. [24] and Hou et al. [25].

3.5. Effect of adsorbent dosage on MO adsorption

The effect of adsorbent dosage on MO adsorption
onto the ECCS/BT composite is shown in Fig. 8. An
increase in adsorbent dosage from 0.2 to 1 g/L
resulted in the increase in the removal from 31.2 to
92.7%. This increase in removal was due to the
increase of adsorption active sites on the adsorbent
surface when increasing adsorbent dosage. A further
increase in adsorbent dosage beyond 1 g/L exhibited
no extra improvement in dye removal. However, the
adsorption capacity for MO decreased with increasing
the adsorbent dosage (Fig. 8). This trend could be
attributed to the unsaturation of adsorption sites,
where there was a greater number of unoccupied
binding sites of the ECCS/BT composite at higher
dosages due to the equilibrium with each other
between the surface and solution concentration of
MO. Similar behavior has been observed for the
removal of humic acid from aqueous solution by sur-
factant-modified chitosan/zeolite composites [26].
Therefore, considering the removal together with the

adsorption capacity, 1 g/L adsorbent dosage was cho-
sen for later studies.

3.6. Effect of initial MO concentration on MO adsorption

Experiments were carried out at various MO con-
centrations while the other parameters were kept con-
stant. As shown in Fig. 9, the adsorption capacity

Fig. 8. Effect of adsorbent dosage on MO adsorption.

Fig. 9. Effect of initial MO concentration on MO adsorp-
tion.
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improved with increasing dye concentrations. The
high MO concentration can result in a high mass
gradient pressure between the solution and adsorbent,
which acted as a driving force to transfer dye mole-
cules from bulk solution to the particle surface, and
therefore to overcome the mass transfer resistance
between the aqueous and solid phase. Thus, higher
MO concentrations enhanced the adsorption capacity.
Many researchers have reported the similar observa-
tions for MO adsorption by various adsorbents [10,23].
However, the removal showed an opposite trend.
When the initial concentration increased from 20 to
300 mg/L, the removal decreased from 99.7 to 42.4%.
This trend may be explained as follows: at lower con-
centrations, the ratio of initial number of MO to the
available adsorption sites was low and subsequently
more sites were available for MO adsorption, thus the
removal increased. When MO concentrations were
lower than 100 mg/L, the removal was higher than
92%. However, at higher concentrations, the ratio of
initial number of the available adsorption sites to MO
molecules was low; fewer sites were used for adsorp-
tion, so the removal was decreased.

3.7. Effect of contact time on MO adsorption

Equilibrium time is one of the most important
parameters in the design of economical wastewater
treatment systems. The adsorption of MO onto the
ECCS/BT composite at various dye concentrations
was studied as a function of contact time in order to
determine the necessary adsorption equilibrium time.
These results are shown in Fig. 10. The adsorption
was rapid at the initial stages and then gradually
decreased with increasing contact time until the equi-

librium was attained. The rapid adsorption at the ini-
tial contact time can be attributed to the availability of
large number of vacant sites for MO adsorption, and
the slow rate of dye adsorption was probably due to
the decreasing gradient pressure between the solution
and adsorbent. Besides, longer equilibrium time was
required with increasing initial MO concentrations,
and the equilibrium time for MO solutions at 50, 100,
and 150 mg/L was 20, 60, and 100 min, respectively.
Similar result has been reported by Chen et al. for MO
and methyl violet adsorption on activated carbon
derived from phragmites australis [23]. For the sake of
the attainment of equilibrium, 180 min was considered
to be the optimum equilibrium time in further
experiments.

3.8. Adsorption isotherms

In this study, two commonly used models, the Fre-
undlich and Langmuir isotherms were applied to
understand the interaction between the adsorbate and
adsorbents. The Freundlich isotherm is an empirical
equation assuming that the adsorption process takes
place on a heterogeneous surface through a multilayer
adsorption mechanism. The Freundlich isotherm is
expressed by the following equation:

log qe ¼ log KF þ 1

n
log Ce (3)

where qe (mg/g) is the amount of MO adsorbed per
unit of adsorbent at equilibrium, Ce (mg/L) is the MO
concentration at equilibrium, KF ((mg/g)(L/mg)1/n)
and n are the Freundlich constants related to adsorp-
tion capacity and heterogeneity factor, respectively.
The values of KF and n can be calculated from the
intercept and slope of the linear plot between log Ce

and log qe (Fig. 11).
The Langmuir adsorption model is based on the

assumption that the adsorption process takes place on
a specific homogeneous surface through a monolayer
adsorption. The equation is given as follows:

Ce

qe
¼ 1

Qb
þ Ce

Q
(4)

where Ce (mg/L) is the MO concentration at equilib-
rium, qe (mg/g) is the amount of MO adsorbed per
unit of adsorbent at equilibrium, Q (mg/g) is the
maximum amount of adsorption with complete mono-
layer coverage on the adsorbent surface, and b (L/mg)

Fig. 10. Effect of contact time on MO adsorption.
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is the Langmuir constant, which is related to the
energy of adsorption. The Langmuir constants, b and
Q, can be determined from the intercept and slope of
the linear plot of Ce/qe vs. Ce (Fig. 11).

The essential characteristics of the Langmuir iso-
therm can be expressed in terms of a dimensionless
constant separation factor RL [27], which is given by
Eq. (5):

RL ¼ 1

1þ bC0
(5)

where C0 (mg/L) is the initial MO concentration
and b (L/mg) is the Langmuir constant. If the RL

value is between 0 and 1, the adsorption process is
favorable.

All the correlation coefficients, R2 values, and the
constants obtained from the two isotherm models are

summarized in Table 1. The Langmuir isotherm model
gave the higher R2 values which were greater than
0.99 at all temperatures studied as compared with the
Freundlich model, indicating that the adsorption of
MO on the ECCS/BT composite was best described by
the Langmuir model, and it occurred as a monolayer
coverage process. The values of RL were found to be
between 0 and 1, indicating that the adsorption of MO
on the ECCS/BT composite was favorable. The
adsorption capacity decreased with the increasing
adsorption temperature, indicating that the adsorption
of MO was favored at lower temperatures. Table 2
lists a comparison of the maximum adsorption capac-
ity (Qmax) of MO on various adsorbents [10,22,28–31].
The ECCS/BT composite exhibited a relatively large
adsorption capacity (136.8 mg/g), suggesting that it
may be a low-cost and effective adsorbent for the
removal of MO from aqueous solutions.

Fig. 11. Freundlich (a) and Langmuir(b) plots for the adsorption of MO onto enhanced cross-linked chitosan/bentonite
composite at different temperatures.

Table 1
Langmuir and Freundlich isotherm parameters of MO adsorption onto this composite

Isotherms Parameters 293 K 303 K 313 K 323 K

Langmuir isotherm Q 136.8 125.2 124.5 122.1
b 0.2253 0.3692 0.3809 0.4820
RL 0.018–0.182 0.027–0.119 0.028–0.116 0.034–0.094

Freundlich isotherm R2 0.9961 0.9993 0.9995 0.9997
KF 43.74 40.94 41.38 42.23
n 4.107 4.040 4.093 4.212
R2 0.9349 0.9362 0.9413 0.9440
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3.9. Adsorption kinetics

In order to characterize the kinetics involved in the
process of adsorption, the pseudo-first-order and
pseudo-second-order kinetic models were proposed
and used to fit the experimental data from the adsorp-
tion of MO onto the ECCS/BT composite. The
pseudo-first-order kinetic model can be represented
by the following equation [32]:

logðqe � qtÞ ¼ log qe � k1
2:303

t (6)

where qe (mg/g) and qt (mg/g) are the amounts of
adsorbate adsorbed at equilibrium and at contact time
t (min), respectively, and k1 (min−1) is the pseudo-
first-order rate constant. The values of qe and k1 for
the pseudo-first-order kinetic model were determined

from the intercept and the slope of the plot of log
(qe − qt) vs. t (Fig. 12), respectively. The k1 values,
correlation coefficient values, and qe values (experi-
mental and calculated) are summarized in Table 3.
The correlation coefficients, R2 values for the
pseudo-first-order model changed in the range of
0.9309–0.9522 for MO adsorption. Besides, the experi-
mental qe values, qe,exp did not agree with the calcu-
lated values, qe,cal obtained from the linear plots. It
suggests that the adsorption of MO did not follow the
pseudo-first-order kinetic model.

The pseudo-second-order kinetic model can be
represented in the following form [33]:

t

qt
¼ 1

k2q2e
þ 1

qe
t (7)

Table 2
Comparison of the maximum monolayer adsorption capacities of MO on various adsorbents

Adsorbent Adsorption capacity (mg/g) Refs.

Acid-modified carbon-coated monolith 147.06 [10]
Chitosan/maghemite composite 779 [22]
Maghemite/chitosan films 29 [28]
Carbon-coated monolith 102.04 [29]
Chitosan/Al2O3/magnetite nanoparticles 417 [30]
Ammonium-functionalized silica nanoparticles 105.4 [31]
Enhanced cross-linked chitosan/bentonite composite 136.8 This study

Fig. 12. Pseudo-second-order kinetics (a) and intraparticle diffusion (b) plots for the adsorption of MO onto enhanced
cross-linked chitosan/bentonite composite at different concentrations.
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where k2 (g/(mg min)) is the rate constant of pseudo-
second-order adsorption. The k2 and qe values deter-
mined from the slope and intercepts of the plot of t/qt
vs. t (Fig. 12) are presented in Table 3 along with the
corresponding correlation coefficients. The correlation
coefficients (R2) values for the pseudo-second-order
kinetic model were greater than 0.999 for all MO con-
centrations, indicating the applicability of the pseudo-
second-order kinetic model to describe the adsorption
process of MO on the ECCS/BT composite. The calcu-
lated qe value according to the pseudo-second-order
model agreed well with the experimental data at dif-
ferent initial MO concentrations. Therefore, the
adsorption of MO was better described by the pseudo-
second-order kinetic model rather than the pseudo-
first-order kinetic model. Besides, the k2 value
decreased with increasing MO concentrations, thus,
the adsorption equilibrium time for MO solution with
higher concentration would be prolonged due to the
lower k2 values, which was in accordance with those
results mentioned in Section 3.7.

3.10. Desorption and reusability studies

To investigate the reusability of the ECCS/BT com-
posite, the adsorption–desorption–adsorption was con-
ducted, and the results are shown in Table 4. It is
shown that, on the contrary to NaOH solution, HCl
was preferred solution for desorption and reusability
studies of the ECCS/BT composite due to the rela-
tively high RRs (>75%). So, it can be stated that the
ECCS/BT composite can be renewed with HCl
solution.

4. Conclusion

ECCS/BT composite is identified to be a low-cost
and effective adsorbent for the removal of MO from
aqueous solutions. MO was found to be adsorbed
strongly by the ECCS/BT composite due to the activa-
tion of bentonite and the protonation of −NH2 groups
in chitosan. The maximum removal occurred at pH 3.
The removal increased with an increase in adsorbent
dosage and contact time while it decreased with
increasing dye concentration. The equilibrium time for
MO adsorption was prolonged with increasing initial
MO concentrations. The equilibrium data were best
described by the Langmuir isotherm model, and the
maximum monolayer adsorption capacity was
obtained at 136.8 mg/g at natural pH and 293 K. The
adsorption kinetic data can be described by the
pseudo-second-order kinetic model.
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