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ABSTRACT

In this study, the adsorption of the anionic dye Acidol Red 2BE-NW (AR42) on
chitosan/montmorillonite (CTS/MMT) is investigated. A series of CTS/MMT beads were
prepared by varying the chitosan to montmorillonite ratio and characterized by means of
Fourier transform infrared spectroscopy, thermogravimetric analysis, scanning electron
microscopy, and X-ray diffraction (XRD) techniques. Batch experiments were carried out to
assess the adsorption of AR42 from its aqueous solution using CTS/MMT as the adsorbent
surface. Factors influencing control of the adsorption capacity of CTS/MMT such as initial
pH value (pH0), adsorption time, initial dye concentration, chitosan contents, and tempera-
ture were investigated. The adsorption curves showed that the adsorption kinetics and iso-
therms were in good agreement with a pseudo-second-order and Langmuir patterns,
respectively, with an observed maximum dye adsorption of 905 mg/g on CTS/MMT (CTS
wt% = 25%). These results demonstrated the potential and the outstanding ability of CTS/
MMT material for use in the anionic dye adsorption.
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1. Introduction

Water pollution through the discharge of industrial
dye effluents is an issue of worldwide environmental
concern. Currently, more than 10,000 different syn-
thetic chemical dyes and pigments are known [1].
Colored organic effluents are produced in almost all
industries, and by far more extensively in the textile
sector [2], which consumes significant amounts of
water in the process of dyeing fibers and fabrics,

hence making wastewater highly colored. The con-
comitantly reduced water transparency severely
affects photosynthetic processes by reducing sun ray
penetration [3]. Indeed, although many organic com-
pounds are actually biodegradable, the chemical sta-
bility and the non-degradability of the structurally
complex dyes unravel some of their major drawbacks
[4]. More specifically, the xenobiotic nature of the
azo-containing dyes has been related to their potential
toxicity to aquatic organisms [5]. Thus, the urgent
need for practical and economically viable dye
removal techniques has become an important as well
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as a challenging area which has fostered a large
number of research programs directed to wastewater
treatment policies.

So far, several dye removal techniques have been
developed, including coagulation and flocculation [6],
membrane separation [7], oxidation or ozonation [8,9],
electro-coagulation [10], and adsorption [11,12]. The
latter has proved to be an effective and economical
method for dye removal.

Many different types of adsorbents have been
reported to be effective in removing color from
aqueous effluents. More recently, polysaccharide and
clay-based adsorbents have attracted a particular
attention. Owing to their biodegradable and non-toxic
nature [13], polysaccharide materials are gaining
interest for application as adsorbents in wastewater
treatment.

Chitosan, a naturally occurring biodegradable and
non-toxic polysaccharide derived from chitin deacety-
lation, has an extremely high affinity for many dye
classes [14]. CTS has been shown to be more selective
than both conventional ion exchange resins and com-
mercially available activated charcoal and is able to
reduce dye concentration to ppb levels. Interestingly,
the beads form of CTS shows better adsorption ability
than the flake form, due to its higher specific surface
area [15]. In contrast, their weak mechanical property
(highly swollen in water) and low specific gravity
make them rather inconvenient for use as adsorbents
in either batch or column modes. Thus, physical and/
or chemical modifications of the CTS beads are often
undertaken to improve their adsorption performances
and to prevent them from dissolution in both strongly
acidic or alkali solutions [16,17]. However, such modi-
fication procedures seem to be complicated and rather
expensive.

On the other hand, natural clay minerals are low-
cost materials due to their natural abundance. They
display a layered structure which acts as host materi-
als with high sorption properties. Even though natural
clays have high adsorption potential, their structural
modification has dramatically improved their adsorp-
tive properties [18,19]. In the plethora of clay minerals,
montmorillonite has been a material of choice for the
removal of organic pigments and dyes [20–23], due to
its low cost, large surface area, and high yield cationic
exchange.

In this study, we focused our attention on CTS/
MMT composite material. The beads form was
selected to improve the CTS adsorption ability. AR42,
an acidic dye, was chosen for adsorption experiments.
Preparation of the composite material and adsorption
of AR42 onto CTS/MMT are described. The pH value
of the dye solution and the temperature effects on the

adsorption capacity of AR42 on the CTS/MMT beads
have been investigated. The adsorption kinetics and
isotherms for AR42 adsorption onto CTS/MMT are
presented.

2. Experimental

2.1. Chemicals and materials

Samples of medium molecular weight chitosan
powder with 85% degree of deacetylation and MMT
were supplied by Sigma-Aldrich. Acidol Red® 2BE-
NW, a trademark of [2-naphthalenesulfonic acid,
6-amino-4-hydroxy-5-((2-(phenylsulfonyl)phenyl)azo)-,
monosodium salt: C22H16N3NaO6S2] (or CI Red 42 or
AR42) (Fig. 1) was obtained from BASF. The main
properties of this dye are given in Table 1. All chemi-
cals used were of analytical grade and used without
further purification. Distilled water was used through-
out the adsorption experiments.

2.2. Preparation of CTS/MMT beads. General procedure

A mixture of 2 g chitosan powder and 3 g MMT
was suspended in 80 mL (5% v/v) acetic acid and left
overnight with stirring. The mixture was then
dropped into 500 mL (0.50 M) NaOH solution under
continuous stirring at 100 rpm. The resulting beads
were then stirred at 200 rpm, and rinsed thoroughly
with hot distilled water followed by cold distilled
water for several times. The beads were then air-dried
before being finally ground and sieved to obtain
adsorbent size of <100 μm. This adsorbent size was
used throughout the adsorption experiments.
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Fig. 1. Chemical structure of AR42.
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2.3. Instrumental analysis

2.3.1. FTIR spectroscopy

FTIR spectra of pure chitosan, MMT, and CTS/
MMT beads were obtained by Agilent Cary 640 Four-
ier transform infrared spectroscopy (FTIR) spectropho-
tometer. Resolution for each spectrum was 2 cm−1.

2.3.2. Thermogravimetric analysis

Thermogravimetric analysis (TGA) was performed
under nitrogen flow in the range of 50–800˚C on an
ATG Q600 TA instruments, at a heating rate of
10˚C/min.

2.3.3. SEM measurements

The surface morphology of both CTS and CTS/
MMT beads was examined by means of scanning elec-
tron microscopy (SEM, Hitachi S4500) at an accelerat-
ing voltage of 30 kV attached an X-ray energy
dispersive spectrometer, EDS.

2.3.4. XRD analysis

The X-ray diffraction patterns were obtained by a
wide-angle X-ray diffractometer (Rigaku D/MAX-RC,
Japan) with Cu Kα radiation at ambient temperature.
The scan rate was 2˚/min, and the angle (2θ) was
5–25˚.

2.3.5. pHPZC determination

The point of zero charge pH (pHPZC) of CTS/
MMT was determined by the solid addition method
[24]. To a series of 100-mL conical flasks, 50 mL of

NaNO3 solution (0.01 M) of known strength was
transferred. The pH0 values of the solutions were
roughly adjusted from 1 to 8 by adding either HNO3

or NaOH (0.1 mol/L) each. The total volume of the
solution in each flask was made exactly to 50 mL by
adding the NaNO3 solution of the same strength. pH
of the solutions was then accurately measured, and
1 g of CTS/MMT was added to each flask, which was
securely capped immediately. The suspensions were
then manually shaken and allowed to equilibrate for
24 h with intermittent manual shaking. The pH values
of the supernatant liquid were measured again. The
difference between initial (pH0) and final pH (pHf)
values (pH0–pHf) was plotted against pH0. The point
of intersection of the resulting curve with pH0 axis
corresponds to pHPZC. This procedure was repeated
for different concentrations of NaNO3.

2.4. Adsorption experiments

A stock solution of AR42 (250 mg/L) was
freshly prepared each time the adsorption experi-
ment was conducted. The stock solution was then
diluted to different concentrations. Adsorption
experiments were conducted by adding CTS/MMT
beads (0.01 g) to AR42 solutions (50 mL) in 100 mL
beakers. After adsorption, the solutions were filtered
and analyzed under visible light at a wavelength of
510 nm. The initial pH effect on the adsorption of
AR42 was studied over a pH domain ranging from
1 to 8. The solution pH was adjusted by adding
few drops of 0.10 M HCl or 0.10 M NaOH solu-
tions. The pH study was performed at 400 rpm for
24 h. Time-dependent adsorption of AR42 was con-
ducted with three different concentrations (100, 150,
and 200 mg/L) at constant pH 4. A total of 0.01 g
of CTS/MMT beads was added to 50 mL of AR42
solutions and stirred for 180 min. The maximum
adsorption capacity was determined from the
isotherm study.

The amount of AR42 adsorbed, qe (mg/g), was
calculated using the following mass balance Eq. (1):

qe ¼ C0 � Ceð ÞV
m

(1)

where C0 and Ce are the concentrations of AR42 before
and after adsorption (mg/L), V is the volume of the
adsorbate used (L), and m is weight of adsorbent
used (g).

Table 1
Characteristics of Acidol Red 2BE-NW

Property Acidol Red 2BE-NW

CI reactive 17,070
Supplier BASF
Class Monoazo
Type Alkali controllable low substantivity
Size (nm) (1.27 0.88 0.58)
Solubility >50 g/l
λmax (nm) 512
Mw (g/mol) 505.5
pKa 3.6 and 7.1
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3. Results and discussion

3.1. Characterization of CTS/MMT beads

3.1.1. Determination of pHPZC

To understand the adsorption mechanism, it is nec-
essary to determine the point of zero charge (pHPZC)
of the adsorbent. At pHPZC value, adsorbent surface
will have net electrical neutrality. At pH lower than
pHPZC, the adsorbent surface is positively charged,
while at pH higher than the pHPZC value, negatively
charged species will dominate at the adsorbent surface
[25]. Thus, cations adsorption is favored at
pH > pHPZC, while the anions adsorption is favored at
pH < pHPZC. Fig. 2 shows that for all NaNO3 concen-
trations, the zero value of pH (pH0) corresponds to
7.5, which is considered as the pHPZC of the CTS/
MMT beads.

3.1.2. FTIR analysis

FTIR analysis of CTS/MMT shows a spectrum that
combines the characteristic bands of both CTS and
MMT. Indeed, the FTIR spectrum of Na+-MMT
(Fig. 3(a)) shows the vibration bands at 3,630 cm−1 for
O–H stretching, 3,442 cm−1 due to interlayer and intra-
layer H-bonded O–H stretching, 1,638 cm−1 for H–O–H
bending, 1,094 and 1,038 cm−1 for Si–O stretching, 916
and 626 cm−1 for Al–OH, 843 and 795 cm−1 due to (Al,
Mg)–OH vibration modes, and 520 and 467 cm−1 for
Si–O bending. The spectrum of chitosan (Fig. 3(b))
shows bands at 3,421 cm−1 due to the overlapping of
O–H and N–H stretching(elongation) bands,
2,913 cm−1 for aliphatic C–H stretching, 1,650 and
1,566 cm−1 for N–H bending, 1,421 and 1,378 cm−1 for
C–H bending, 1,154 and 1,070 cm−1 for C–O stretching.
In Fig. 3(c), the spectrum of the CTS/MMT clearly
shows the characteristic absorption combination of

both chitosan and MMT groups present in the compos-
ite material. The band at 1,566 cm−1 of the –NH2 group
in the starting chitosan was shifted to 1,554 cm−1 in the
CTS/MMT spectrum, corresponding to the deforma-
tion vibration of the protonated amine group (–NHþ

3 )
of chitosan. This –NHþ

3 group interacts with the nega-
tively charged sites of MMT. The broad band at
3,430 cm−1 can be assigned to stretching vibration of
hydroxyl group. The peak at 3,614 cm−1 is due to
stretching vibration of amine (–NH2) which is consis-
tent with the band at 1,154 cm−1 assigned to C–N
stretching vibration.

The band at 2,920 cm−1 is assigned to C–H stretch-
ing vibration of –CH2 and –CH3 groups. The band
observed at 1,646 cm−1 corresponds to N–H bending
vibrations.

3.1.3. Thermogravimetric analysis

The thermal stability of chitosan and CTS/MMT
beads was investigated, separately, by TGA under
nitrogen flow. Fig. 4 shows the TGA curves of MMT
clay, chitosan, and CTS/MMT beads. It was found
that the CTS/MMT beads exhibited a higher thermal
decomposition in comparison with pure chitosan.
Inorganic species have fairly high thermal stabilities,
and it is generally believed that their insertion into
organic materials increases these latter decomposition
temperatures. This can be attributed to the high ther-
mal stability of clay and to the interaction between the
clay particles and chitosan [26,27]. The weight loss
occurring between ambient temperature and 280˚C
corresponds to the release of absorbed water mole-
cules. While it was estimated to ca. ~4% for MMT clay
(Fig. 4(a)), chitosan and CTS/MMT beads exhibited a
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Fig. 2. Determination of pHPZC.
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slightly higher water loss ranging from 6 to 8%
(Fig. 4(b) and (c), respectively). It clearly indicates that
the chitosan and CTS/MMT beads have high water
retention capacity.

The second stage of decomposition occurred
between 300 and 600˚C and corresponds to a weight
loss of 10–30% for CTS/MMT beads. This is presum-
ably due to the deacetylation and partial degradation
of chitosan [28,29]. Remarkably, at 30% weight loss,
the exhibited temperature of decomposition of CTS/
MMT was 350–400˚C higher than that of chitosan. We
can safely conclude that CTS/MMT beads are ther-
mally more stable than chitosan membrane. This may
be due to a synergistic effect of clay platelets and
chitosan in terms of thermal properties.

3.1.4. SEM analysis

Figs. 5a–5c show SEM images of CTS/MMT beads
for different wt% at 4,800× magnifications. CTS/MMT
structure displays a “flake” particle shape that resem-
bles a corn flake. The presence of chitosan provides
lamellar structures. The final morphology of the mate-
rial depends on the chitosan amount, so that when the
chitosan content increases, the lamellar structures dis-
play a larger size with better resolution. The sample
containing 25% of CTS shows a more opened structure
at both the internal and external clay surfaces, while
at 40% CTS, accumulation of chitosan at the external
clay surfaces tends to make large lamellae closely
resembling to the morphology of pure chitosan. As
shown in Figs. 5a and 5b, pores smaller than 1 μm are
observed on the surface of the CTS/MMT beads. The
internal surface area and the presence of pores
provide suitable sites for AR42 adsorption.
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Fig. 4. TGA of CTS/MMT beads with content of CTS in
bead: (a) MMT, (b) 15%, (c) 25%, (d) 40%, and (e) chitosan.

Fig. 5a. SEM morphology of CTS/MMT beads with
amount CTS of 15%, increasing 2 μm.

Fig. 5b. SEM morphology 25% CTS in beads, increasing
2 μm.

Fig. 5c. SEM morphology 40% CTS in beads, increasing
2 μm.
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3.1.5. X-ray diffraction analysis

X-ray diffraction (XRD) is a powerful technique for
the investigation of the intercalation pattern of mont-
morillonite. The XRD patterns of MMT and CTS/
MMT containing two beads with different chitosan
contents wt% = 25 and 40% are shown in Fig. 6(a)–(c),
respectively. The XRD pattern of MMT (Fig. 6(a))
shows a typical diffraction peak at 6.94˚, correspond-
ing to a basal spacing of 1.274 nm. Upon intercalation
with CTS, this peak shifts to lower angle. A diffraction
peak is observed at 5.78˚ (d = 1.53 nm) for CTS/MMT
samples which means that the intercalation has
occurred and the intercalated beads have been formed
(Figs. 6(b) and (c)).

3.2. pH effect on dye adsorption

The relationship between dye solution pH and its
adsorption process is of paramount importance, partic-
ularly in terms of adsorption capacity. pH variations of
the solution are primarily related to the following: (1)
the surface charge of the adsorbent, (2) the ionization
degree of the adsorptive dye, and (3) the extent of ionic
dissociation of the functional groups that are present
in the active sites of the adsorbent.

In order to assess the pH effect on the magnitude
of adsorption, dye solution pH was varied from 1 to 9.

Fig. 7 illustrates the adsorption pattern (curves) rela-
tive to pH variation. Dye adsorption remained con-
stant at (ca. 750 mg/g) in pH zone ranging from 1 to 3,
and then decreased from 750 to 200 mg/g while
increasing pH from 4 to 9. Consequently, pH 4 was
selected for subsequent adsorption experiments. This
result is in good agreement with our previous expecta-
tions. Indeed, at pH 4 which is lower than pHPZC (7.5),
the surface of the adsorbent is positively charged. The
anionic (R–SO�

3 ) groups present in dye molecules are
attracted to the protonated amine groups of chitosan.
Adsorption capacity reached its maximum when all of
dye anionic groups are electrostatically bonded to CTS
surface. In contrast, in alkaline solution, deprotonation
of amine group takes place and eventually results in
poor interaction between dye and adsorbent. More-
over, the excessive hydroxyl ions present in solution
may compete with the dye anions and a slow decrease
in dye uptake was observed.

3.3. Effect of chitosan content on adsorption

The performance of CTS/MMT beads for AR42
adsorption as a function of CTS contents (wt%) was
further investigated. So far, it appears that CTS ratio is
a determining factor in the adsorption process. As
illustrated in Fig. 8, when 25% (by weight) of CTS were

Fig. 6. XRD patterns of MMT (a) beads with chitosan content wt% = 25% (b), and 40% (c).
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introduced, the adsorption increased from 100 up to
720 mg/g, and then decreased to 645 mg/g when CTS
contents were adjusted to 40%. This increase in adsorp-
tion seems to be the result of two processes acting syn-
ergistically: on the one hand, a pores enlargement due
to CTS intercalation thus favoring dye penetration, and
on the other hand, an electrostatic interaction between
chitosan and the anionic dye. However, the adsorption
capacity of the beads is reversed when it reaches a
limit of ca. ~25 wt% of CTS beyond which it starts
decreasing. This might be attributed to a more inten-
sive interaction between MMT and CTS—while
increasing CTS contents-, thus lowering the number of
available adsorption sites. Therefore, a fixed ratio of
CTS/MMT beads with 25% CTS contents was selected
for the remaining discussion.

3.4. Effect of temperature

The temperature effect on the sorption process was
performed over the range of 300–320 K. It was

observed that by increasing the temperature, sorption
of AR42 decreases (Fig. 9). This might be partly attrib-
uted to a chitosan desorption from MMT surface.
Indeed, by increasing temperature there is an inherent
global energy increase of the intercalated polyelec-
trolyte which possibly allows some of their moieties to
leave MMT active centers. As a result, the amount of
adsorbed dye decreases.

3.5. Equilibrium studies

3.5.1. Effect of initial dye concentration

Three concentrations of dye (100, 150, and 200 mg/L)
were used for this study and the adsorption data are
(summarized, presented, described) in Fig. 10. The
results showed a fast dye binding to the sorbent during
the first few minutes, followed by a slow increase until a
state of equilibrium was reached. The initial rapid phase
may likely be due to the large number of vacant sites
available initially. It follows an increase in adsorbate con-
centration gradient between the solution and the adsor-
bent [30]. It is generally admitted that when a surface
reaction process is involved, the initial adsorption step is
fast. Then, a slower rate would follow as the available
adsorption sites gradually decrease. Fig. 10 also shows
that the adsorption capacity of the beads rises sharply
from 450 to 905 mg/g when C0 of dye was increased
from 100 to 200 mg/L. A rapid adsorption of AR42
occurred in the first 20 min for 100 mg/L, and within
30 min for both 150 and 200 mg/L solutions. We under-
stand that the adsorption process is intimately related to
the difference in dye concentration in solution and at the
adsorbent surface. Hence, its initial concentration pro-
vides the driving force which overcomes the resistance
to dye transfer from aqueous phase to the adsorbent sur-
face. Additionally, a higher dye initial concentration
should enhance dye–adsorbent interaction, and thus, we
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expect a stronger driving force which results ultimately
in a higher adsorption.

3.5.2. Adsorption equilibrium models

Adsorption data were fit to the Langmuir and
Freundlich isotherms. The Langmuir isotherm is valid
for monolayer sorption owing to the finite surface
number of identical sites and expressed in the linear
form as in Eq. (2):

Ce

qe
¼ 1

bqmax
þ Ce

qmax
(2)

where Ce is the equilibrium concentration (mg/L) and
qe is the amount adsorbed at equilibrium (mg/g). The
Langmuir constant qmax (mg/g) represents the mono-
layer adsorption capacity, and b (L/mg) is related to
the heat of adsorption. The Langmuir isotherm
adsorption equation can also be expressed by means
of RL, a dimensionless constant referred to as separa-
tion factor or equilibrium parameter, predicting
whether an adsorption system is favorable or unfavor-
able. RL is calculated using the following Eq. (3):

RL ¼ 1

1þ bC0
(3)

where C0 is the initial dye concentration (mg/L). If RL

values lie between 0 and 1, the adsorption is favorable.
The Freundlich isotherm describes the heteroge-

neous surface energies by multilayer adsorption and is
expressed in a linear form as in Eq. (4):

ln qe ¼ ln KF þ 1

n
ln Ce (4)

where KF is the adsorption capacity (mg/g), and n, an
empirical parameter related to the intensity of adsorp-
tion, which varies with the adsorbent heterogeneity.
The greater the value of n, the more favorable the
adsorption is.

The obtained equilibrium data fit more to Lang-
muir model (Fig. 11) than to Freundlich model
(Fig. 12), indicating a monolayer adsorption pattern.
From Langmuir isotherm curves, qmax was easily cal-
culated to be 409.83 mg/g. This result indicates that
the adsorbent has a high capacity to remove AR42 dye
from the solution.

The values of Langmuir and Freundlich constants
are presented in Table 2. The shape of the isotherm
curve is determined by the RL parameter, accordingly:

RL > 1, unfavorable adsorption.
0 < RL < 1, favorable adsorption.
RL = 0, irreversible adsorption.
RL = 1, linear adsorption.
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The calculated RL value was 0.0124 (C0 = 150 mg/L)
indicating that the adsorption of AR42 on beads is
favorable at studied temperature.

The Gibbs free energy change (ΔG) for adsorption
at 300 K was calculated using Eq. (5):

DG ¼ �RT ln b (5)

where R is the gas constant (8,314 J/mol K), T (K) is
the absolute temperature, and b (L/mg) is the
Langmuir constant. The calculated ΔG value is
−3.82 kJ/mol, which is consistent with the sponta-
neous nature of the adsorption and confirms the affin-
ity of AR42 for CTS/MMT surface. As a matter of
fact, the chemical structure of the dye, the adsorbent
nature, and its physicochemical properties are deter-
minant factors in the adsorption pattern. In this study,
the adsorption occurs preferentially by ionic interac-
tion between the dye sulfonate group and the chitosan
amino group.

3.6. Adsorption kinetic studies

Fig. 13 shows the contact time vs. AR42 adsorption
on CTS, MMT, and CTS/MMT beads with different
chitosan content, respectively. It appears that the
adsorption on CTS, MMT, and the beads increased
rapidly at the beginning and then gradually with
longer adsorption time until equilibrium was reached.
The adsorption equilibrium of AR42 on beads was
reached after 750 min.

The efficiency and the dynamics of the adsorption
are best described by kinetic studies. It allows the pre-
diction (assessment) of adsorption rate and provides
valuable insight for further modeling and designing
full-batch experiments. In order to gain a better under-
standing of the adsorption mechanism and some of its
important aspects, such as mass transfer and complex
reaction pathway, the experimental data were conjec-
tured with theoretical pseudo-first-order and pseudo-
second-order adsorption as well as an intra-particle
diffusion model.

A simple pseudo-first-order kinetic model,
suggested by Lagergren [31], can be used to describe

the adsorption of solid/liquid systems. It assumes that
the rate of solute uptake is directly proportional to the
decrease in dye concentration between a saturated
solution and the adsorbed amount and may be
expressed as in Eq. (6):

log qe � qtð Þ ¼ log qe � k1t

2:303
(6)

where k1 is the pseudo-first-order rate constant
(min−1), qe and qt are the amounts of adsorbed dye
(mg/g) at equilibrium and at time t (min).

Table 2
Adsorption isotherms constants for the adsorption of AR42 on CTS/MMT beads (25%)

Sample

Langmuir Freundlich

R2 b (L/mg) qmax (mg/g) R2 KF (mg/g) n

CTS/MMT 0.990 0.53 409.83 0.492 182.47 2.944
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Fig. 13. Effect of the contact time on adsorption capacity of
CTS/MMT bead for AR42 (C0 = 150 mg/L).
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Fig. 14a. Pseudo first order model for the adsorption of
AR by CTS/MMT nanocomposite (C0 = 150 mg/L).
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The plot of logðqe � qtÞ vs. t gives a straight line
with a slope of k1=2:303 and intercept log qe, (Fig. 14a).

A pseudo-second-order kinetic model, involving a
rate-determining step corresponding to the chemical
adsorption has been proposed [32], and stated by
Eq. (7):

t

qt
¼ 1

k2q2e
þ t

qe
(7)

where k2 (g/mg/min) is the rate constant of the
pseudo-second-order adsorption. The plot of t/qt vs. t
gives a straight line with a slope of 1/qe and intercept
1/k2q

2
e (Fig. 14b).

Another tool of significant importance in terms of
kinetics evaluation is the Weber and Morris intra-
particle diffusion model [33] which highlights the rela-
tionship between specific sorption and t1/2, according
to Eq. (8):

qt ¼ kit
1=2 þ C (8)

where qt is the fraction dye uptake (mg/g) at time
t, ki is the intra-particle diffusion rate constant
(mg/g min1/2), and C is the intercept (mg/g).

The results of the kinetic parameters for AR42
adsorption are summarized in Table 3. The experi-
mental qe,exp and calculated qe,cal values for pseudo-
second-order model are very close. In addition, the
calculated correlation coefficients are almost constant.
These results are consistent with a pseudo-second-
order adsorption of AR42 on CTS/MMT beads.

The intra-particle-diffusion plot gave multi-linear-
ity, signifying the different stages represented by qt vs.
t0.5 plot. Fig. 14c shows three linear sections: Dye
molecules move to the external surface of the beads
through film diffusion, indicating a boundary layer
effect. Then, dye molecules penetrate into the beads,
through the pores, by intra-particle diffusion mecha-
nism. The third step refers to equilibrium state. It is
worth mentioning that any of the straight portions of
the curve pass through the origin. It should be
stressed out that even if intra-particle diffusion is
involved in the adsorption process, it is not the only
rate-determining step. Comparison of ki values
(Table 3) reveals that the initial diffusion step is very
fast, and the rate is proportional to dye concentration.
The second step is much slower. As the departure
from the intraparticular mechanism indicates some
influence of boundary layer diffusion control, it is
likely that the dye concentration impairs the
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Fig. 14c. Intraparticle diffusion model of CTS/MMT
nanocomposite (C0 = 150 mg/L).
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Fig. 14b. Pseudo second order model for the adsorption of
AR by CTS/MMT nanocomposite (C0 = 150 mg/L).

Table 3
Kinetic parameters of CTS/MMT (25%) beads at different concentration of AR42

C0

(mg/L) qe,exp (mg/g)

Pseudo-first-order Pseudo-second-order Intraparticle diffusion

R2
iR2

1 qe,cal (mg/g) k1 (min−1) R2
2

qe,cal
(mg/g) k2 (g/mg min) ki1 (mg/g min0.5) ki2 ki3

100 483 0.662 53.70 0.0118 0.991 486.8

150 737 0.967 459.19 0.0211 0.998 751.87 0.000018 217.62 30.28 8.531 0.933

200 905 0.866 457.08 0.0206 0.999 925.92 0.000025
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molecules’ ability to approach the surface, thus influ-
encing the rate of adsorption.

4. Conclusion

In this study, results of adsorption using chi-
tosan/montmorillonite beads for the removal of AR42
from aqueous solutions were presented. This adsor-
bent exhibited interesting sorption properties toward
anionic dye (the maximum adsorption capacity was
905 mg/g), depending on the presence of sulfonate
groups. The adsorption process, however, was affected
by several physicochemical factors such as pH, chi-
tosan content, dye concentration, and temperature.
The equilibrium experimental data fit perfectly with
the Langmuir isotherm. It implies the monolayer for-
mation of the surface on the beads by dye molecules.
Kinetic data of adsorption were well fitted by the
pseudo-second-order kinetic model. The sorption
mechanism was a multi-step process, involving
adsorption on the external surface, diffusion into the
bulk and electrostatic interactions.
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