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ABSTRACT

The adsorption of methyl orange (MO) onto hydroxyl-aluminum and cetyltrimethyl
ammonium bromide (CTAB)-modified bentonite (Al/CTAB-bent) was studied. The effects of
contact time, Al/CTAB-bent dosage, temperature, initial pH and an initial MO concentration
on MO adsorption were investigated. The surface properties and structure of Al/CTAB-bent
were measured by some techniques, such as X-ray diffraction, scanning electron microscope,
Brunauer–Emmett–Teller, energy dispersive X-ray spectroscopy and Fourier transform
infrared spectrometry. The color and chemical oxygen demand removal efficiency can reach
up to 99% and 97%, respectively. The adsorption kinetics and isotherm of MO onto Al/
CTAB-bent were also investigated. The results revealed that Langmuir model was more
suitable to describe MO adsorption than Freundlich model. The adsorption kinetics follows
the pseudo-second-order kinetics model better. The thermodynamic parameters such as DG0,
DH0, and DS0 were also evaluated.

Keywords: Bentonite; Al/CTAB-bent; Methyl orange; Adsorption isotherm; Adsorption
kinetics

1. Introduction

Large amounts of dyes discharged by textile
industries can be very toxic even at a very low
concentration [1,2]. Various methods have been
developed for the treatment of color dyes [3–8], and
as an effective method for contaminant treatment,
adsorption appears to offer the best potential for color
removal. Activated carbon is one of the most widely
used adsorbents for removing dyes from aqueous

solutions [9], but it is limited due to its high operation
costs. Many low-cost adsorbents, such as hen feather
[10], Oedogonium [11], bagasse fly ash [12], activated
carbon developed from thermal and chemical
treatment of waste rubber tire [13,14], bottom ash and
deoiled soya [15–18], carbon slurry [19,20], deoiled
mustard [21], adsorbent prepared from orange peel
and Fe2O3 nanoparticles [22], wheat husk [23], benton-
ite and kaolinite [24,25], are being developed. Clays
are one of the most widely used low-cost minerals
due to their abundant availability [26].
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Bentonite, mainly composed of montmorillonite,
with a 2:1-type aluminosilicate, consists of one A13+

octahedral sheet placed between two Si4+ tetrahedral
sheets in a unit. Its surface is negatively charged due
to isomorphous substitution of Al3+ for Si4+ in the
tetrahedral layer and Mg2+ for Al3+ in the octahedral
layer. This negative charge is balanced by exchange-
able cations such as Na+ or Ca2+ in lattice structure.
Na+ and Ca2+ hydrate in the presence of water;
therefore, the clay surface is hydrophilic and raw ben-
tonite is not an effective adsorbent for the non-polar
organic compounds in water [27]. When the cations
(Na+, Ca2+) in the bentonite layer were replaced by
inorganic hydroxyl-metal polycations, they act as
pillars and increase the interlayer spacing of bentonite
and then improve the adsorptive capacity for organic
compounds. The organo-bentonite has strong affinity
for organic compounds and so is widely used in
wastewater treatment; but, important disadvantage is
that it difficult to separate the organo-bentonite from
the treated water [28].

In this investigation, an inorganic/organic-modi-
fied bentonite, Al/CTAB-bent, was synthesized by
intercalating bentonite with cetyltrimethyl ammonium
bromide (CTAB) and hydroxy-aluminum (Al13), and
characterized by X-ray diffraction (XRD), scanning
electron microscope (SEM), Brunauer–Emmett–Teller
(BET), energy dispersive X-ray spectroscopy (EDXS)
and Fourier transform infrared (FTIR) spectrometry.
The investigation on methyl orange (MO) removal
was carried out by a series of batch adsorption
experiments. More attention has been paid on the
understanding of the kinetics, thermodynamics and
equilibrium processes involved in the adsorption of
MO onto Al/CTAB-bent. The effects of contact time,
initial pH, MO initial concentration and temperature
on the adsorption phenomena have also been
studied.

2. Experimental section

2.1. Materials and instrument

The laboratory instruments are shown in Table 1.
MO obtained from Tianjin, China, was used as

received without any further purification. The raw
bentonite supplied by Henan, China, was dried at
353K in a laboratory oven to constant mass before
using it. CTAB obtained from Tianjin, China, and
Al2(SO4)3 and NaOH obtained from Chengdu, China,
are of analytical grade and used without further
purification.

2.2. Preparation of Al-bent and Al/CTAB-bent

Al-bent was prepared by dispersing 20 g of
Na-bentonite (Na-bent) in 400mL of distilled water,
followed by an addition of 500mL of a dispersion of
aluminum hydroxide in dropwise, which was
prepared by adding 0.48mol L�1 of NaOH solution
slowly to 0.1mol L�1 Al2(SO4)3 solution under vigor-
ous stirring for 24 h at 353K, until the OH-/Al3+ molar
ratio of 2.4 was obtained. The resulting dispersion
was stirred and heated for 12 h at 333K. Then, the
slurry was washed with deionized water for several
times. The solid was dried at 353K to constant mass,
activated for 1 h at 413K, ground and stored in air-
tight plastic bottles in a desiccator for further use.

Al/CTAB-bent was prepared by adding a certain
amount of CTAB solution to a 2% aqueous suspension
of 20 g of Al-bent under stirring. The suspension was
heated for 3 h at 313K, collected by filtration, washed,
dried at 353K to constant mass, activated for 1 h at
413K, ground and stored in air-tight plastic bottles in
a desiccator for further use.

2.3. Characterization of Al/CTAB-bent

The samples were analyzed by XRD using a
Rigaku apparatus with Cu Ka radiation. The XRD of
the raw bentonite, Al-bent, and Al/CTAB-bent sample
was detected and the mineral components presented
in the samples were identified using JCPDS data files.
SEM measurements were performed using a Quanta
200 SEM produced by Philips at 20 kV. To determine
the component and atomic ratios in the adsorbents
along the surface cross-section, the signal of surface
elements was detected by EDXS mapping method.
The BET-specific area and pore structure of adsorbent
were obtained from nitrogen adsorption data at 77K
using a Micromeritics ASAP2020 system. Prior to anal-
yses, the samples were degassed at 383K for 4 h
under vacuum conditions. FT-IR spectra of the sam-
ples with KBr pellet were recorded in the spectrum
range of 4,000–500 cm�1 on a FT-IR spectrometer.

Table 1
The laboratory instruments

Instrument Model Company

pH meter

UV-vis UV-7504 Persee Instrument co., Ltd.,
Beijing, China

COD meter

FTIR Tensor27 Brucher instrument co., Ltd.,
Germany

X-ray
diffractometer

D/Max-
3c

Rigaku Corporation, Japan
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2.4. Adsorption experiments

Adsorption of MO on bentonite was carried out
in a batch system. A 100mL MO solution (100–
300mgL�1) in the conical flasks was stirred at
150 rpm at room temperature. During each run, the
samples were withdrawn at regular time intervals,
centrifuged for 4min to separate the dye solution
from the adsorbent, and evaluated for the color and
chemical oxygen demand (COD) removal efficiencies.
All adsorption trials and sample tests were carried
out in triplicates.

2.5. Analysis and calculation

MO concentration was determined by UV–visible
spectrophotometer with quartz cell (1 cm path length)
at 466 nm. The COD values were measured by COD
meter. The adsorption capacity qt, color and COD
removal efficiency of MO were calculated from the
equations:

qt ¼ ðc0 � ctÞV
W

ð1Þ

Color removal efficiencyð%Þ ¼ A0 � At

A0

� 100% ð2Þ

COD removal efficiencyð%Þ

¼ COD0 � CODt

COD0

� 100% ð3Þ

where qt (mgg�1) is the amount of MO dye adsorbed
per unit mass of adsorbent; c0 (mgL�1) and ct
(mgL�1) are MO concentrations at initial and time t;
V (L) is the volume of solution; and W (g) is the mass
of the adsorbent. A0 is the initial absorbance of MO at
466 nm; At is the absorbance of MO at time t at
466 nm; COD0 is the initial COD value of MO; and
CODt is the COD value of MO at time t.

2.6. Adsorption kinetics

In order to understand the mechanisms and
dynamics of the adsorption process, experimental data
generated from MO adsorption tests were evaluated
by pseudo-first-order and pseudo-second-order
kinetics.

The Lagergren pseudo-first-order model is given
by Eq. (4) [29]:

logðqe � qtÞ ¼ log qe � k1
2:303

t ð4Þ

where qt (mgg�1) is the adsorption capacity at time t;
qe (mgg�1) is the adsorption capacity at equilibrium;
and k1 (min�1) represents the rate constant of the
pseudo-first-order model.

The pseudo-second-order [30] equation is defined
as follows:

t

qt
¼ 1

k2q2e
þ t

qe
ð5Þ

where k2 (Lmg�1min�1) is the rate constant of the
pseudo-second-order model.

2.7. Adsorption isotherm

Adsorption isotherm is the equilibrium relation-
ship between the concentration in the liquid phase
and the concentration in the adsorbent phase on the
adsorbent particles at a given temperature [31,32]. The
experimental data to describe the adsorption of MO
dye on Al/CTAB-bent are analyzed by Langmuir,
Freundlich, and Temkin isotherms.

Langmuir model is based on three following
assumptions [33]: (1) the adsorption of molecule is a
monolayer adsorption; (2) the adsorbent surface is uni-
form; and (3) there is no interaction among the
adsorbed molecules. The Freundlich model is generally
found to be better fit for characterizing multi-layer
adsorption process than the Langmuir model [34].
Temkin isotherm [35] assumes that decrease in the heat
of adsorption is linear and the adsorption is character-
ized by a uniform distribution of binding energies.

The Langmuir isotherm can be expressed as Eq.
(6) or Eq. (7):

qe ¼ qmKLce
1þ KL

ð6Þ

ce
qe

¼ 1

qmKL

þ ce
qm

ð7Þ

where ce is the equilibrium concentration of adsor-
bates in the solution (mgL�1); qe is the equilibrium
adsorption amount (mgg�1); qm is the monolayer
adsorption capacity (mgg�1); and KL is the Langmuir
adsorption equilibrium constant (Lmg�1). The qm and
KL can be determined by the intercept and the slope
of the linear plot of ce/qe vs. ce, respectively.
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Freundlich equation can be expressed as Eq. (8):

qe ¼ KFc
1=n
e ð8Þ

where qe is the equilibrium adsorption amount of
adsorbates (mgg�1); KF is the Freundlich adsorption
equilibrium constant ((mgg�1)(mgL�1)n); ce is the
equilibrium concentration of adsorbates in the solution
(mgL�1); 1/n is the heterogeneity factor. Eq. (8) can
be rearranged in a linear form as Eq. (9). KF can be
determined by the intercept of ln qe vs. ln ce.

log qe ¼ logKF þ 1

n
log ce ð9Þ

Temkin isotherm can be expressed as Eq. (10).

qe ¼ Aþ B ln ce ð10Þ

where B=RT/b, b is a constant about adsorption heat
(Jmol�1), A is the Temkin constant (Lg�1), R is the gas
constant (8.314 Jmol�1 K�1), and T is the temperature
(K). The A and B can be determined by the intercept
and the slope of the linear plot of qe vs. ln ce,
respectively.

2.8. Thermodynamic studies

The thermodynamic parameters, such as Gibbs
free-energy changes DG0, standard enthalpy changes
DH0, and standard entropy changes DS0, were also
studied to better understand the adsorption
mechanism.

The Gibbs free-energy changes DG0 were calcu-
lated by Eq. (11):

DG0 ¼ �RT lnKC ð11Þ

Standard enthalpy changes, DH0, and standard
entropy changes, DS0, were calculated by Eq. (12):

lnKC ¼ �DH0

RT
þ DS0

R
ð12Þ

Adsorption equilibrium constant Kc value was
calculated by Eq. (13):

KC ¼ cAE

cSE
ð13Þ

cAE is the amount of dye (mg) adsorbed on the adsor-
bent per L of the solution at equilibrium. cSE is the
equilibrium concentration (mgL�1) of the dye in the
solution.

3. Results and discussion

3.1. Characterization of Al/CTAB-bent

XRD analysis was carried out in order to identify
the mineralogical structure of the modified bentonite
adsorbents and the XRD patterns are shown in Fig. 1.
It can be seen that similar diffraction peaks owing to
the complex components of adsorbents were detected
in these three samples. The main crystalline phases
observed in raw-bent for SiO2, observed at 2h of 6.61˚,
19.60˚, 21.69˚, 26.69˚, 36.71˚ and 62.04˚, which were in
line with that of the literature reported [36]. The
increase of basal spacing from 13.26 Å for raw-bent to
17.25 Å for Al/CTAB-bent was due to the intercalation
of Al and CTAB molecule onto the interlayer space of
raw-bent which expanded its interlamellar spacing
and later promoted MO adsorption capacity, which
was also confirmed by FT-IR.

SEM images of the adsorbents are presented in
Fig. 2. Although it was not possible to exactly deter-
mine the particle size of the adsorbents, large aggre-
gates of platelets mixed with small particles, mainly
between 10 and 30 lm in size, and were observed for
the raw bentonite. After modification, the average
particle size decreases, small and well-separated parti-
cles could be observed, especially for Al/CTAB-bent.
The particles appear more compacted, even though it
is not possible to see if they are still porous or not.
This observation suggested that some disaggregation
of bentonite particles was occurred during the
modification.

The EDXS patterns of Al/CTAB-bent and its analy-
sis are given in Fig. 3. It is obviously observed that
raw-bent (Fig. 2(A)) showed distinct peaks for Si, O,
Na, Al, Mg, Ca and Fe while after modifying with

Fig. 1. XRD patterns of the adsorbents.
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Al13 and CTAB (Fig. 2(B)–2(C)), the peak of Al was
increased, indicating that the successful modification.

BET surface area and the pore diameter of Al/
CTAB-bent in this study are displayed in Table 2. The
specific area of raw-bent, Al-bent and Al/CTAB-bent
was determined as 21.65, 26.74, and 56.59m2 g�1,
respectively; a significant increasing in specific area
for Al/CTAB-bent was observed. A major increasing
in the pore diameter could be observed when Al13
was introduced into the raw bentonite, while a minor
decreasing was observed when Al13 and CTAB were
introduced simultaneously. However, the pore volume
shows an increasing trend with Al13 and CTAB modi-
fications. It was also supported by the results of pore
size distributions presented in Fig. 4. The pore size
distribution indicated that the mesoporous (2–50 nm)
and the macroporous (50–100 nm) structures were
existed in raw-bent, Al-bent, and Al/CTAB-bent, sug-
gesting that the adsorption can be carried out with
high removal efficiency, which was in line with the
experiment results. These results also indicate that
raw bentonite was successfully modified with Al and
CTAB.

The FT-IR spectra of raw bentonite, Al-bent, and
Al/CTAB-bent in the range of 4,000–500 cm�1 are
shown in Fig. 5. The band at around 1,036 cm�1 can
be assigned to Si–O stretching vibrations. The Si–O–Al
and Si–O–Si bending vibrations appeared at 519 and
467 cm�1, respectively. The bands at 3,448, 3,625 and
1,643 cm�1, assigned to the OH deformation of water,
were observed in the raw bentonite, Al-bent, and Al/
CTAB-bent, while the peak intensity of Al/CTAB-bent
was lower than that of raw-bent and Al-bent. It can
also be found that the bands of Al/CTAB-bent at
2,923 and 2,852 cm�1 were correspond to the CH2

asymmetric stretching mode (mas(CH2)) and the sym-
metric stretching mode (ms(CH2)), respectively[37],

indicating that CTAB molecules were impregnated
onto the bentonite and the increase of the hydropho-
bic nature of the bentonite surface after CTAB
modification [38].

3.2. Effect of various parameters on MO removal

3.2.1. Comparison of different adsorbents

Blank experiment was carried out at the optimum
conditions (adsorbent dosage: 0.5 g, temperature:
293K, pH>3, and MO concentration: 100mgL�1). It
can be found that the color removal efficiency (Fig. 6)
and COD removal efficiency (Table 3) for Al/CTAB-
bent were high up to 99 and 97% at 30min respec-
tively, higher than those of raw-bent and Al-bent. This
maybe due to that the surface of raw-bent is nega-
tively charged, that is balanced by exchangeable cat-
ions such as Na+ or Ca2+ hydrated in the presence of
water in lattice structure, so the raw-bent is not an
effective adsorbent for the organic compounds in
water. Al/CTAB-bent was used in the further studies.

3.2.2. Influence of contact time

In the same adsorption conditions: Al/CTAB-bent
dosage: 0.5 g, temperature: 293K, pH>3, and MO
concentration: 100mgL�1, the influence of contact
time (0–100min) on the color and COD removal effi-
ciency of MO was investigated. It is found from
Fig. 7 that the color removal efficiency increased
rapidly to 97.8% at the initial 5min, while the maxi-
mum adsorption was obtained at 30min, and the
final color removal efficiency and COD removal effi-
ciency were higher than 99 and 98% respectively.
The color and COD removal was almost unchanged
with sequentially increasing the contact time,

Fig. 2. SEM images of the adsorbents. (A) raw-bent; (B) Al-bent; and (C) Al/CTAB-bent.
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indicating that the adsorption process is rapid and
reachs the equilibrium, that is consistent with refer-
ence reported [39,40]. This reason may be ascribed
as follows: a high concentration gradient existed
between the bulk solution and the adsorbent at the
early adsorption period due to the availability of a
large number of vacant sites, which acts as a driv-
ing force to transfer dye molecules from bulk solu-
tion to the adsorbent surface [41]. The optimum
contact time was chosen as 30min.

3.2.3. Effect of the amount of Al/CTAB-bent

In the same adsorption conditions: temperature:
293K, pH>3, MO concentration: 100mgL�1, and con-
tact time: 30min, the Al/CTAB-bent dosage (0.3–0.7 g)
on the color and COD removal efficiency of MO was
investigated.

The effect of Al/CTAB-bent dosage on the color
removal is shown in Fig. 8. It was found that the
removal of MO increased with the increasing amount
of Al/CTAB-bent. However, it is not necessary to use
a much higher Al/CTAB-bent dosage because the
removal efficiency was rather constant as the Al/
CTAB-bent dosage increased to a certain degree.
When Al/CTAB-bent was 0.5 g, the color removal effi-
ciency of MO was up to 99%, so this amount of Al/
CTAB-bent was used for further experiments.

3.2.4. Effect of initial pH on adsorption

Depending on pH, MO has two different chemical
structure; quinoid that is a main form at low pH and

Table 2
Surface parameters of raw-bent, Al-bent, and Al/CTAB-
bent

Sample BET surface
area (m2g�1)a

Pore diameter
by BJH (nm)b

Pore volume
(cm3g�1)c

Raw-
bent

21.65 82.13 0.0484

Al-bent 26.74 143.47 0.0768

Al/
CTAB-
bent

56.59 68.29 0.107

Notes: aBET surface area calculated from the linear part of the

BET plot (p/p0 = 0.2).bAverage pore diameter, estimated using the

desorption branch of the isotherm and the Barrett–Joyner–Halenda

(BJH) formula.cTotal pore volume, taken from the volume of N2

adsorbed at p/p0 = 0.971.
Fig. 3. EDX patterns of the adsorbents. (A) raw-bent;
(B) Al-bent; and (C) Al/CTAB-bent.
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azo at high pH [42], as shown in Fig. 9. Under the
same conditions, the influence of pH (1, 3, 5, 7, 9, 11,
13, and 14) on the color and COD removal efficiency
of MO was investigated and is shown in Fig. 10. The
results show that color removal efficiency increased
from 82.44 to 99.79%, as the pH increased from 1 to 3.

Fig. 6. Comparison of the three adsorbents on color
removal efficiency (adsorbent dosage: 0.5 g, temperature:
293K, pH>3, and MO concentration: 100mgL�1).

Fig. 8. Effect of adsorbent dosage on color removal
efficiency.

Fig. 4. The pore size distributions of the adsorbents.

Fig. 7. Effect of contact time on color removal efficiency.

Fig. 5. FT-IR spectra of the adsorbents.

Table 3
Comparison of the three adsorbents on COD removal

Adsorbent COD removal (%)

Raw-bent 0

Al-bent 50.32

Al/CTAB-bent 97.89

Notes: Adsorbent dosage: 0.5 g, temperature: 293K, pH>3, and

MO concentration: 100mgL�1.
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When pH>3, the color removal efficiency remained
almost unchanged (>99.5%), indicating that Al/CTAB-
bent has a wide range of applications.

N
N

SO3Na SO3Na

H3O+

OH-
HN

N

N+(CH3)2
N (CH3)2

Fig. 9. Two forms of MO at acid and alkaline conditions.

Fig. 10. Effect of initial pH on color removal efficiency.

Fig. 11. Effect of contact temperature on color removal
efficiency.

Fig. 12. Effect of initial concentration of MO on color
removal efficiency.

Fig. 13. The kinetics of MO adsorption onto Al/CTAB-bent
at various initial concentrations.

Fig. 14. The kinetics of MO adsorption onto Al/CTAB-bent
at various temperatures.

J. Wang et al. / Desalination and Water Treatment 52 (2014) 7660–7672 7667



Fig. 15. The pseudo-first-order kinetics plots for the adsorption of MO onto Al/CTAB-bent at (A) various temperatures
and (B) various MO initial concentrations.

Fig. 16. The pseudo-second-order kinetics plots for the adsorption of MO onto Al/CTAB-bent at (A) various
temperatures and (B) various MO initial concentrations.

Table 4
The pseudo-first-order and pseudo-second-order kinetics parameters for the adsorption of MO onto Al/CTAB-bent

T (K) c0 (mgL�1) qe,exp (mgg�1) Pseudo-first-order Pseudo-second-order

qe (mgg�1) k1 (min�1) r21 qe (mgg�1) k2 (g mg�1min�1) r22

293 100 19.96 0.4590 0.0930 0.8698 19.96 0.5705 0.9999

200 36.25 5.2324 0.1119 0.9754 36.63 0.04871 0.9999

300 47.55 8.0057 0.1736 0.9787 48.31 0.04674 0.9999

303 100 19.92 0.3346 0.1303 0.944 19.96 0.8367 0.9999

313 100 19.91 0.2641 1.3318 0.972 19.92 1.3264 0.9999
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3.2.5. Effect of temperature on adsorption

Generally, many processes are affected by the tem-
perature [43]. In the same conditions, the influence of
temperature (288–323K) on the color and COD
removal efficiency of MO was investigated and the
results are shown in Fig. 11.

The optimum temperature was chosen as 293K. It
can be assumed that the adsorption of MO onto Al/
CTAB-bent is exothermic in nature. Similar results
have been reported for the adsorption behavior of a
textile dye of Reactive Blue 19 from aqueous solutions
onto modified bentonite [27].

3.2.6. Effect of MO initial concentration on adsorption

Fig. 12 shows the effect of MO initial concentration
on the removal of MO by Al/CTAB-bent. Theoreti-
cally, increasing the initial MO concentration would
increase the mass transfer driving force and the rate
of MO molecules passing from the bulk solution to
the particle surface, resulting in higher MO adsorption
and removal. However, the removal of MO decreases
relatively as the initial MO concentration increases. It
can be seen that as the initial MO concentration
increased from 100 to 300mgL�1, the color removal
efficiency decreased from 99.77 to 82.42%.

3.3. Adsorption kinetics

The effect of the initial concentration and tempera-
ture on the kinetics of MO uptake by Al/CTAB-bent
is shown in Figs. 13 and 14. The relatively high MO
removal is attributed to the availability of a large
number of vacant sites on the surface of Al/CTAB-
bent for MO adsorption [44,45]. The removal increases
with the decrease of initial dye concentration when
the adsorbent dosage is constant. A slight higher MO
removal for higher temperature (313 K) than moderate
temperature (293K and 303K) at the first 10min, with
longer time (30min), the highest removal was
observed at 293K (Fig. 14). These results show that
these adsorption reactions were complex and
appeared to have a favorable adsorption at room
temperature.Fig. 17. Langmuir, Freundlich, and Temkin adsorption

isotherm of MO adsorption onto Al/CTAB-bent at 293K.

Table 5
Adsorption parameters for MO onto Al/CTAB-bent at 293K

Langmuir Freundlich Temkin

qmax (mgg�1) R2 KL (Lmg�1) RL KF n R2 A B R2

49.02 0.9902 0.36 0.0092–0.027 25.10 6.91 0.9883 26.64 4.44 0.9543
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The kinetics data obtained using the pseudo-first
and pseudo-second model are depicted in Figs. 15
and 16, respectively. The parameters k, qe, and R2

were calculated and are shown in Table 4. The r2 of
the pseudo-first-order model are lower than those of
the pseudo-second-order model, and the calculated qe
appeared to be much close to the experimental values,
indicating that pseudo-second-order model yields a
better fit to the experimental data than the pseudo-
first-order model. Similar results have been reported
for the biosorbent for tungsten [46].

3.4. Adsorption isotherm

Fig. 17 shows adsorption isotherm of MO onto Al/
CTAB-bent at 293K. The values of qmax, KL, KF, n, A,
and B and the correlation coefficients for Langmuir,
Freundlich and for Temkin are given in Table 5. Based
on the correlation coefficient, Langmuir equation rep-
resents a better fit of experimental data than Freund-
lich, indicating that the surface of Al/CTAB-bent is
mainly made up of homogeneous adsorption patches.

The essential characteristics of the adsorption pro-
cess can be determined by the separation factor RL in
the analysis of data by Langmuir isotherm, which is
defined as:

RL ¼ 1

1þ KLc0
ð14Þ

RL values indicate the shape of isotherm. The calcu-
lated values of RL were found to be between 0 and 1
(0.0087–0.026), indicating that the adsorption of MO
onto Al/CTAB-bent is favorable [47].

3.5. Thermodynamic of the adsorption process

The thermodynamic parameters are listed in
Table 6. Kc indicates the capability of the bentonite to
retain a solute and also the extent of its movement in
a solution phase [48]. As shown in Table 6, Kc

decreased with the temperature increasing from 293 to
323K. The negative values of DG0 at different temper-
atures indicate the feasibility of the process and the
spontaneous nature of the adsorption. The DH0 calcu-
lated from the slope of the line (Fig. 18) is
�34.77 kJmol�1; the negative value indicates that the
adsorption of MO onto Al/CTAB-bent was exother-
mic. Furthermore, higher negative DS0 of MO adsorp-
tion process clearly state that the randomness
decreased the Al/CTAB-bent-solution interface during
adsorption [49].

Compared with other low-cost adsorbents for MO
removal on the basis of their adsorption capacity, the
adsorbent prepared in this study has higher adsorp-
tion capacity (Table 7 and 42.37–47.55mgg�1

(0.1294 zmmol g�1)).

4. Conclusions

In this study, a modified bentonite, Al/CTAB-bent,
was applied to remove MO from water. The color
removal efficiency of 100mgL�1 MO can reach above
99% and the COD removal efficiency above 97%. The

Table 6
Thermodynamic parameters for the adsorption of MO onto
Al/CTAB-bent

T
(K)

Kc DG0

(kJmol�1)
DH0

(kJmol�1)
DS0
(Jmol�1 K�1)

293 525.32 �16.18 �32.54 �60.19

303 216.39 �13.55

313 226.27 �14.11

Fig. 18. Plot of lnKc vs. 1/T for MO adsorption onto Al/
CTAB-bent.

Table 7
Comparison of the adsorption capacity for various
adsorbents in MO removal

Adsorbent Maximum adsorption
capacity, Q0 (mgg�1)

Ref.

Hypercrosslinked
polymer

76.92 [50]

Chitosan 34.83 [51]

Carbon nanotubes 35.4–64.7 [52]

Al/CTAB-bent 42.37–47.55 Present
study
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contact time, adsorbent dosage, temperature, pH, dye
concentration, adsorption isotherms, adsorption kinet-
ics, and adsorption thermodynamics were also exam-
ined. Optimal conditions for the adsorption of
100mgL�1 MO onto the Al/CTAB-bent were as fol-
lows: contact time of 30min, 5 gL�1 adsorbent, tem-
perature of 293K, and pH>3. The kinetics data agree
well with the pseudo-second-order kinetics model and
the Langmuir adsorption isotherm model. And the
adsorption thermodynamics indicate that the adsorp-
tion of MO onto the Al/CTAB-bent is spontaneous
and exothermic. From the above discussion, it maybe
concluded that the prepared adsorbent could be
applied in industry wastewater treatment.
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