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ABSTRACT

The objectives of this work were to investigate the adsorption of Reactive Blue 21(RB21) onto
clay(C), activated clay (AC), and modified clay (MC). The adsorbents were characterized by
FTIR, XRD, TGA, and BET. Batch studies were carried out to evaluate parameters affecting
adsorption such as contact time, pH, sorbent dose, and temperature. Among the kinetic
models tested, the adsorption kinetics was best described by the pseudo-second-order equa-
tion. The data fitted well with Freundlich, Langmuir, Temkin, and Halsey isotherms. The
reusability of the adsorbents using 1N NaOH for over three cycles indicates the economic

significance of these materials as adsorbents.
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1. Introduction

Effluents from the textile industry contain various
kinds of synthetic dyestuffs, and there has been
increased interest in decolorization of these effluents
in the last few decades. Basic and reactive dyes are
extensively used in the textile industry because of
their favorable characteristics of bright color, solubility
in water, simple application technique, and low-
energy consumption [1]. Dye effluents are not only
esthetic pollutants because of their color but also
interfere with light penetration into water bodies,
thereby disturbing the biological processes. Further,
dye effluents contain chemicals that are toxic toward
microbial populations and are carcinogenic to
mammals. Therefore, environmental legislation had
imposed stringent limits on the concentrations of
pollutants that are discharged in aqueous effluents
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from dyestuff manufacturing and textile industries.
Among the methods of effluent treatment, adsorption
technology was generally considered to be an effective
method for removal of dyes [2-4]. Aluminosilicates
such as zeolites, bentonite, and montmorillonite have
been recognized as promising low-cost adsorbents for
environmental applications [5-11]. Montmorillonite
(Mt) is widely used as an adsorbent due to its high
specific surface area, chemical and mechanical stabili-
ties, and a variety of surface and structural properties
[12-16]. In order to improve the adsorption properties
of Mt, it has been activated with acid and modified
with surfactants. Acid treatment generally increases
the surface area and acidity of the clay (C) [17].
Substitution of interlayer cations of clay with cationic
surfactants [18-22] is the basic requirement for
making Mt suitable for removal of anionic species
such as reactive dyes and oxyanions from wastewater
[22-26]. In this study Mt (C), acid activated Mt (AC)
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and surfactant modified Mt (MC) were characterized
and compared for their ability to adsorb Reactive Blue
(RB21) from aqueous solution.

2. Materials and methods

Commercial grade Reactive blue dye was used
without further purification. Montmorillonite (C) and
Cetyltrimethylammonium bromide (CTAB) were
purchased from Sigma Aldrich.

2.1. Acid activation of clay

Acid activation of the clays was carried out by
treating with 0.25M H,SO, Twenty grams of Mt was
refluxed with 200ml of 0.25M H,SO, for 180 min. The
activated clay (AC) was centrifuged and washed with
water several times, till it was free of SO,>~ and dried
at 373K in an air oven until constant mass was
attained [27].

2.2. Modification of clay

Surfactant (CTAB) equivalent to (0.2473 x CEC of
clay) was dissolved in 100 ml distilled water. A total of
5g of clay was added to the surfactant solutions and
stirred for 12h at 60°C. The surfactant modified Mt
modified clay (MC) was separated by centrifugation
and washed with water for the removal of bromide. It
was then dried in vacuum for three days [28].

2.3. Preparation of dye solutions

Stock solutions of RB21 (1g/L) were prepared by
dissolving accurately weighed amount of RB21 in
double-distilled water and subsequently diluting to
the required concentration. The structure of the dye is
shown in Fig. 1.

SOH ~ SO;H
\ / N\
— N /
Qﬁl ﬁ
HOS SO,NHCaHS0;CH,CH,0H

Fig. 1. Structure of Reactive Blue 21.
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2.4. Batch sorption experiments

Experiments were conducted to study the effect of
various parameters for the removal of Reactive Blue 21
(RB21) on natural clay (C), AC, and MC. For each
experiment, 25mL of dye solutions of known initial
concentrations and pH was taken in 100-mL stoppered
conical flasks. A suitable adsorbent dose is added to
the solution and the mixture was agitated at a constant
speed. The supernatant was separated from the adsor-
bent by filtration and analyzed for the presence of
unadsorbed dye by using SYSTRONICS Digital 166
model visible spectrophotometer. The percentage
removal of the dye and the amount adsorbed (mg/g)
were calculated by the following relationship:

o=t 0

m

where C;—initial concentration of dye in mg/L;
Ce—equilibrium concentration of dye in mg/L;
m—mass of adsorbent g/L; ge—amount of dye
adsorbed per gram of adsorbent.

2.5. Statistical analysis

In order to ensure the reproducibility of results,
experiments were replicated three times and data pre-
sented were the mean values from these independent
experiments. Experimental errors were estimated, and
standard deviations are indicated wherever necessary.

2.6. Equilibrium sorption studies

Adsorption isotherms were determined by the
treatment of 0.05g of adsorbent under study with dye
solution having an initial concentration varying from
100 to 1,000mg/L in a thermostated rotary mechanical
shaker. After agitation, the contents of the flasks were
filtered. The concentration of dye remaining in the
solution was determined by spectrophotometer. The
results of experimental measurements were in the form
of adsorption isotherms. Attempts were made to fit the
equilibrium dye sorption isotherm data to a number of
well-known models (Table 1) such as Freundlich,
Langmuir, Temkin, Flory-Huggins, and Halsey for the
better understanding of the processes governing
adsorption of dye on to the adsorbents under study.
The results are shown in Table 2.

2.7. Sorption dynamics

In order to investigate the sorption process of the dye
pseudo first order, pseudo second order, intraparticle
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Table 1
Isotherm and kinetic models
Eq" Isotherm Functional form Plotting
I Freundlich e = KeCV/™ Logge vs. Log Ce

3 e KLCe 1 1
1II Langmuir ;_m - 1+1L< o . VS o
I Temkin % - %LH(KTCe) ge vs. LnCe
v Flory-Huggins Logci0 = LogKrn + npyLog(1 — 0) Logc% vs. Log(1 — 0)
\% Halsey Ge = Kyg/CY/H Log.ge vs. Log Ce
VI Dubinin—-Radushkevich ;—:‘ — exp(—ﬂgz) with [)’ = %and =] RTLng—: Ln e vS. <Ln(g—:)>2
Kinetics
I Pseudo 1st order % = K!(qe — q¢) Log(ge — qt) vs. t
II Pseudo 2nd order :K; Lys. t

1+qeKt qt
I1I Intraparticle diffusion gr = K;t%? g vs. 193
v Bangham LogLog (COE?W) = Log(;2%5+ o Log t) LogLog (COE;M) vs. L
A% Liquid Film diffusion q) _ a
q Ln<1 7) = —Kpt Ln( 70) vs. t

e

diffusion, Bangham, and liquid film diffusion models
were used as kinetic models (Table 1). The values of
correlation coefficients and standard deviation were
used to compare the models which are shown in
(Table 3). SD was calculated using the equation.

SD = \/g Z(x,- — %) (2)

2.8. Thermodynamics of sorption studies

The thermodynamic parameters of the adsorption
process could be determined from the experimental
data obtained at various temperatures using the
equations:

Ki=2 3)
AS®  AH°

InKa === %7 4)

AG® = AH? — TAS" (5)

2.9. Fourier transform infrared spectroscopy

FTIR was used to determine the changes in vibra-
tional frequencies of the functional groups in the

adsorbents. The spectra were collected by a Perkin
Elmer RX1 model within the wave number range of
400-4,000cm'. Specimens of samples were first
mixed with KBr and then ground in an agate mortar
at an appropriate ratio of 1/100 for the preparation of
the pellets. Resulting mixture was pressed at 10 tons
for 5min. Sixteen scans and 8cm ™' resolution were
applied in recording spectra. The background
obtained from the scan of pure KBr was automatically
subtracted from the sample spectra.

2.10. Thermogravimetric analysis

Thermogravimetric analysis was done using
EXSTAR6000 TG/DTA 6300 model instrument. The
measurements were carried out under a nitrogen
atmosphere. Samples weighing in the range of 5-10mg
were taken in the sample pan, and the temperature
was raised from 30—600°C at a heating rate of 10°C per
minute. The mass of the sample pan was continuously
recorded as a function of temperature.

2.11. X-ray diffraction studies of clay, activated clay, and
modified clay

X-ray diffraction patterns were measured by a
Rigaku ultima-3 instrument. Powder XRD of the
samples was taken by holding the sample in place on
quartz plate for exposure to Cu Ka radiation of wave-
length 1.54184 A with the two-theta scanning mode
between 5° and 30°.



1592
Table 2
Isotherms for different adsorbents
Clay Activated Modified
clay clay
Freundlich
ge (exp) 44.432 37.345 48.265
(mgg ™)
K¢ (mgg™) 0.048 0.190 0.467
N 0.491 0.172 0.419
? 0.961 0.976 0.963
SD 0.034 0.037 0.006
Langmuir
Ky (Lmmol™)  0.011 0.019 1.037
Gm (mgg™) 40.385 34.758 46.511
? 0.931 0.928 0.998
SD 0.021 0.047 0.007
Temkin
Kr (Lmmol™Y)  0.115 35.535 10.305
r 0.973 0.941 0.974
SD 0.017 0.026 0.021
Flory-Huggins
ken 1.97 x10™® 3.03x 1073 6.98 x 1073
i —0.770 —0.738 —0.101
r 0.959 0.998 0.973
SD 0.089 0.001 0.006
Halsey
ke g™ 4.420 18.145 5.379
g —0.491 —0.161 —9.895
r 0.961 0.982 0.973
SD 0.078 0.114 0.010
DR
Gm 26.310 24.200 54.686
Eo (k] mol™) 3.220 0.154 2.690
r 0.969 0.994 0.959
SD 0.180 0.065 0.050

2.12. BET surface area measurements

Surface area measurements were analyzed by a sur-
face area analyzer (Micromeritics, ASAP 2020 V3.03H).
The specific surface areas were determined from the
isotherms using the Brunauer—-Emmett-Teller equation.

3. Results and discussion
3.1. IR spectra analysis

The FTIR spectra (Fig. 2) of Mt (C), activated Mt
(AC), surfactant modified Mt (MC), and the respective
dye-loaded adsorbents (RB21-C), (RB21-AC), and
(RB21-MC) are shown in Fig. 2. The shifts in the princi-
pal IR frequencies as well as modification of their
intensities due to acid treatment and modification with
surfactant have proved that there was considerable
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interaction of H" ion/cetyltrimethyl ammonium ions
and the clay surface. The band at 797 cm ™" (tridymite)
has shifted to 800cm™'. The bands at 3,431 and
1,636 cm ™" for water of hydration showed a significant
decrease in AC. The intensities of hydroxyl stretching
bands at 3,619 and 3,431 cm™! were also reduced in
AC, which was due to the removal of octahedral
cations causing the loss of water and hydroxyl groups
coordinated to them. Furthermore, the new peaks at
3,630-3,655cm ™! in AC were absent in C, which was
due to the hydroxyl groups coordinated to Bronsted
acid sites in clay [12] and zeolites [29]. In the case of
the IR spectrum of RB21-C, the sharp peak at
1,560 cm ™! is attributed to the aromatic ring vibrations
of dye molecules. The aromatic C-H stretching peaks
in the range 2,924-2,834 cm™}, the C-H in-plane bend-
ing peaks of alkyl groups at 1,489 and 1470cm "' of
MC can be attributed to the replacement of interlayer
metallic cations by CTAB cations. In addition, the OH
stretches at 3,600-3,400 cm ™! region, the Si-O stretch-
ing peaks between 1,083 and 962cm™!, and the
bending peaks within the range 800-450cm ™' for C
were present in the spectrum. Furthermore, the split-
ting of the methylene scissoring mode at 1,489 cm ™'
was considered to be diagnostic of the packing density
increase in the intercalated surfactants within the clay
gallery. In the case of the IR spectrum of RB21-MC, the
very small peaks in the 1,450-1,400cm™' region and
the feature corresponding to the C =C skeleton stretch-
ing at 1,560 cm ' were due to aromatic ring vibrations
of dye molecules. However, the expected symmetric
SO, stretching band (1,160-1,120 cm™Y) and the asym-
metric SO, stretching band at 1,302 cm ! in the spectra
of RB21-C, RB21-AC, and RB21-MC were not seen,
which is be probably masked due to overlapping by
water and Si-O stretching peaks [30].

3.2. XRD analysis

In the X-ray diffraction pattern of C, AC, and MC
(Fig. 3), the main reflections of C were also present in
AC but with a slight change in intensity and flex
width which implied that only significant amount of
clay particles had undergone acid treatment. A
diffraction peak at 5.56 A corresponding to a basal
spacing of 15.8 A, attributed to (001) reflection, was
observed in Mt. After modification with CTAB, this
peak shifted to a lower angle of 4.6 A corresponding
to a basal spacing of 19.2 A, suggesting intercalation.

3.3. Thermo gravimetric and BET analysis

Thermogravimetric analysis of C, AC, MC, and
CTAB (Fig. 4) indicated that for CTAB complete
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Table 3

Kinetic parameters for different adsorbents
Clay

Pseudo first order

gelexp) 45.003

e 15.536

K 0.018

r 0.981

SD 0.104

Pseudo second order

e 45.766

K, 4.066 x 107

r 0.999

SD 0.043

Intraparticle diffusion

K; 0.188

r 0.991

SD 0.071

Bangham

K 118.871

A 0.017

r 0.993

SD 0.627 x E™3

Liquid film diffusion

Kea 0.013

r’ 0.948

SD 0.345

Activated clay Modified clay

44171 44.035
9.116 3.433

9.05 x 1073 474 x 1073
0.949 0.999

0.101 0.005
50.801 59.685
0.0103 0.012
0.989 0.977
0.337 1.147 x E™*
0.510 0.268
0.979 0.963

0.168 0.234
127.406 119.552
0.157 0.031

0.985 0.947
0.056 0.027
0.012 0.008

0.979 0.919

0.168 0.395

7o (mg/g), K, (g/mgmin), K; (min™"), Ky, (mg/gmin'’?), f(g/mg), « (mg/gmin).

decomposition took place at ~300°C. However, for
MC the loss in mass was only 10% in the temperature
range of 280-290°C, suggesting that CTAB molecules
were bonded strongly in the interlayer of Mt.

The specific surface area increased slightly in AC
(213.968 m?g ") as compared to C (209.121 m*g ") due
to leaching of octahedral ions on acidification. On the
other hand in MC, a decrease in specific surface area
(150.833m?g ") was observed due to the intercalated
CTAB ions clogging up the interlayer space and
hindering the access of the nitrogen molecules when
measuring the surface area [31].

3.4. Effect of temperature

The dye uptake for C remained constant with
increase in temperature (Fig. 5) indicating that the dye
uptake onto C was independent of temperature
whereas in the case of AC and MC the dye uptake
increased with increase in temperature indicating the
mechanism to be endothermic. However, the changes
observed with AC were less to come to any conclusive
evidence. The increase in adsorption with temperature

in the case of activated and MC indicated that the
mobility of the dye molecules increased with the
rising temperature, and increasing temperature
produced a swelling effect within the internal
structure of the clay enabling large dye molecules to
penetrate further [32]. This indicated the mechanism
to be chemisorption for AC and MC [33].

3.5. Effect of pH

For C and AC, the maximum adsorption capacity
was observed at pH 1.0, which reduced notably as pH
was increased to 4.0 and then remained nearly
constant (Fig. 5). However, in the case of MC, though
maximum adsorption capacity was at pH 1.0, the
adsorption remained constant till pH5 and then
decreased above pH 5 (~10% decrease). Due to low
pKa values of sulfonic acid groups of RB21, the dye
could be completely deprotonated at pH 1.0. C exhib-
ited positive zeta potential values at pH1 (13.19mV
while AC exhibited positive zeta potential values at
pH 1-2 (7.03,3.69) and highly negative zeta potential
values above this pH over the entire range of pH
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Fig. 2. IR Spectra of adsorbents and dye-loaded adsorbents
a) Cb) AC ¢) MC d) RB-C e) RB-AC f) RB-MC g) CTAB.
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Fig. 3. X-ray diffraction patterns of a) C b) AC ¢) MC.

studied (Fig. 6). However, the broken edges of clay
particles are reported to behave as the metal oxide
surface, and these can acquire either positive or
negative charge depending on the pH [34]. However,
MC exhibited positive zeta potential values over the
whole range of pH studied. It exhibited a zeta poten-
tial value as high as 49.12mV at pH 1.0. This implies
that adsorption of RB21 onto MC might be due to

A. Vanaamudan et al. | Desalination and Water Treatment 52 (2014) 1589-1599
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Fig. 4. TGA graphs of a) C, b) AC, ¢) MC, d) CTAB.

electrostatic attraction between the cationic surfactant
head groups in MC, and the dye anions as well as
van der Waals interactions between RB21 and the sur-
factant alkyl chains while its adsorption onto C and
AC might be predominantly through electrostatic
attractions and ion exchange.

3.6. Effect of adsorbent dose

The adsorption of RB21 increased with increase in
adsorbent concentration at low doses and reached
saturation limit at 0.2g for C and 0.8g for AC and
MC (Fig. 5). This trend can be attributed to increased
number of adsorbent particles surrounding the adsor-
bate.

3.7. Effect of concentration of dye

The percent uptake of dye was found to decrease
with increase in concentration of dye for all the three
adsorbents (Fig. 5), suggesting that limited number of
adsorption sites were available for adsorption as
concentration of adsorbate molecules increased.
However, it is observed that decrease in percent
adsorption as concentration increased from 100 to
1000mg/L was less in the case of AC (~60 to ~50%)
and MC (~99 to ~80%) as compared to C (~90 to
~20%). The observed trend in our study for AC and
MC could be due to the fact that interaction between
dye and adsorbent could have been relatively higher
as compared to C [35].

3.8. Sorption isotherm

The isotherm models studied and isotherm
constants for the adsorption of RB21 by all the three
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Fig. 5. Effect of (a) pH (1-11) (b) Time (30-240 min) (c) Temperature (40°—70°) (d) Concentration (100-1000 ppm) (e) Dose

(0.1-1.0 gm).

adsorbents are presented in Table 2. The adsorption
data for all the three adsorbents under study for RB21
gave reasonably high correlation coefficient values for
all the models studied. Fitting of Langmuir isotherm
model suggested the presence of homogeneous
adsorption sites. The calculated E values were
<8kJmol ! for DR model suggesting physisorption for
all the three adsorbents under study. The value of Fre-
undlich constant n being less than unity implied that
the adsorption intensity was favorable over the entire
range of concentrations studied. The fitting of Temkin
model indicated favorable adsorption of RB21 onto all
the three adsorbents under study. The high regression
values for Halsey model suggest multilayer adsorp-
tion. Though Flory-Huggins model exhibited high cor-
relation coefficient values, the negative values of n,
and low values of kgy imply that the model cannot be
used to describe the adsorption data. The g,, values
from Langmuir isotherm indicated that MC had higher
adsorption capacity (~46 mg/g) as compared to AC

504 A
N \ At
Al
304
Al Al
= 207 4 \A/A
g 10 ™ .
%. 0- .\. o \.\o/°/.‘./.
8
N -104 '§=/
204 \ .
30 e C \./I /./ \.
S N
-50 T T T T T 1
0 2 4 6 8 10 12

pH

Operating parameters: agitation time -240 min, temperature — 30°C, pH (1-11)
Fig. 6. Zeta potential curves for, (a) C, (b) AC, (c) MC.
(~37mg/g) and C (~40mg/g). Comparison of the g,

values obtained from this study and adsorbents was
presented in Table 4 [36—42]. It is observed that the
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adsorbents have higher adsorption capacity as
compared to zeolite and polyurethane foam and lesser
adsorption capacity as compared to sepiolite, fly ash,
and chitosan. The differences in maximum adsorption
capacities of various adsorbents might be due to differ-
ent adsorption mechanisms of various adsorbents and
experimental conditions of adsorption.

3.9. Sorption kinetics

The study of effect of time on the uptake of dye
using C, AC, and MC revealed that equilibrium was
reached within 90 min for MC and 210 min in the case
of C and AC (Fig. 5). The kinetic models were studied
and the rate constants for the adsorption of RB21 by
all the three adsorbents are presented in Table 3. The
correlation coefficients for pseudo-second-order model
were found to be greater than the other kinetic models
for C, AC, and MC and the calculated equilibrium
adsorption capacity values were closer to those
obtained experimentally. This supported the assump-
tion behind the model that the surface complexation
may be the rate-limiting step involving valence forces
through sharing or exchanging of electron between
adsorbent and adsorbate. For all the adsorbents under
study the plot of g, versus t'/? did not pass through
origin (fig. not shown) suggesting that intraparticle
diffusion was not the only rate-controlling step but
some degree of the boundary layer diffusion also
controlled the adsorption process and that the overall
rate of the dye adsorption process appeared to be

equation indicated that the diffusion of RB21 into the
pores of the adsorbents under study also controlled
the adsorption process. It was thus concluded that the
dye adsorption process was controlled by more than
one step.

3.10. Thermodynamic studies

The free energy change values are shown in
Table 5. The values of AH’ and AS° can be calculated
from the slope and intercept of the plots of InKy4
against 1/T and are shown in (Table 6). The free
energy change during the adsorption process was
positive for C and AC suggesting chemisorption to
be the predominant mechanism of adsorption while
for MC it was negative suggesting the adsorption to
be spontaneous. The positive enthalpy change values
for AC and MC suggested that the adsorption pro-
cess was endothermic while for C the enthalpy val-
ues were negative. However, the enthalpy change
values and the changes in percent adsorption with
temperature are too low to come to any conclusion.
The negative entropy change corresponded to a
decrease in the degree of freedom of the adsorbed
species and an orderly adsorption.

3.11. Desorption studies

Desorption studies were done to study the feasi-
bility of reuse of the adsorbents under study. A 0.1g
of adsorbent under study (C, AC, MC) at 25°C was

controlled by more than one step [43,44]. The reason- mixed with 25mL of 100ppm RB21 solutions
ably good correlation coefficient for Bangham maintained at pH1 and agitated for 240min. The
Table 4
Comparison of adsorption capacity
Adsorbent Dye Adsorption Capacity (mg/g) Reference
Fly ash Reactive Blue 21 106.71 36
Sepiolite Reactive Blue 21 66.71 36
Natural zeolite Reactive Blue 21 9.65 37
Polyurethane foam Reactive Blue 21 8.31 38
Silylatedpalygorskite Reactive Blue KER 38 39
Cetyldimethylbenzylammoniumhectorite Reactive Orange 78 40
Cetylpyridiniumhectorite Reactive Orange 84 40
Zeolite Everzol Black, Everzol 29-7.6 41

Red, Everzol Yellow
Calcinedalunite Reactive blue 114
Reactive red 124 170.7 42
Calcinedalunite Reactive yellow 64 236 42
Calcinedalunite Reactive red 124 153 42
Clay Reactive Blue 21 44.43 This study
Activated clay Reactive Blue 21 37.34 This study
Modified clay Reactive Blue 21 48.26 This study
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Table 5
Thermodynamic parameters (free energy change) for reactive Blue 21 by clay, activated clay and modified clay
AG (kJ/mol)
313K 323K 333K 343K
Clay 11.735 12.110 12.485 12.860
Activated clay 10.246 10.573 10.900 11.228
Modified clay —0.096 —0.099 —0.102 —0.106
Table 6
Thermodynamic parameters (Entropy and Enthalpy) for reactive Blue 21 by clay, activated clay and modified clay
AS (J/molK) AH (K] /mol) r SD
Clay —0.037 —0.002 1 0
Activated clay —0.032 0.010 0.999 0.023
Modified clay —6.79xE* 3.07 xE* 0.999 387 xE™*
100 - 100 - 100 - _ _
AC . . AC » . MC A A
80 - 80 4 80 -
g g g
£ 60 £ 60 < 60 1 j
2 2 /7/ =
2 2 2
2 40 S a0l J & 40 -
R R R /
20 - ——1" cycle 20 - ——1" cycle 20 -./ ——1" cycle
—o—2" cycle —o—2"cycle re —o—2"cycle
——3"cycle ——3"cycle ——3"cycle
o T T T T T 0 T T T T 0 T T T T T
0 1 2 3 4 5 0 1 3 4 5 0 1 2 3 4 5
Normality of NaOH Normality of NaOH Normality of NaOH

Operating parameters: agitation time -240 min, temperature — 30°C
Fig. 7. Desorption curves for (a) C, (b) AC, (c) MC.

RB21 loaded adsorbents were filtered, dried, and
added into 25mL of 0.1-5N NaOH in 100-mL
stoppered conical flaks. These flasks were agitated for
240 min. Amount of dye desorbed was determined by
use of spectrophotometer. The adsorption—-desorption
experiments were repeated for 3 cycles. As shown in
Fig. 7, the percentage of RB21 desorbed increased
with increasing in NaOH concentration. The desorp-
tion percentage was 9-23% when 0.1N NaOH was
used and increased to 92-97% when ~1N NaOH was
used for the adsorbents under study. The efficiency of
the adsorbent remained almost the same (~5%) for
three adsorption—desorption cycles.

4. Conclusions

Montmorillonite (C), acid activated Montmorillon-
ite (AC), and surfactant modified Montmorillonite

(MC) were applied to remove Reactive Blue-21 dye
from aqueous solution. The intercalation of hexade-
cyltrimethylammonium ions in Mt increased the basal
spacing from 40.49 to 42.03A. The study indicated
that adsorption process depends upon initial pH, dose
of the adsorbent, and contact time. pH 1.0 was found
to be optimum for the maximum removal of acid dye
onto the adsorbents under study. Among the kinetic
models tested, the adsorption kinetics was best
described by the pseudo-second-order equation. The
data fitted well with Freundlich, Langmuir, Temkin,
and Halsey adsorption isotherm models. Adsorption
thermodynamics did not give any conclusive evidence
for the exothermic or endothermic nature of
adsorption mechanism. The adsorbed RB21 could be
desorbed efficiently using 1N NaOH solution, and the
adsorbents under study were reusable. Adsorption of
RB21 onto MC was attributed to electrostatic attraction
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between the cationic surfactant head groups in MC
and the dye anions as well as van der Waals interac-
tions between RB21, and the surfactant alkyl chains
while its adsorption onto C and AC might be predom-
inantly through electrostatic attractions and ion
exchange.
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