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adsorption process was an endothermic reaction.

INTRODUCTION

Industries such as textile, dyeing, tannery, paper, paints,
plastics, efc. are the source for dye effluents which are highly
toxic, carcinogenic, and allergenic on exposed organisms [1].
About 10-50 % of dyes (reactive, acidic, basic and metal complex)
remain in the wastewater [2]. There are 3000 types of dyes avail-
able among which the cationic dyes are much more toxic than
the anionic dyes [3]. A wide range of conventional methods
such as chemical oxidation, precipitation, coagulation, floccu-
lation, ion exchange, photodegradation, reverse osmosis and
biological treatment have been investigated for the removal
of dyes [4,5]. Due to some limitations the above mentioned
methods were suffered in complete removal of color from the
wastewater. In addition to this, the dyes present in wastewater
are characterized by high salt content and low biodegradable
potential which makes the conventional wastewater treatment
processes very difficult [6]. Adsorption is a superior and effective
method for the removal of dyes in terms of simplicity of design,
low initial cost of operation, ease of operation, local availability,
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and sensitivity to toxic substances [7-9]. Various adsorbents
used for color removal, includes activated carbon, agricultural
wastes, zeolites, clay minerals, polymeric materials, efc. [10-12].
Activated carbon is one of the most commonly used adsorbent
for water purification due to its high surface area, porous
structure and thermal stability, and has several disadvantages.
They are expensive, fine powdered and produces solid wastes.
The regeneration of activated carbon by chemical and thermal
processes is expensive and very difficult. A number of low
cost novel adsorbents such as fly ash [13,14], clay mineral
[15], etc. were introduced.

Clays is a low-cost adsorbent and easily available [16].
They are environmental friendly materials with high surface
area, structural properties, chemical stability and mechanical
stability [17]. Smectite group clays and kaolinite group clays
are the type of clays used for the preparation of nano-adsorbents.
The smectite group clays are composed of hydrated sodium
calcium aluminum silicate, a family of non-metallic clays,
which includes montmorillonite, bentonite, etc. as their group
members [18]. Due to the negative charge of clay surface that
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can attract and hold the cations of several substances such as
cationic dyes, heavy metals, efc. [19]. In order to improve the
adsorption capacity of clays, it can be activated and modified
[20]. It can also be applied in the fields such as polymer nano-
composites [21-23], catalysts [24], photochemical reaction [25],
etc. The separation of suspended clay materials from the
aqueous solution is difficult, so there is a need to bind the clay
with polymer matrix for making the separation more com-
fortable [26].

Now-a-days, the nanoparticles play an important role by
modifying their surface functionality [27]. By mixing the clay
with polymer matrix results in a class of new micro-composite
and nanocomposite materials. The nanocomposites also exhibit
excellent physical, thermal and mechanical properties. Polymer/
clay nanocomposites are of great interest in water purification
because of their structural or functional behaviour [28,29]. By
comparing it with pure polymer, the polymer nanocomposites
enhance excellent properties such as reduced thermal expansion,
reduced gas permeability, good ionic conductivity, mechanical
strength, flame retardency, etc. [30-32]. Polymer/clay nano-
composites is not only low-cost but also effective for the
removal of pollutants from the wastewater.

Present study focuses on the preparation of polymer/clay
nanocomposites via in situ emulsion polymerization using
methyl methacrylate as monomer. The prepared nanocomposite
was characterized using FT-IR, XRD, FE-SEM and TGA. A
batch experiments were carried out to investigate the adsorption
capacity, equilibrium isotherms, kinetics and thermodynamics
of the prepared nanocomposites in aqueous solution.

EXPERIMENTAL

Analytical grade reagents were used for the adsorption
study. A 1000 mg/L of stock solution was prepared. Reactive
dyes used in this study are malachite green and amido black
10B from Aldrich Chemicals, USA. Bentonite was used as an
adsorbent and supplied by S.D. Fine-Chem Limited Mumbai,
India. Tetrabutylammonium bromide was received from SRL,
Mumbiai, India.

Preparation of organoclay: The organic clay was prepared
via ion-exchange reaction. The clay about 10 g was dispersed
in deionized water at room temperature followed by mixing
for 1 hat 25 °C. Tetrabutylammonium bromide (10 g) was disso-
Ived in water at 25 °C and slowly added to clay suspension of
about 800 mL. The suspension was mixed at 25 °C for 24 h
and filtered using disc filter funnel. The modified clay was
washed several times with redistilled water. Until no bromide
ion was detected by using AgNO; solution. The obtained organo-
clay was dried at 80 °C for 12 h.

Preparation of clay/polymer nanocomposites by in situ
emulsion polymerization: Prepared organoclay was dispersed
in water and mixed with 10 % methyl methacrylate. The susp-
ension was then stirred for 2 h at 80 °C. Potassium per sulfate
(0.0265 g) as initiator was then added to initiate the polymeri-
zation reaction and then the surfactant as sodium luryl sulfate
of about 0.53 g was added and refluxed for 4 h at the same
temperature. The polymer was then precipitated with methanol
and then filtered using disk funnel. It was then allowed to dry
using vacuum oven for about 30 min at 170 °C [33].

The surface functional groups of the polymer/clay nano-
composites were estimated by FT-IR spectroscopy (FT-IR-
2000, Perkin Elmer) analysis. FI-IR spectra of the sample were
recorded in the range of 4000-400 cm™. External morphology
of nanocomposite was observed and characterized by field
emission scanning electron microscopy (FE-SEM), obtaining
magnified three-dimensional-like images of their surfaces.
X-ray powder diffraction (XRD) is an analytical technique
primarily used for phase identification of a crystalline material
and can provide information on unit cell dimensions.

Thermogravimetric (TGA) analysis of the composite and
the neat polymer were analyzed using 2950 TGA V5.4A thermal
analyzer under nitrogen flow at the heating rate of 20 °C/min.
The zero-point charge (pHzpc) and surface functional groups
of clay/polymer nanocomposites were characterized according
to Boehm titration method.

Adsorption experiments

Equilibrium experiments: Adsorption equilibrium is used
to describe the experimental adsorption data. The importance
of equilibrium adsorption is obtaining the "best-fit" isotherm,
which is more significant and the detailed isotherm descriptions
are required for the adsorption system design.

The amount of adsorbed adsorbate at equilibrium, q. (mg/g)
was calculated by

o = (CmCay,
w
where C, and C. (mg/L) are the liquid phase initial and equili-
brium concentrations of adsorbate respectively. V is the volume
of the solution (L) and W is the mass of dry adsorbent used
(2.

Kinetic studies: The kinetic experiments are used to investi-
gate the mechanism of adsorption and rate controlling step.
The amount of adsorption of adsorbate solution was calculated
at various time intervals. The amount of adsorption (q,) at time
‘t’ was calculated by the following equation:

C,-C
ql — ( OW l) V

where C, and C, (mg/L) are the liquid-phase concentrations of
the adsorbate at initial and time t, respectively. V is the volume
of the solution (L) and W is the mass of dry adsorbent used (g).

Thermodynamic studies: Thermodynamic experiments
were done at various temperatures and the thermodynamic para-
meters of the adsorption process were determined from the
experimental data.

RESULTS AND DISCUSSION

The FT-IR spectra of modified TBAB polymer/clay nano-
composites is analyzed in the range of 400-4000 cm™. Fig la
confirms the presence of OH at 1462 and 1631 cm™ adsorption
bands, CH, and CH; at 2911 and 2842 cm’', silicate structure
[Si-O-Fe], [SiO] at 534-465 cm™, and dioctahedral smectite
with [Al, Al-OH] at 3698 cm™, stretching and bending bands.
Powder XRD patterns of the prepared clay/polymer nanocom-
posites were recorded at 0.1° increments at 10 sec per point.
The obtained peak in the XRD patterns of adsorbent was compared
with Joint Committee on Powder Diffraction Standards (JCPDS)
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Fig. 1. Characterization of polymer/clay nanocomposites (a) Fourier transform infrared spectroscopy, (b) XRD pattern, (c) FE-SEM analysis
and (d) Thermogravimetric analysis (TGA) for polymer/clay nanocomposites

data. The XRD analysis (Fig 1b) showed that bentonite consists
of montmorillonite, quartz, feldspar and calcite. It was used
directly for adsorption experiments without any treatment.
The FE-SEM image in Fig 1¢ shows the porous structure,
size distribution and shape of the nanoparticles which have a
layered structure. It was observed that the adsorbent have rough
texture with heterogeneous surface and a variety of randomly
distributed pore size. This figure shows the good arrangement
of nanoparticles over the surface of clay/polymer. The size
distribution of these nano particles was approximately 40 nm
and the shape of nanoparticles were cubic in nature.
Thermogravimetric analysis (TGA) was analyzed between
20 and 600 °C showed in Fig. 1d and follows the weight loss
of adsorbent. These transformations are due to the removal of
adsorbed and interlayer water from the clay minerals. The zero-
point charge and the surface functionality of adsorbent were
also evaluated. It was found that the zero-point charge plays
an important role in the whole process which lies around pH
6.62. The surface functionality analysis shows the adsorbent
contained more basic functional groups (0.317) on their surface
when compared to the acidic functional groups (0.116).

Effect of pH on adsorption: The pH of the dye solutions
plays an important role in the whole adsorption process, parti-
cularly on the adsorption capacity. This also has an influence
on the surface charge of adsorbent, degree of ionization of
materials that is present in the solution and dissociation of
functional groups. The pH of the solution was controlled by
the addition of HCl and NaOH. In general, the anions are favour-
ably adsorbed by the adsorbent at lower pH due to the presence
of H" ions, and the cations at higher pH due to the negatively
charged surface sites [34,35]. The pH of the dye solution affects
the structural stability and also their colour intensity. Adsorption
of dyes onto the adsorbents was studied at different pH varying
from 2 to 10 for the prepared adsorbents. It was found that
there is no significant change for malachite green with varying
pH the maximum adsorption occurred at pH 7 for malachite
green, and at pH 2 for amido black 10B. The maximum percen-
tage adsorption of malachite green was (92.25 %) and amido
black 10B (62.74 %). Therefore, all further experiments were
carried out in distilled water and required pH of each dyes.

Effect of adsorbent dosage: The effect of adsorbent dosage
was carried out by varying the clay/polymer dosage from 0.01
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to 1.0 g/10 mL. It was found that the percentage adsorption
increased with the increase in the adsorbent dosage. The maximum
malachite green and amido black 10B removal efficiency of
98.81 and 90.02 % was observed at the dosage of 0.1 g/10 mL.

Effect of initial dyes concentration: The effect of initial
dye concentration was studied by varying the initial malachite
green, amido black 10B concentrations from 5 mg/L to 1000
mg/L for clay/polymer. The percentage adsorption decreased
with the increase in the initial concentration dye is shown in
Fig. 2a. At lower concentration, the ratio of initial number of
dye molecules to the adsorbent available surface area is low,
however for higher concentration the available sites become
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fewer and the percentage removal is dependent upon the initial
concentration [36].

Adsorption equilibrium isotherms: Equilibrium isotherm
model equations such as Langmuir, Freundlich and Temkin
isotherms are used to describe experimental adsorption data.
Itis important to find the best-fit isotherm to evaluate the efficacy
of the prepared adsorbent to develop suitable industrial adsor-
ption system designs.

Langmuir adsorption isotherm: The Langmuir equation
is probably the best known and widely used for adsorption
isotherm and it is based upon the assumption of monolayer
adsorption on to a surface containing a finite number of adsor-
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Fig. 2. Plots of adsorption isotherm for adsorption of malachite green and amido black 10B onto clay/polymer nanocomposites at different
initial dye concentration. (a) Percentage adsorption, (b) Langmuir adsorption isotherm, (c) Freundlich adsorption isotherm,(d) Temkin

adsorption isotherm
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ption sites of uniform energies of adsorption [37,38]. It is
represented as follows:

- KC
K 1+q,C, 1)
A linear form of this expression is
1 1 1
=t )

9. 9.KC g,

where q. (mg/g) and C. (mg/L) is the amount of adsorbate
adsorbed per unit mass of adsorbent, concentration of unad-
sorbed adsorbate; K. (L/g) is the Langmuir constant and K,/
gm gives the theoretical monolayer saturation capacity, q. (mg/g).
A plot of C./q. versus C. gives a straight line with slope /KL
and intercepts 1/K.

The Langmuir isotherm can also be expressed in terms of
dimensionless constant called separation factor [37,39], which
is defined by the following equation:

1
R =———
L T1+K,C, 3)

where Ry is the equilibrium parameter, C, (mg/L) is the initial
adsorbate concentration, Ry indicates the shape of isotherms
to be either favourable (0 < Ry < 1), unfavourable (R > 1),
irreversible (R, = 0) and linear (R, = 1).

Freundlich adsorption isotherm: The Freundlich adsor-
ption isotherm model can be applied to the non-ideal adsorption
on heterogeneous surfaces and also for the multi-layer adsor-
ption [40,41], which can be expressed by the following equation:

q. =K, C" )

The linear form of the above equation becomes as

logq, =log K; +llog C, 5)
n

where K (L/g) is the Freundlich constant and n (g/L) is the
Freundlich exponent. A plot of log q. versus log C. used to deter-
mine the Freundlich constant and its exponent.

Temkin isotherm: Temkin adsorption isotherm contains
a factor that explicitly takes into an account absorbing species
adsorbent interactions. It is defined by the following equation,

R
q. = fln(KTCe) (6)

The linear form of the above equation is
q.,=B,InK,+B, InC, (7)

where B, =RT/b, KT (L/mg) is the equilibrium binding constant,
B, is a constant related to the heat of adsorption. A plot of q.
versus In C. enables the determination of isotherm constant
B, and K from the slope and intercepts [39]. The plots for each

isotherm are shown in Fig. 2 and the isotherm parameters are
tabulated in Table-1.

From the isotherm graphs and parameters, Langmuir
isotherm Ry value is below 1 in all cases which infers that the
adsorption is high. In case of correlation value, the Freundlich
and Temkin isotherms values are below the Langmuir isotherm.
Itis evident that in all cases, the Langmuir equation represents
the best fit of experimental data than the other isotherms.

Adsorption kinetics: The kinetics of adsorption processes
were carried out for the prepared clay/polymer nanocomposites
by varying the adsorbate concentrations as 25, 50, 75 and 100
mg/L for malachite green and amido black 10B. The kinetic
data for the adsorption of dyes with all the four varying initial
concentrations were tested with the kinetic models namely
pseudo first-order, pseudo second-order models, intra particle
models and Boyd plots.

Pseudo first-order model: The pseudo first-order equation
[39,42] is generally expressed as follows:

dq,
dt

After integrating with the following boundary conditions,
t=0tot=tand q,=0 to q = q; eqn. 8 becomes

=k,(q.—q,) ®

q =q.(1-e™") €))
The linear form of eqn. 9 for use in kinetic analysis of data as:
In(q, —q,) =In(q.—k;t) (10)

where q. (mg/g) and q, (mg/g) are the amounts of adsorbate
adsorbed at equilibrium and at time t, respectively, and k; (min™")
is the rate constant of pseudo first-order adsorption.

Pseudo second-order model: The pseudo second-order
chemisorption kinetic rate equation [39,41] is expressed as:

dq,

- a-a)’ (1
On integration eqn. 11 becomes
1 1
—=—+Kk,t
@-9) 4 (12

The linear form of integrated rate law for the pseudo second
order reaction, eqn. 12 becomes as:

S S

A kal q ()
where k, (g/mg min) is the equilibrium rate constant. If the
pseudo second-order kinetic equation is applicable, the plot
of t/q, against t should give a linear relationship, from which
g. and k, can be determined from the slope and intercept of
the plot. The plots for each kinetic model are shown in Figs. 3
an 4 and the kinetic parameters are tabulated in Table-2.

TABLE-1
ISOTHERM PARAMETERS FOR THE ADSORPTION OF MALACHITE GREEN AND
AMIDO BLACK 10B ONTO POLYMER/CLAY NANOCOMPOSITES

Langmuir Freundlich Temkin
Adsorbate K 1-1/n
Ko gmgy R ¢ ey New o r B, KW F
Malachite green 0.057 34.75 0.0173 0.9958 0.171 0.573 0.9872 1.744 0.364 0.9872
Amido black 10B  0.012 28.8 0.0776 0.9945 2.437 0.742 0.9545 1.348 1.935 0.9455




2594 Sundaram et al.

Asian J. Chem.

70
1004 (a) (c)
601
90 504
< )
< ] 401
g g
I 304
§ 704
2 ) | —8— 25 ppm ® 25 ppm 204 ® 25 ppm
|—#— 50 ppm ) * 50 ppm ® 50 ppm
601 (=75 ppm -54 475 ppm 104 & 75ppm
~— 100 ppm -6: . ¥ 100 ppm ¥ 100 ppm
50 T T . T T T 0"""""""'
0 50 100 150 200 250 300 0 50 100 150 200 250 300 350 400
1]

rrTrrvr1rrvrryrrrrrrryrr-
0 50 100 150 200 250 300 350 400
Time (min)

Time (min)

Time (min)

Fig. 3. Plots of adsorption kinetic equations for adsorption of malachite green dye onto clay/polymer nanocomposites (a) Percentage adsorption,
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Fig. 4. Plots of adsorption kinetic equations for adsorption of amido black 10B dye onto clay/polymer nanocomposites (a) Percentage
adsorption, (b) pseudo first-order plots, (c) pseudo second-order plots

TABLE-2
ADSORPTION KINETICS PARAMETERS FOR THE ADSORPTION OF MALACHITE GREEN AND AMIDO BLACK 10B
C, (mg/L) Pseudo first-order kinetic equation Pseudo second-order kinetic equation
q; (mg/g) K, (1/min) x 10 r? q, (mg/g) K, [g/(mg min)] x 10° 1)
Malachite green
25 0.353 0.034 0.9876 2.499 0.267 0.9998
50 1.476 0.024 0.9766 5.056 0.039 0.9994
75 1.678 0.013 0.9580 7.028 0.024 0.9998
100 4.324 0.009 0.9382 8.945 0.007 0.9964
Amido black 10B
25 0.538 0.026 0.9902 2415 0.129 0.9996
50 1.606 0.021 0.9663 4.644 0.058 0.9991
75 0.976 0.014 0.9623 6.551 0.042 0.9999
100 2.597 0.011 0.9869 8.053 0.012 0.9994
The pseudo first-order constant k; increased with the q.
decrease in the dye concentration and also increased with the K, C (19)
increase in the impregnation ratios of the adsorbent. From these ¢
data, it was clear that the pseudo second-order constant k, AG =-RTInK, (20)
decreased with the increase in the dye concentration and also
increased with the increase in the impregnation ratios of adsorbent. InK, = A_S _ E Q1)
Thermodynamic studies: The amounts of adsorption of R RT

dyes on polymer/clay nanocomposites were measured with
various temperatures viz. 293, 300 and 313 K, using the
following eqns. 19-21 [43,44]:

The values of AH® and AS° of different adsorbate adsorption
were calculated by fitting the experimental data to eqn. 21 and the
value of AG® was obtained by using eqn. 20 as shown in Table-3.
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TABLE-3
THERMODYNAMIC PARAMETERS OF MALACHITE GREEN AND
AMIDO BLACK 10B ADSORPTION ONTO POLYMER/CLAY NANOCOMPOSITES

AG® 1
Adsorbate AH® (KJ/mol) AS® (KJ/mol) G* (K/mol)

203K 300K 313K

Malachite green 130.79 42549 212453 12.879 113304

Amido black 10 B 53.37 146.20 42782 -44.244 -45.706

From the above results, it was clear that the adsorption

process is spontaneous with the negative values of AG®. The
positive value of AS® shows the increased disorder at the solid
and solution interface and it was also observed that the process
of adsorption of dyes onto polymer/clay is endothermic in nature
due to the positive values of standard enthalpy change AH®.
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