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ABSTRACT

In this study, batch adsorption system using a novel organic/inorganic hybrid of biopolymer,
nanoclay and conducting polymer viz. alginate–montmorillonite/polyaniline (Alg–MMT/
PANI) nanocomposite was investigated to describe the adsorption of hexavalent chromium
(Cr(VI)) from aqueous solutions. The Alg–MMT/PANI nanocomposite was synthesized by
chemical oxidative polymerization of aniline in the presence of alginate-montmorillonite
nanocomposite dispersion. The structure and morphology of the prepared nanocomposite was
characterized utilizing Fourier transform infrared spectroscopy, X-ray diffraction, and
scanning electron microscopy. In the adsorption studies, the effects of initial concentration of
Cr(VI), pH, adsorbent dose, and contact time were investigated. Furthermore, the adsorption
kinetics studies showed that the adsorption process followed pseudo-second-order
model. Also, the investigation of adsorption isotherms revealed that the equilibrium
adsorption data were well described by the Freundlich isotherm model. Based on this model,
the adsorption capacity, Kf, was calculated to be 29.89mgg�1. Thermodynamic parameters
indicated that the adsorption of Cr(VI) by Alg–MMT/PANI nanocomposite is an endothermic
process.
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1. Introduction

Many heavy metals that are highly toxic for ani-
mals and human beings are discharged into the envi-
ronment as industrial wastes, causing serious soil and
water pollution [1]. One of the most important and
widely used heavy metals, chromium, is considered
as a toxic and carcinogenic environmental pollutant.
Chromium exists in the environment as trivalent

[Cr(III)] and hexavalent [Cr(VI)] forms. Cr(III) natu-
rally occurs in the environment and is an essential
micronutrient for human beings. Conversely, Cr(VI) is
about 500 times more hazardous than trivalent one,
being carcinogenic and mutagenic to living organisms
[2,3]. Due to the environmental concern, the allowed
discharge limit of Cr(VI) into inland surface water is
0.1mg l�1 and into the drinking water prescribed by
the World Health Organization is 0.05mg l�1.
Therefore, Cr(VI) must be substantially removed from
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the environment, in order to prevent the harmful
effect of Cr(VI) on ecosystems and public health [4].
Main sources of chromium entrance to environment
are industrial processes such as electroplating, leather
tanning, metal finishing, textile industries, manufac-
turing of dye, paint and paper [5].

There are various methods to remove Cr(VI) from
the solution, such as chemical precipitation [2], chemi-
cal reduction [6], electrocoagulation [7], electrochemi-
cal reduction [8], supported liquid membrane
technique [9], ion exchange [10], Donnan dialysis [11],
photocatalytic reduction [12], reverse osmosis [13],
and adsorption [14,15]. The chemical precipitation and
reduction processes need additional separation tech-
niques for the disposal of high quantities of waste
metal residual sludge produced. The major problems
of membrane systems for wastewater treatment are
membrane scaling, fouling, and blocking. The draw-
back of the ion-exchange process is the high cost of
the resin, while the electrodeposition method is more
energy intensive than other methods [2].

Among these methods, adsorption is one of the
most economically favorable and technically feasible
method to remove Cr(VI) from the solution, and for
many years, the effectiveness of various adsorbents has
been demonstrated [16–20]. To minimize processing
costs, several recent investigations have focused on the
use of low-cost and naturally occurring adsorbents for
the removal of heavy metals, such as activated carbon
[21], coal [22], biopolymers like alginate [23] and chito-
san [24], waste materials [25], natural clay minerals
such as montmorillonite [26], zeolite [27], and recently,
their hybrids with conducting polymers [28–30].

Polyaniline is one of the most important and
widely used conducting polymers, which has shown
excellent environmental stability and is synthesized at
low cost. It is used in many industrial applications,
including rechargeable batteries, sensors, magnetic
shielding, catalysts, optical applications, and recently
in wastewater treatment. Polyaniline can exist in vari-
ous forms, but its general molecular structure pos-
sesses a large amount of amine and imine functional
groups, which can interact with some metal ions due
to the strong affinity of nitrogen. Based on this charac-
teristic, some researchers have focused toward the
application of PANI in heavy metal ions removal from
aqueous solutions [31]. For example, reduction of toxic
hexavalent chromium in water was successfully car-
ried out by polyaniline powder [30]. In another study,
short-chain polyaniline coated on jute fiber is capable
of removal and recovery of chromium, as well as
reduction of hexavalent to trivalent form in solution
[32]. Also PANI and its composites have been explored
for the removal of Hg(II) [33] and arsenate [34].

Due to the increasing consciousness of cost-effec-
tiveness and public environmental protection, new
composite adsorbents containing PANI and natural
resources have attracted much attention. The combina-
tion of natural resources and synthetic polymers use-
fully takes the advantages of the biocompatibility and
environmental friendliness of the renewable materials
and the physical and mechanical properties of the
synthetic components. For instance, Kumar and Cha-
kraborty developed a polyaniline/jute fiber composite
adsorbent for Cr(VI) removal [35].

Alginate is a linear polysaccharide biopolymer
composed of (1!4)-linked residues of c-l-guluronic
acid (G) and ß-d-mannuronic acid (M). It is used in a
wide application area, such as thickener in many food
products, pharmaceutical formulations, and textile
printing agents. Also alginate has shown a high affin-
ity for metal ions [31], but due to its tendency to swell
in water and mechanical weakness, its application in
wastewater treatment is limited. To overcome the
drawbacks and further increase its adsorptive capacity
and mechanical properties, some researchers have
interested in the study of alginate composite in recent
years. Polymer/clay composite materials have been
introduced as new class of polymer composites with
special advanced properties. Intercalation of polymer
chains into the clay galleries brings improved charac-
teristics to these hybrid materials. In contrast to the
high number of studies on polymer/clay composites,
the number of studies on biopolymer/clay composite
is relatively low. There are few reports on the
preparation and properties of alginate-clay composite
materials [36,37]. Sodium alginate–montmorillonite
composite membranes have been reported for pervap-
oration dehydration of isopropanol, 1,4-dioxane and
tetrahydrofuran [38]. Sodium alginate–magnesium alu-
minum silicate microcomposite films were prepared
for modified-release tablets [39]. However, there is no
report on the preparation of hybrid nanocomposite of
alginate-clay/polyaniline and its using for the adsorp-
tion of heavy metals.

The purpose of this study is to explore a novel
adsorbent that have high affinity for Cr(VI) ions. For
this, alginate-montmorillonite nanocomposite was pre-
pared, and aniline was polymerized in the media of
alginate-montmorillonite through in situ polymeriza-
tion method. The removal of Cr(VI) ions from aque-
ous solution using the prepared adsorbent in a batch
adsorption process was investigated. The behavior of
adsorption was examined on effects of the initial
Cr(VI) concentration, pH, adsorbent dose, and contact
time. Finally, isothermal behavior, kinetic and thermo-
dynamic studies on the adsorption of Cr(VI) were
investigated.
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2. Experimental procedure

2.1. Materials

Sodium alginate (Alg) used in this study was a lab-
oratory-grade chemicals (Titran, Iran). Sodium mont-
morillonite KSF (specific surface area = 20–40 m2/g,
cation-exchange capacity = 30meq/100 g) was obtained
from Sigma-Aldrich (USA). Aniline was purchased
from Merck and distilled under reduced pressure prior
to use. Ammonium peroxydisulfate, hydrochloric acid,
sodium hydroxide, and potassium chromate were all
obtained from Merck and were used as received with-
out any further purification. Distilled water was used
throughout the experiments.

2.2. Instruments

A laboratory pH meter (Inolab pH730, WTW) was
used to adjust the pH of the Cr(VI) solution. An ultra-
sonic probe (Bandelin D-12207, Germany) was used in
nanocomposite preparation. Hexavalent chromium
concentration was measured by Shimadzu UV-1700
Pharma Spectrophotometer at kmax = 375 nm wave-
length. Fourier transform infrared (FT-IR) spectra
were recorded between 400 and 4,000 cm�1 using KBr
pellets by Bruker, Tensor 27 spectrophotometer. X-ray
diffraction patterns (XRD) were collected using a Sie-
mens D500 diffractometer with Cu ka radiation
(k= 1.5418 Å) at room temperature, operating at a volt-
age of 35 kV. The XRD patterns were recorded at the
scan rate of 1min�1 for a scan range of 2h= 2–70˚. The
morphology of the samples was studied using scan-
ning electron microscope (SEM) (LEO 1430 VP, Ger-
many). Each sample was coated with a thin layer of
Au-Pd using a sputter coater (Polaron SC7620). Sam-
ples were analyzed at 15 kV.

2.3. Preparation of alginate–montmorillonite nanocomposite

An exact amount of alginate (Alg) was dissolved in
distilled water to prepare a 2% (w/v) solution. The
required amount of Na-MMT (2%, w/v) was dispersed
in distilled water for 24 h, and this dispersion was fur-
ther treated by ultrasonic for 2min at 30w. Equal vol-
umes of alginate solution and clay dispersion were
mixed at 40˚C under agitation. After 8 h of mixing, this
solution was poured into polystyrene Petri dishes and
was allowed to dry at ambient conditions.

2.4. Synthesis of alginate-montmorillonite/polyaniline
nanocomposite

In a typical experiment, to Alg–MMT nanocompos-
ite suspension prepared in Section 2.3, 0.06mol of

aniline dissolved in 75ml hydrochloric acid (1M) was
added. This mixture was stirred for 15min using a
magnetic stirrer. To this mixture under stirring,
ammonium peroxydisulfate (13.68 g) dissolved in
75ml hydrochloric acid (1M) was added dropwise at
0–5˚C. After completion of the addition, stirring is
continued for 6 h. The greenish black powder obtained
was washed with distilled water until the filtrate
become colorless. Then, the powder was dried in an
oven at 60–80˚C for 24 h and used as the adsorbent.

2.5. Batch Cr(VI) adsorption experiments

The Cr(VI) solutions were prepared in different
concentrations (30–200mg l�1) by diluting the stock
solution of K2CrO4 (1,000mg l�1) appropriately as nec-
essary. To determine the conditions that achieve the
maximum amount of metal ion removal, batch
adsorption experiments were carried out.

Adsorption experiments were carried out using
the alginate–montmorillonite/polyaniline (Alg–MMT/
PANI) nanocomposite as adsorbent. A known amount
of adsorbent was thoroughly mixed at 120 rpm with
25ml of respective Cr(VI) solutions, with known con-
centrations and pH values. The pH of the reaction
mixture was initially adjusted using either hydrochlo-
ric acid (0.1M) or sodium hydroxide (0.1M). At the
end of desired exposure time, the suspensions were
filtered using Whatman filter paper (0.45mm), and the
filtrates were analyzed after complexation with
sodium borate for Cr(VI) concentration using UV–Vis-
ible spectrophotometer at 375 nm wavelength.

Experimental variables considered were initial con-
centration of Cr(VI) (30–200mg l�1), pH (2–9), dosage
of nanocomposite (0.01–0.1mg/25ml), and contact
time between nanocomposite and Cr(VI) (5–3,600 s).
For optimizing the adsorption, one parameter was
varied at a time keeping the others fixed. Adsorption
isotherm studies were carried out with six different
initial concentrations (30–200mg l�1) of Cr(VI). Lang-
muir and Freundlich models were applied to the
adsorption isotherm, and different constants were
generated. Kinetic and thermodynamic studies were
also conducted in this study.

If q is the amount of metal adsorbed per specific
amount of adsorbent (mgg�1), the adsorption capacity
at the time t, qt (mgg�1) is obtained using the Eq. (1):

qt ¼ ðCi � CtÞV
W

ð1Þ

where Ci and Ct (mg l�1) are the concentration of Cr
(VI) in solutions at initial and given time t, respec-
tively. V is the solution volume (l) and W is the mass
of adsorbent (g).
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3. Results and discussion

3.1. Characterization of Alg–MMT and Alg–MMT/PANI
nanocomposites

FT-IR provides specific information about chemical
bonding and molecular structures. In this study, FT-IR
analysis was applied to examine the possible interac-
tions between the components of the nanocomposite.
The FT-IR spectra of Alg, MMT, PANI, Alg–MMT,
and Alg–MMT/PANI nanocomposites are shown in
Fig. 1. FT-IR spectrum of Alg exhibited absorption
bands at 3,415 cm�1 (OH stretching), 2,931 cm�1 (CH2

stretching), 1,618 cm�1 (COO– asymmetric stretching),
and 1,412 cm�1 (COO– symmetric stretching).
The bands at 900–1,200 cm�1 are due to the O–C–O
stretching of ether groups and the –C–O stretching of
alcoholic groups [40]. FT-IR spectrum of Na–MMT
showed the band at 460 cm�1 due to Si-O-Si deforma-
tion, the band at 524 cm�1 due to Si–O–Al deforma-

tion, the band at 1,031 cm�1 due to Si–O stretching,
the band at 1,633 cm�1 due to OH deformation of
H2O, the band at 3,433 cm�1 due to O–H stretching of
H2O, and the band at 3,624 cm�1 due to the stretching
mode of OH band in the inner surfaces of Na–MMT
[41]. The main characteristic absorption bands of pure
PANI were observed at 3,414 cm�1

(N–H stretching vibration), 1,550 cm�1 (C=C stretching
of the quinoid ring), 1,460 cm�1 (C=C stretching of the
benzenoid ring), 1,230 and 1,286 cm�1 (C–N stretch-
ing), and 790 cm�1 (C–H stretching) [27]. In the FT-IR
spectrum of Alg–MMT, incorporation of clay in Alg
matrix decreased the intensity of CH2 stretching
peaks. While the absorption wavelength of the COO
peaks does not change with the loading of MMT clay
to alginate. Moreover, in the spectrum of Alg–MMT/
PANI, the presence of absorption bands of three
components with a little shift confirmed the prepara-
tion of hybrid nanocomposite.

XRD is a versatile and nondestructive technique
that is used for identification of the crystalline phases
present in solid materials and analyzing the structural
properties. Fig. 2 shows the XRD of Alg, MMT, PANI,
Alg–MMT, and Alg–MMT/PANI nanocomposites.
The diffraction peaks of the Alg are at 2h= 19.01˚,
31.72˚, 33.89˚, and 45.44˚. Pure MMT revealed its char-
acteristic peak at 2h= 7.03˚, which is corresponding to
a d-spacing of 12.55 Å (From the diffraction peak, d-
spacing can be determined using Bragg’s equation;
nk= 2d sin h). The XRD pattern of PANI indicates its
less crystalline structure. The diffraction peaks at
2h= 20.64˚, 25.52˚, and 26.18˚ were assigned to the
emeraldine polyaniline. The peak at 2h= 25.52˚ is cor-
responding to the periodicity parallel and perpendicu-
lar to polyaniline chains [42]. In the case of Alg–MMT,
the characteristic peak related to clay (2h= 7.03̊ ) was
shifted to lower degree (2h= 5.31̊ ), indicating the
intercalation of alginate into the silicate galleries and
confirmation of intercalated Alg–MMT nanocomposite.
The XRD pattern of Alg–MMT/PANI showed charac-
teristic peak of Alg–MMT nanocomposite but with
less intensity and less sharpness because of introduc-
ing amorphous PANI, which confirms the formation
of Alg–MMT/PANI nanocomposite.

The morphologies of pristine alginate, montmoril-
lonite, polyaniline, Alg–MMT and Alg–MMT/PANI
nanocomposites were investigated by scanning elec-
tron microscopy. The SEM images of the samples are
shown in Fig. 3(a)–(e). The SEM micrograph for algi-
nate (Fig. 3(a)) revealed irregular spherical granules in
the size range of 5–45lm, and the surface was quite
smooth. From the SEM image of the original montmo-
rillonite (Fig. 3(b)), we can see that the MMT layers
are overlapped together. SEM image of polyaniline

Fig. 1. FT-IR spectra of (a) alginate, (b) montmorillonite, (c)
polyaniline, (d) Alg–MMT nanocomposite, and (e) Alg–
MMT/PANI nanocomposite.
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showed a globular morphology with a particle diame-
ter less than 100 nm (Fig. 3(c)). After intercalation of
alginate into the montmorillonite layers, the granular
structure of alginate had changed to a fracture surface
and the Alg–MMT nanocomposites displayed an ori-
ented fracture probably due to the orientation of the
crystal clay layered into the alginate matrix (Fig. 3(d)).
Fig. 3(e) shows the SEM image of Alg–MMT/PANI
nanocomposite. It is evident that the surface of the
Alg–MMT/PANI nanocomposite is rough than that
observed in case of Alg–MMT nanocomposite. This is
indicative of the fact that polymerization of aniline is
taking place over the surface of the Alg–MMT nano-
composite causing to the formation of a layer on the
surface of Alg–MMT nanocomposite. This roughness
provides a good possibility for Cr(VI) to be adsorbed.
The size of the particles was varied from 80 to
110 nm.

3.2. Effect of adsorbent

The adsorption of Cr(VI) from aqueous solutions
by various adsorbents (Alg–MMT, Alg/PANI and
Alg–MMT/PANI) was evaluated. 0.05 g of adsorbents
was exposed to the 25ml of Cr(VI) solution with the
initial concentration of 50mg l�1. After 800 s exposure
time, the adsorption capacities of Cr(VI) by mentioned
adsorbents were compared (Fig. 4). Minimum adsorp-
tion capacity is obtained by using Alg–MMT nano-
composite. This is due to the intercalation of alginate
in the silicate layers of montmorillonite which pre-
vents chromium penetrating into MMT layers. In the
case of Alg/PANI composite, polymerization of ani-
line on the surface of the alginate creates a porous
surface which leads to a better adsorption capacity for
Cr(VI) removal. Maximum adsorption capacity is
achieved by using Alg–MMT/PANI nanocomposite. It
was found that MMT/PANI has the synergetic effect
in the adsorption and removal of Cr(VI). From SEM
results, it is indicative that the intercalation of alginate
in the silicate layers of MMT and polymerization of
aniline over the surface of the Alg–MMT nanocompos-
ite causes to the formation of a large rough surface
area. This roughness provides a good possibility for
Cr(VI) to be adsorbed.

3.3. Effect of initial Cr(VI) concentration

The effect of initial concentration of Cr(VI) solution
on the adsorption of Cr(VI) by Alg–MMT/PANI
nanocomposite was investigated. For this, 0.05 g of
nanocomposite was exposed to the 25ml of Cr(VI)
solutions with various initial concentrations of 30–
200mg l�1 at pH=9 and 25˚C temperature. Fig. 5
shows the adsorption capacity of Cr(VI) on Alg–
MMT/PANI nanocomposite after 200 s of exposure.
The results revealed that the amount of Cr(VI)
adsorbed per unit mass of the adsorbent is increased
with an increase in initial Cr(VI) concentration. This
may be due to the high driving force for mass at a
high initial Cr(VI) concentration. In other words, the
residual concentration of Cr(VI) will be higher for
higher initial Cr(VI) concentrations. In the case of
lower concentrations, the ratio of initial number of Cr
(VI) ions to the available adsorption sites is low, and
subsequently, the fractional adsorption becomes inde-
pendent of initial concentration [43].

3.4. Effect of pH

The pH of the aqueous solution is an important
parameter in the adsorption process and affects on
the interaction between the adsorbent and adsorbate.

Fig. 2. XRD of (a) polyaniline, (b) alginate, (c)
montmorillonite, (d) Alg–MMT nanocomposite, and (e)
Alg–MMT/PANI nanocomposite.
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Fig. 3. SEM images of (a) alginate, (b) montmorillonite, (c) polyaniline, (d) Alg–MMT nanocomposite, and (e) Alg–MMT/
PANI nanocomposite.
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The effect of the initial solution pH on the Cr(VI)
adsorption was studied at 25˚C; 0.05 g of Alg–MMT/
PANI nanocomposite was contacted to the 25ml of Cr
(VI) solution with the initial concentration of 50mg l�1

with different pH in the rang 2–9. After 10 s of expo-
sure, the adsorption capacity was determined (Fig. 6).
It was found that the maximum adsorption capacity
onto nanocomposite is occurred at the pH rang of 2–4
and the adsorption decreased by the increasing of pH
from 4 to 7. Very low adsorption capacities were
observed at pH values higher than 7. The effect of pH
on the Cr(VI) adsorption is related to the surface
charge of the adsorbent and different complexes that
Cr(VI) can form in aqueous solutions with different
pH values [2,31].

In acidic media (pH<4), protonation of the nano-
composite nitrogen atoms is occurred. Also, the pre-
dominant form of Cr(VI) at acidic pH values is
oxyanion forms such as CrO4

2�and Cr2O7
2�. So a strong

attraction is made between the oxyanions of Cr(VI) and
the positively charged surface of the adsorbent. As a
result, the adsorption occurs through the electrostatic
interaction between the two counterions. However, as
the pH increases (4–9) deprotonation of nitrogen atoms
of the nanocomposite was occurred, leading to the
depletion of active sites in the adsorbent. Therefore, the
interaction of nanocomposite with the Cr(VI) is hin-
dered and consequently results in the lower uptake.

3.5. Effect of adsorbent dosage

The effect of Alg–MMT/PANI nanocomposite
amount on the Cr(VI) adsorption capacity was studied

at 25˚C. Various amounts of nanocomposite were con-
tacted to the 25ml of Cr(VI) solutions with the initial
concentration of 50mg l�1 and after 60 s the adsorp-
tion capacities were calculated. From Fig. 7, it can be
seen that the adsorption capacity decreased with
increasing the amount of nanocomposite. The primary
reason is that adsorption sites remain unsaturated
during the adsorption process, whereas the number of
sites available for adsorption increases by increasing
the adsorbent amount [44]. Thus, future experiments
were carried out using 0.01 g of adsorbent per 25ml of
Cr(VI) solution.

3.6. Adsorption isotherm

Adsorption isotherms are important for the
description of how adsorbate interacts with adsorbent
surface. In the present study, two well-known iso-
therm equations viz. Langmuir [45] and Freundlich
[46] isotherms have been applied for explanation of
the adsorption data. The Langmuir isotherm is valid
for monolayer sorption due to a surface of a finite
number of identical sites and assumes that uptake of
metal ions occurs on a homogenous surface without
any interaction between adsorbed ions. This isotherm
expressed in the linear form as Eq. (2):

Ce

qe
¼ 1

bQ0

þ Ce

Q0

ð2Þ

where Ce is the equilibrium concentration (mg l�1) and
qe the amount adsorbed at equilibrium (mgg�1). The
Langmuir constants Q0 (mgg�1) represent the mono-
layer adsorption capacity and b (lmg�1) relates the
heat of adsorption.
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The essential feature of the Langmuir adsorption
can be expressed by means of RL, a dimensionless
constant referred to as separation factor for predicting
whether an adsorption system is favorable or unfavor-
able. RL is calculated using Eq. (3):

RL ¼ 1

1þ bC0

ð3Þ

where C0 is the initial concentration (mg l�1). The
parameter RL indicates the favorability of the adsorp-
tion as below:

(1) RL> 1, unfavorable adsorption.
(2) 0 <RL< 1, favorable adsorption.
(3) RL= 0, irreversible adsorption.
(4) RL= 1, linear adsorption.

The Freundlich isotherm describes the heteroge-
neous surface energies by multilayer adsorption and
is expressed in linear form as Eq. (4):

ln qe ¼ lnKf þ 1

n

� �
lnCe ð4Þ

where Kf (mgg�1) is approximately an indicator of the
adsorption capacity, and 1/n is the adsorption inten-
sity and an indicator for the favorability of adsorption.
As the values of n> 1 represents favorable adsorption
condition [47].

In this study, the Langmuir and Freundlich iso-
therms for the adsorption of Cr(VI) onto Alg–MMT/
PANI nanocomposite were studied at two different
temperatures, 25 and 55˚C; 0.01 g of nanocomposite
was exposed to the 25ml of Cr(VI) solutions with var-
ious initial concentrations of 30–200mg l�1 at pH=2.
After 600 s, the isotherm parameters were calculated
using Eqs. (2) and (4), and the detailed parameters of

adsorption isotherms are listed in Table 1. The results
showed that both the isotherms fit almost well with
the experimental values suggesting a physio-chemical
interaction of chromium ions with the adsorbents. But
the equilibrium data fitted to Freundlich model better
than Langmuir model indicating multilayer adsorp-
tion. Based on Freundlich model, the adsorption
capacity, Kf, was calculated to be 29.89mgg�1.

The Langmuir constant Q0 and Freundlich con-
stant Kf values increased with increasing temperature
implying that the adsorption process was endothermic
in nature. The value of Langmuir constant b and Fre-
undlich constant n also increased with temperature
suggesting that the Cr(VI) exhibited higher affinity for
the nanocomposite at higher temperature. The value
of RL in Langmuir model has been found to be 0.44
and 0.39 at 25˚C and 55˚C, respectively, showing that
the adsorption of Cr(VI) on adsorbent is favorable. In
Freundlich model, n values are 1.69 and 1.74 at 25˚C
and 55˚C, respectively, both greater than unity indi-
cated that the adsorption of Cr(VI) onto the nanocom-
posite was favorable.

3.7. Effect of contact time

The effect of contact time between the Alg–MMT/
PANI nanocomposites and Cr(VI) solution was stud-
ied at 25˚C. 0.01 g of adsorbent was contacted to the
25ml of Cr(VI) solution with the initial concentration
of 50mg l�1 at pH=2 and 25˚C temperature. The
adsorption capacities determined at different contact
time intervals (Fig. 8). Results indicated that the
adsorption capacity was increased within 900 s and
remains almost constant even up to an hour. This
may be due to the fact that once certain amount of
Cr(VI) adsorbed onto nanocomposite within a given

Table 1
Langmuir and Freundlich isotherm constants for the
adsorption of Cr(VI) on Alg–MMT/PANI nanocomposite

Isotherm Constants Alg–MMT/PANI

Temperature

25˚C 55˚C

Langmuir R2 0.9022 0.9724

Q0 370.37 476.19

b 0.0251 0.0307

RL 0.44 0.39

Freundlich R2 0.9016 0.9960

n 1.6934 1.7406

Kf 19.7365 29.8893
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Fig. 8. Effect of contact time on the adsorption capacity of
Cr(VI) by Alg–MMT/PANI nanocomposite at concentration
of Cr(VI) (50mg l�1), pH=2, adsorbent dose (0.01 g), batch
volume (25ml), temperature (25˚C), 120 rpm.
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time, no more adsorption occurs afterwards. Further,
the achievement of maximum adsorption level within
15min suggests that a very minimum contact time is
sufficient enough for the removal of Cr(VI) from
solution by this nanocomposite.

3.8. Adsorption kinetics

The kinetic parameters are helpful for the predic-
tion of adsorption rate, which gives important infor-
mation for the efficiency of adsorption [47]. For
kinetics studies of Cr(VI) adsorption, 0.01 g of the
Alg–MMT/PANI nanocomposite was exposed to the
25ml of Cr(VI) solution with initial concentration of
50mg l�1 at pH=2 and 25˚C temperature. According
to the Figure 8, adsorption of Cr(VI) attained a max-
imum after 900 s and thereafter was almost constant
up to the studied time of 3,600 s. Therefore, it can
be concluded that the rate of Cr(VI) binding with
adsorbent was greater in the initial stages, then
gradually decreased and remained almost constant.
The first rapid increase in binding capacity is due
to the presence of vacant site available at the initial
time. Generally, when adsorption involves a surface
reaction process, the initial adsorption is rapid.
Then, a slower adsorption would follow as the
available adsorption site gradually decreases.

In this study, in order to determine the best kinetic
model which fits the adsorption experimental data,
the Lagergren-first-order, the pseudo-second-order,
and the second-order models according to Eqs. (5–7),
were examined.

log
ðqe � qtÞ

qe
¼ log qe � KL

2:303
t ð5Þ

t

qt
¼ 1

K0q2e
þ t

qe
ð6Þ

1

qe � qt
¼ 1

qe
þ K2t ð7Þ

where KL is the Lagergren-first-order rate constant
(min�1); K´ the pseudo-second-order rate constant
(gmg�1min�1) and K2 the second-order rate constant
(gmg�1min�1); qe and qt are the amounts of metal
adsorbed (mgg�1) at equilibrium and at time t,
respectively. The kinetic parameters of Cr(VI) adsorp-
tion onto Alg–MMT/PANI nanocomposite are
reported in Table 2. Results showed that the kinetic
data fitted best into pseudo-second-order model as
reported for other biopolymeric material [48]. The cor-
relation coefficient (R2) and rate constant obtained
from the pseudo-second-order model were 0.9954 and
3.32� 10�4, respectively.

3.9. Adsorption thermodynamics

The values of thermodynamic parameters are rele-
vant for the practical application of adsorption pro-
cess. Isotherm data related to the adsorption of Cr(VI)
onto the Alg–MMT/PANI nanocomposite at 25˚C and
55˚C were analyzed to obtain the values of thermody-
namic parameters. Change in free energy (DG),
enthalpy (DH), and entropy (DS) for the adsorption
process were determined using Eqs. (8–11) [48,49] and
calculated values are listed in Table 3.

Kc ¼ CAc

Ce
ð8Þ

DG ¼ �2:303RT log Kc ð9Þ

Table 2
Values of the parameters of kinetic models for the adsorption of Cr(VI) on Alg–MMT/PANI nanocomposite

Cr(VI) (mg l�1) Lagergren Pseudo second order Second order

R2 KL (min�1) R2 K´ (gmg�1min�1) R2 K2 (gmg�1min�1)

50 0.9608 2.76� 10�3 0.9954 3.32� 10�4 0.9885 1.00� 10�3

Table 3
Thermodynamic parameters for the adsorption of Cr(VI) on Alg–MMT/PANI nanocomposite

Temperature (K) DG (kJmol�1) DH (kJmol�1) DS (Jmol�1)

298.15 �3.25 25.49 96.39

328.15 �4.46 91.27
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ln b2
ln b1

¼ �DH
R

1

T2

� 1

T1

� �
ð10Þ

DG ¼ DH � TDS ð11Þ

where Kc is the equilibrium constant, CAc and Ce are
equilibrium concentrations (mg l�1) of Cr(VI) on the
Alg–MMT/PANI nanocomposite and in the solution,
respectively. DG change in Gibbs free energy (Jmol�1),
R universal gas constant (8.314 JK�1mol�1), T, T1, and
T2 temperatures (K), DH change in enthalpy (Jmol�1),
b1 and b2 are Langmuir constants at temperatures
T1 and T2, respectively. DS Change in entropy
(Jmol�1 K�1).

Negative values of DG indicated that the adsorp-
tion process was favorable and spontaneous in nature.
It may be noted that with the increase in temperature
from 25 to 55˚C the value of DG decreased from �3.25
to �4.46 kJmol�1. Thus, adsorption of Cr(VI) onto the
nanocomposite was increased at higher temperature.
The positive value of enthalpy change (DH) confirmed
the endothermic nature of the adsorption process.
Positive values of DS suggested good affinity of the
metal ion toward the adsorbent and increased ran-
domness at the solid–solution interface during the fix-
ation of the metal ion on the active site of the
adsorbent.

3.10. Comparison of adsorption capacity with other systems

An interesting comparison between the adsorption
capacity of the Alg–MMT/PANI nanocomposite on

the basis of Freundlich adsorption capacity (Kf,
mg g�1), and other adsorbents are presented in Table 4.
In comparing our results with the results reported in
the literature, it can be concluded that the Alg–MMT/
PANI nanocomposite exhibits higher affinity for
Cr(VI) compared with many other adsorbents from
earlier reports.

3.11. Desorption studies

To make the adsorbent economically competitive,
the prepared nanocomposite should be reused for

Table 4
Comparison of adsorption capacity of Cr(VI) on Alg–MMT/PANI nanocomposite with different adsorption systems

Adsorbents Model Adsorption capacity (mgg�1) References

PANI-PEG composite Freundlich 0.68 [16]

Activated alumina Freundlich 0.956 [18]

Timber industry waste Freundlich 1.84 [25]

Wheat shell Freundlich 1.9288 [17]

Carboxy methyl cellulose Langmuir 5.1 [50]

PANI/zeolite nanocomposite Freundlich 5.97 [1]

Chitosan cross-linked with epichlorohydrin Langmuir 11.3 [51]

HPAM-chitosan gel beads Langmuir 13.34 [19]

Olive stones Freundlich 18.10 [52]

Poly(o-toluidine)/pumice Langmuir 19.4 [53]

Modified chitosan bentonite Langmuir 22.17 [20]

Wood apple shell Langmuir 28.81 [54]

Alg–MMT/PANI nanocomposite Freundlich 29.89 This study

Kapok fiber-oriented-PANI nanofibers Freundlich 33.25 [4]
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Fig. 9. Adsorption/desorption cycles of the removal of
chromium ions by Alg–MMT/PANI nanocomposite at
concentration of Cr(VI) (50mg l�1), pH=2, adsorbent dose
(0.01 g), batch volume (25ml), temperature (25˚C), contact
time for adsorption (1min), contact time for desorption
(2 h), 120 rpm.
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“n” number of cycles. For desorption studies, 0.01 g
of the Alg–MMT/PANI nanocomposite was exposed
to the 25ml of Cr(VI) solution with initial concentra-
tions of 50mg l�1 at pH=2 and 25˚C temperature.
Contact time for adsorption experiments was 60 s,
and 98.14% of the Cr(VI) was removed in the 1st
cycle of adsorption. Adsorbed Cr(VI) could be
stripped by the introduction of protons that com-
peted with metal ions for binding sites. The used
nanocomposite was treated with 0.3M oxalic acid
for 7,200 s which resulted into 86.4% stripping of
Cr(VI) in the 1st cycle of desorption. The adsorption
ability was almost completely resumed after the
regeneration of acid-treated sorbent. In the second
cycle of adsorption, the adsorbent could remove
89.32% Cr(VI) that could be desorbed up to 84.04%.
In the third cycle, 79.14% adsorption and 69.7%
desorption were possible (Fig. 9). The removal
decreased nominally per cycle up to third cycle sug-
gesting very high efficiency of the adsorbent. In the
last cycle, 79.14% adsorption was feasible.

4. Conclusion

The synthesis of Alg–MMT/PANI nanocomposite
was performed by chemical oxidative polymerization
of aniline in the presence of alginate-montmorillonite
nanocomposite dispersion. The application of pre-
pared nanocomposite was investigated as an adsor-
bent for the removal of Cr(VI) from aqueous
solutions. Lower pH and higher temperature values
were found as the favorable conditions for maximum
Cr(VI) adsorption. The equilibrium data from experi-
ments were analyzed by the Langmuir and Freundlich
models that showed better fit with Freundlich model.
The adsorption capacity, Kf, from this model was
found to be 29.88mgg�1. The batch sorption kinetics
was tested and the pseudo-second-order kinetic model
was able to best describe the adsorption kinetic of
the Cr(VI) onto Alg–MMT/PANI nanocomposite. The
thermodynamics of the system pointed out that
the adsorption process was endothermic. Finally, the
novel nanocomposite designed in this study is
distinguished by significantly higher adsorption capa-
bility, reusability, stability, and versatile applicability
making it an industrially viable, economical and
successful product to removal of Cr(VI) ions from
solutions.
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