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a  b  s  t  r  a  c  t

Starch/polyaniline  nanocomposite  was synthesized  by  chemical  oxidative  polymerization  of  aniline  and
was subsequently  analyzed  for  dye  removal  from  aqueous  solution.  Batch  experiment  results  showed  that
nanocomposite  removed  99%  of  Reactive  Black  5, 98%  of  Reactive  Violet  4, and  decolorized  87%  of  dye bath
effluent.  The  Toth  isotherm  model  better  described  single  component  equilibrium  adsorption,  whereas
the  modified  Freundlich  model  showed  satisfactory  fit for  dye  bath.  In kinetic  modeling,  single system
followed  pseudo-second-order  and  dye bath  followed  the  modified  pseudo-first-order  model.  Fourier
eywords:
iosorption
ye bath
anocomposite
olyaniline
eactive dyes

transform  infrared  spectroscopy  pattern  of  the  nanocomposite  showed  the  participation  of  aromatic,
amino,  hydroxyl,  and  carboxyl  groups.  The  results  indicate  that  starch/polyaniline  nanocomposite  can
be used  as an  effective  adsorbent  for removal  of  dyes  from  textile  effluents.

© 2012 Elsevier Ltd. All rights reserved.
tarch

. Introduction

Dyes are extensively used in several industries such as textile,
eather tanning, food processing, cosmetics, electroplating, paper,
nd pharmaceutical industries. Several classes of synthetic dyes
over 7 × 105 metric tons) are produced worldwide every year for
ndustrial purposes and about 5–10% of this quantity is released
nto the ecosystem along with wastewater. The amount of dye in

astewater depends on the type of dye used in industry; it varies
rom 2% for basic dyes and 10 to 50% for reactive dyes (Al-Degs,
l-Barghouthi, El-Sheikh, & Walter, 2008; Dafale, Rao, Meshram, &
ate, 2008).
Reactive dyes are characterized by azo bonds (N N), and the

olor of the dye is due to the associated chromophores. It is most
ommonly used in textile industries because of simple dyeing

rocedure and covalent binding with cellulose fibers. However,
ydroxyl ions present in the dye bath can compete with the cel-

ulose substrate, resulting in a higher percentage of hydrolyzed

∗ Corresponding author. Tel.: +91 427 2345271.
∗∗ Corresponding author. Tel.: +82 63 850 0842; fax: +82 63 850 0834.

E-mail addresses: drakramasamy@yahoo.in (A.K. Ramasamy),
annan@jbnu.ac.kr (S. Kamala-Kannan).

144-8617/$ – see front matter ©  2012 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2012.07.012
dyes which can no longer react with the cellulose fiber. Thus,
approximately 50% of the initial dye concentration is present in
the reactive dye bath, giving rise to a highly colored effluent (Al-
Degs et al., 2008; Vijayaraghavan, Won, & Yun, 2009). Many reactive
dyes are toxic to biotic communities in aquatic ecosystem (Papic,
Koprivanac, Bozic, & Metes, 2004). Therefore, there is a necessity to
treat reactive dye effluents before their discharge into ecosystem.

Numerous physical, chemical, and biological techniques have
been developed for the removal of reactive dyes from effluents.
Among the techniques, adsorption is one of the most efficient
methods because of its low cost and easy operational conditions.
Materials such as egg shell, peanut hull, activated carbon, and
microorganisms have been used as an adsorbent for the removal
of reactive dyes from effluents (Elkady, Ibrahim, & El-Latif, 2011;
Jadhav, Kalyani, Telke, Phugare, & Govindwar, 2010; Mona, Kaushik,
& Kaushik, 2011; Tanyildizi, 2011; Vijayaraghavan & Yun, 2008a).
The size of these adsorbents varies from submicron to micron and
has large internal porosities to ensure adequate surface area for
adsorption. However, the diffusion limitation had decreased the
adsorption rate and interactions between the adsorbent and adsor-

bate. Hence, it is important to develop a novel adsorbent with
a limited diffusion resistance. The development of nanotechnol-
ogy in various fields has widened the application in wastewater
treatment. Compared to the micron-sized conventional adsorbents,

dx.doi.org/10.1016/j.carbpol.2012.07.012
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:drakramasamy@yahoo.in
mailto:kannan@jbnu.ac.kr
dx.doi.org/10.1016/j.carbpol.2012.07.012
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ano-sized carriers possess quite good performance due to the high
pecific surface area with little internal diffusion resistance (Chang,
hang, & Chen, 2006).

Starch, an inexpensive natural renewable polysaccharide, has
een widely used in various fields because of its inherent proper-
ies (Lu, Xiao, & Xu, 2009). However, native starch has limited dye
dsorption capacity because of weak adsorbing functional groups
n its backbone (Xing, Liu, Xu, & Liu, 2012). Several approaches
ave been made to modify starch as a potential adsorbent for dyes
Cheng, Ou, Li, Li, & Xiang, 2009; Cheng, Xiang, Li, & Zhang, 2011;
enault, Morin-Crini, Gimbert, Badot, & Crini, 2008; Xu, Wang,
u,  Wang, & Li, 2006). However, practical operation and high cost

educed the application of modified starch in large scale. Thus,
tarch based composites have been prepared for the removal of
yes from aqueous solution (Chang, Chen, & Jiao, 2010; Chen, Shang,
ang, & Diao, 2011; Wang, Xiang, Cheng, & Li, 2010; Xing et al.,
012).

In the last decades, there has been considerable interest in
he synthesis of conducting/biopolymer composite that com-
rise different chemical and biological polymers. This becomes
n important area of composite research because of its appli-
ation in material science and environmental sciences. Recently,
olyaniline/chitosan (Pn/Ch) and bacterial extracellular polysac-
harides/polyaniline (Pn/EPS) composites are used for the removal
f reactive dyes from aqueous solution (Janaki et al., 2012a, 2012b).
he high expensive nature of chitosan, series of steps in preparation
f bacterial extracellular polysaccharides, and diffusion limitation
f the composites may  decrease the dye adsorption capacity. Thus,

t is noteworthy to prepare a nanocomposite of two polymers starch
nd polyaniline. However, to our knowledge starch/polyaniline
St/Pn) nanocomposite has never been used as an adsorbent for the
emoval of dyes. Hence, the objectives of the present study were to

NH2+ Starch

5n(NH4)1M HCl

N N 

H H

H H

+

--
- -

-
-

A
-

O

O

OH

OH

OH

O

CH
2
OH

O

OH

OH

O

CH
2

O

O

OH

OH

CH
2

+

A = Cl-or CH
3
COO

-

A
-

Amylose

Fig. 1. Polymerization mechanis
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(i) synthesize and characterize St/Pn nanocomposite, (ii) evaluate
the potential of St/Pn nanocomposite for the removal of reactive
dyes from aqueous solution and treatment of reactive dye bath,
(iii) assess the experimental variables affecting optimal removal of
dyes, and (iv) explore adsorption isotherms and kinetic models to
identify the possible mechanism of dye removal.

2. Materials and methods

2.1. Materials

Food quality grade of maize starch was dried at 105 ◦C before
using. Aniline monomer was purchased from Sigma–Aldrich (St.
Louis, MO)  and it was  distilled under reduced pressure before use.
Dyes such as Reactive Black 5 (RB) and Reactive Violet 4 (RV) and
the auxiliary chemicals were also purchased from Sigma-Aldrich.

2.2. Synthesis and characterization of St/Pn nanocomposite

St/Pn nanocomposite was  prepared according to Janaki et al.
(2012b) with minor modification. Briefly, 4% (w/v) starch was
suspended in nanopure purified water (conductivity = 18 ��/m,
TOC < 3 ppb, Barnstead, Waltham, MA,  USA) and the solutions was
stirred to form a homogenous solution. To this, about 0.01 M ani-
line dissolved in 1 M HCl was  added drop wise and stirred for
15 min. Ammonium peroxydisulfate (4.4 g) solution in 1 M HCl was
added drop wise with constant stirring at 5 ◦C. The molar ratio
of oxidant to monomer was 1:2. Later, the solution mixture was

stirred for another 5 h and kept in a refrigerator overnight. The
resulting greenish-black precipitate was separated by centrifuga-
tion and washed with nanopure water and methanol until the
filtrate become colorless. The resulting composite was freeze-dried
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nder vacuum at −80 ◦C for 24 h and used for the further studies.
ig. 1 shows the mechanism of polymerization between starch and
n.

Morphological features of St/Pn nanocomposite were obtained
rom scanning electron microscopy (SEM) using a JEOL JSM-
400 microscope (Tokyo, Japan). X-ray diffractograms (XRD) were
btained using a Cu K� incident beam (� = 0.1546 nm), monochro-
ated by a nickel filtering wave at a tube voltage of 40 kV and

ube current of 30 mA.  The scanning was done in the region of
� from 4◦ to 60◦ at 0.04◦/min with a time constant of 2 s. The
ourier transform infrared spectroscopy (FTIR) spectra of the St/Pn
anocomposite were obtained using a Perkin-Elmer FTIR spec-
rophotometer (CA, USA) in the diffuse reflectance mode at a
esolution of 4 cm−1 in KBr pellets.

.3. Preparation of synthetic dye bath effluent

Synthetic dye bath effluent was prepared according to Alaton,
alcioglu, and Bahnemann (2002) with minor modification. The
hemical constituents present in the dye bath effluent comprised
f RB (1.0 mM),  RV (1.0 mM),  sodium chloride (710 mM),  sodium
arbonate (122 mM),  sodium hydroxide (13 mM),  and acetic acid
13 mM). RB and RV dyes have vinylsulfone anchor groups, which
eact with the cellulose anions through the nucleophilic addition
nder alkaline condition. Thus, to ensure that all the chemicals in
he dye stuffs were 100% hydrolyzed, the dye bath was  boiled for

 h and allowed to cool for 12 h. The composition of the synthetic
ye bath effluent was assumed to be 20% of the original dye stuff
nd 100% of all the auxiliary chemicals present in the exhausted
ye bath.

.4. Experimental procedure

Batch adsorption was performed in Erlenmeyer flasks con-
aining 100 ml  of the desired dye concentration or synthetic dye
ffluent with 0.06 g of St/Pn nanocomposite. If necessary, the pH
f the solution was initially adjusted and controlled using 0.1 N
Cl or NaOH. The flasks were subjected to shaking at a constant

peed of 150 rpm at 25 ◦C in a shaking incubator. After the attain-
ent of equilibrium, the samples were centrifuged at 9000 rpm for

0 min  and the total dye concentration was analyzed using a UV-vis
pectrophotometer (UV-1800 Shimadzu, Japan) at the respective
avelength maxima (597, 577, and 584 nm for RB, RV, and dye bath

ffluent, respectively) after appropriate dilution.

.5. Recovery studies

In order to investigate the desorption efficiency of reactive dyes
rom St/Pn nanocomposite, 0.12 g of St/Pn nanocomposite was
ntroduced into 200 ml  of RB (0.5 mM),  RV (0.5 mM), and dye bath
ffluent [RB (0.5 mM),  RV (0.5 mM),  sodium chloride (355 mM),
odium carbonate (61 mM),  sodium hydroxide (6.5 mM),  and acetic
cid (6.5 mM)]  at 25 ◦C. As the adsorption reaches the equilibrium,
t/Pn nanocomposite was separated by centrifugation (9000 rpm
or 10 min) and washed gently with nanopure water to remove
nadsorbed dyes. Later, the St/Pn nanocomposite was freeze-dried
nder vacuum at −80 ◦C for 24 h and used for desorption studies.
he nanocomposite (0.06 g) was agitated (150 rpm) with 100 ml

f 0.1 M NaOH at 25 ◦C for predetermined equilibrium time of the
dsorption process. After desorption, the supernatant was cen-
rifuged, with the remaining procedure being the same as for the
orption experiments.
mers 90 (2012) 1437– 1444 1439

2.6. Data evaluation

The dye removal in single dye system was calculated from the
difference between the dye concentrations in the supernatant using
the following mass balance equation:

Q = V(C0 − Cf )
M

(1)

where Q is the dye uptake (mg  g−1), C0 and Cf are the initial and
final dye concentrations in the solution (mol L−1), respectively, V is
the volume of the solution (L), and M is the mass of St/Pn nanocom-
posite (g).

Single dye adsorption isotherms were modeled using the Lang-
muir, Freundlich, and Toth models, which can be represented as
follows:

Langmuir model:

Q = QmaxbCf

1 + bCf
(2)

Freundlich model:

Q = KF (Cf )1/nF (3)

Toth model:

Q = QmaxbT Cf

[1 + (bT Cf )1/nT ]
nT

(4)

where Q is the equilibrium dye uptake (mmol  g−1), Qmax is the max-
imum adsorption capacity of the adsorbent (mmol g−1), b is the
Langmuir equilibrium constant (L mmol−1), KF is the Freundlich
constant (mmol  g−1) (L mmol−1)1/n, nF is the Freundlich model
exponent, bT is the Toth model constant (L mmol−1), and nT is the
Toth model exponent.

The experimental kinetic data were described using pseudo-
first and second-order kinetics, which can be expressed in their
nonlinear form as follows:

Pseudo-first-order model:

qt = qe[1 − exp(−k1t)] (5)

Pseudo-second-order model:

qt = q2
e k2t

1 + qek2t
(6)

where qe is the amount of dye sorbed at equilibrium (mmol g−1), qt

is the amount of dye sorbed at time t (mmol  g−1), k1 the rate con-
stant of pseudo-first-order model (min−1) and k2 the rate constant
of pseudo-second-order model (g mmol−1 min−1).

To represent the dye removal in effluent, two parameters
viz. percentage removal and extent of decolorization were used
(Vijayaraghavan et al., 2009). The percentage removal can be rep-
resented as follows:

Removal (%) = Absi − Absf

Absi
× 100 (7)

The extent of decolorization, QD (L g−1), can be calculated from:

QD = V(Absi − Absf )
M

(8)

where Absi and Absf are the initial and final absorbance of the dye,
respectively, V is the effluent volume (L) and M is the mass of the
St/Pn nanocomposite used (g).

A modified form of the Freundlich model was used to describe
the isotherm data of dye bath effluent, which is a plot of the final

absorbance versus the extent of decolorization, which can be rep-
resented as follows:

QD = KF (Absf )1/nF (9)
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he dye bath kinetic data were described using the pseudo-first-
rder kinetic equation, which can be represented in its nonlinear
orm as follows:

Dt = QDe[1 − exp(−k1t)] (10)

here QDe is the extent of decolorization at equilibrium (L g−1), QDt

s the extent of decolorization at time t (L g−1), and k1 is the first
rder equilibrium rate constant (min−1). All the model parameters
ere evaluated by nonlinear regression using the Sigma Plot (ver-

ion 8.0, SPSS, USA) software. Duplicate experiments were carried
ut for all the operating variables studied and only the average val-
es were considered. Blank experiments were carried out with dye
ffluent solution (no adsorbent) concurrently to ensure that the
orption of dye on the walls of flasks was negligible.

. Results and discussion

.1. Characterization of St/Pn nanocomposite

Representative electron micrograph of the synthesized St/Pn
anocomposite is depicted in Fig. 2 The particles were irregu-

ar in shape and mostly present in aggregates. The surface of
he particles was rough due to polymerization of aniline (Saikia,
anerjee, Konwar, & Kumar, 2010), providing a good possibility

or dyes to be trapped and adsorbed. The size of the particles was
aried from 70 to 90 nm.  FTIR analysis was performed to study
he functional groups present in St/Pn nanocomposite, and the
esults are presented in Fig. 3. The characteristic broad peaks at
359–3353 cm−1 and 3187–3228 cm−1 could be assigned to O H
nd N H stretching vibration of polymeric compounds (Naumann,
elm, & Labischinski, 1991). The bands at 2958, 2560, 1969,
nd 1558 cm−1 could be ascribed to N H bending, and a peak
t 1479 cm−1 was assigned as C C stretching vibration of ben-
enoid ring (Saikia et al., 2010). The peaks at 1299 and 1123 cm−1

ere due to C N and C H stretching vibrations of benzene ring
Zareh, Moghadam, Azariyan, & Sharifian, 2011). In addition, the
pectrum showed the presence of carboxyl (1242 cm−1), alkane
504 cm−1), and aromatic (878 and 796 cm−1) groups from starch
nd polyaniline, respectively. The results confirmed that starch

s effectively activated by superfluous acids. The inter-molecular
ydrogen bonds were broken in the composite and more hydro-
en groups become freely accessible for interactions with dye
olecules.

ig. 2. SEM micrograph of St/Pn composite. The surface of the nanocomposite was
ough due to polymerization of aniline.

Wavenu mber  cm
Fig. 3. FTIR spectra of St/Pn nanocomposite before and after treatment with Reactive
Black, Reactive Violet, and reactive dye bath effluent.

The XRD pattern of the synthesized St/Pn nanocomposite is
shown in Fig. 4. The results indicate that the nanocomposite had
highly ordered crystal structure which is expected to have high
adsorption properties. The diffraction peaks at 2� = 20.4◦, 25.4◦, and
26.2◦ were assigned to the emeraldine polyaniline (Janaki et al.,
2012b; Zareh et al., 2011). The peak 2� = 25.4◦ is corresponding
to the periodicity parallel and perpendicular to polyaniline chains.
The starch exhibited characteristic peaks at 2� = 15.28◦ and 23.5◦.
The results are consistent with the previous study reporting the
highly ordered crystal structure of St/Pn nanocomposite (Zareh
et al., 2011).

3.2. Single solute adsorption system

3.2.1. Effect of pH and mechanism of adsorption
The pH is one of the important factors that affect the inter-

action between the adsorbent and adsorbate. Numerous studies

reported that degree of ionization process of the dye molecules, sur-
face charge of adsorbent, and chemistry of dye solution are highly
influenced by pH of the effluent (Kyzas & Lazaridis, 2009; Salem,
2010). Therefore, the removal of dyes (RB and RV) was evaluated
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t different pH and the results are presented in Fig. 5a. The results

evealed that the uptake of RB and RV onto St/Pn nanocomposite
as higher in the case of acidic solutions than those in neutral and

lkaline conditions. The maximum removal of dyes (99% of RB and
8% of RV) was observed at pH 3 and minimum removal (65% of RB
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and 60% of RV) was observed at pH 9. The higher adsorption behav-
ior of St/Pn polymer matrix under the acidic condition is explained
by the following mechanism:

• Under acidic condition, the nitrogen atom present in the con-
stituent polymer is protonated according to the following
reaction:

NH
+ .

NH
+ .

NH
+ .

(11)

• Simultaneously, in aqueous solution, the reactive dye molecule
is dissociated and converted into dye anions.

DSO3Na
water−→ DSO3

− + Na+ (12)

The reactive dye anions are migrated from solution to the surface of
the St/Pn polymer matrix. As a result, the adsorption occurs through
the electrostatic interaction between the two  counterions.

However, as the pH increases (4–8) deprotonation of nitrogen
atom occurs, leading to the depletion of active sites in the polymer
skeleton. Therefore, the interaction of St/Pn nanocomposite with
the dye molecule is hindered and consequently results in the lower
uptake. Similar observation has been reported for the removal of
various dyes using polyaniline composites (Janaki et al., 2012b;
Salem, 2010).

3.2.2. Adsorption isotherm investigation
The equilibrium adsorption isotherm is of fundamental impor-

tance in the design of the adsorption systems. The shape of an
isotherm denotes the affinity of dye molecules and possible mech-
anism of adsorption. In the present study, the experimental data
were fitted to the Langmuir, Freundlich, and Toth isotherm models,
and their constants are presented in Table 1. The Langmuir isotherm
is based on the assumption that adsorption takes place at specific
homogenous sites within the adsorbent (Runping, Pan, Zhaohui,
Zhenhui, & Mingsheng, 2008). It is then assumed that all the sites
are energetically equivalent and once these sites are occupied,
no further adsorption can take place at that site. Also, Langmuir
isotherm helps to estimate the affinity (b) between the adsor-

bent and adsorbate. The higher b value of RB (3692.4 L mmol−1)
when compared with RV (422.40 L mmol−1) could be due to the
steeper isotherm exhibited by RB. The Qmax value observed for
RB and RV were 0.8180 (811.30 mg  g−1) and 0.7863 mmol  g−1

Table 1
Adsorption isotherm and kinetic model constants for adsorption of RB and RV onto
St/Pn nanocomposite.

Isotherm/kinetic models Parameters RB RV

Langmuir Qmax (mmol g−1) 0.8180 0.7863
b  (L mmol−1) 3692.4 422.40
R2 0.9890 0.9638

Freundlich KF (mmol g−1)
(L mmol−1)1/n

0.9799 1.0455

nF 0.1127 0.1339
R2 0.8787 0.8142

Toth Qmax (mmol g−1) 0.8148 0.8348
bT (L mmol−1) 3291.2 197.60
nT 0.9015 0.0450
R2 0.9893 0.9992

Pseudo-first order Qe (mmol  g−1) 0.5240 0.6760
K1 (min−1) 0.1254 0.0517
R2 0.9837 0.9779

Pseudo-second order Qe (mmol  g−1) 0.5731 0.8311
K2 (g mmol−1 min−1) 0.3642 0.0675
R2 0.9967 0.9876
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578.39 mg  g−1), respectively. The adsorption capacity values for
oth the reactive dyes were superior to those in the previous pub-

ished works. The cationic starch interclated clay matrix exhibited
he Qmax value of 112.4 mg  g−1 for Brilliant Blue X-BR (Xing et al.,
012). Dithiocarbamate-modified starch exhibits the Qmax value of
.807, 0.451, 0.359, 0.443, and 0.449 mmol  g−1 for Acid Orange 7,
cid Orange 10, Acid Green 25, Acid Black 1 and Acid Red 18, respec-

ively (Cheng et al., 2011). Polyaniline microspheres exhibit the
max value of 154.56 mg  g−1 for Methyl Orange (Ai, Jiang, & Zhang,
010). Polyaniline/chitosan composite exhibited the Qmax value
f 322.58, 357.14, and 303.03 mg  g−1 for the removal of CR, CBB
nd RBBR, respectively (Janaki et al., 2012a).  Several reasons may
xplain the high adsorption potential of the St/Pn nanocomposite as
ompared with other polysaccharide composites; the freely acces-
ible hydrogen atoms present in the St/Pn composite may  increase
he adsorption rate of dyes. Alternatively, the nitrogen constituents
resent in the polyaniline (Salem, 2010; Zareh et al., 2011), limited

nternal diffusion resistance and high surface area of the nanocom-
osite may  increase the adsorption potential of the composite. The
orrelation coefficients (R2) observed for RB and RV were 0.9890
nd 0.9638, respectively. The high correlation coefficient for both
he reactive dyes predicted monolayer coverage.

The Freundlich equation is an empirical equation which
ssumes that adsorption energy exponentially decreases on com-
letion of the sorptional centers of an adsorbent. This model
xhibits slightly inferior correlation coefficient (R2) (0.8787 for RB
nd 0.8142 for RV) as compared to the Langmuir isotherm. The
F and nF represent the affinity and binding capacity between the
dsorbate and the adsorbent. The higher KF and nF was observed for
he dyes RB and RV showing the high affinity and binding capacity
etween the dye molecules and polymer composite.

Numerous studies reported that the three-parameter model,
he Toth model, could improve the fitness of adsorption isotherm
ata (Gimbert, Morin-Crini, Renault, Badot, & Crini, 2008;
ijayaraghavan et al., 2009). The Toth isotherm is derived from
otential theory and it is useful to explain adsorption process in
eterogeneous system (Runping et al., 2008). It assumes a quasi-
aussian energy distribution, and reactive sites are considered to
ave an adsorption lower than the maximum adsorption energy.
he involvement of additional parameter in the Toth model leads
o better description of adsorption isotherms in many instances
Vijayaraghavan & Yun, 2008a).  By comparing the experimen-
al data and predicted curves, it was found that both the Toth
nd Langmuir isotherms can describe reasonably well. In particu-
ar, three-parameter model provides a high correlation coefficient
R2 = 0.989 for RB and R2 = 0.999 for RV) than the Langmuir model
R2 = 0.989 for RB and R2 = 0.964 for RV) and able to describe the
xperimental data well for both the reactive dyes. The predicted
oth curves for both the reactive dyes are shown in Fig. 5b. This
esult showed that adsorption system was heterogeneous. The
esults are in agreement with the previous study on the treatment
f complex Remazol dye effluent using sawdust- and coal-based
ctivated carbons (Vijayaraghavan et al., 2009).

.2.3. Adsorption kinetics and modeling
The kinetic study provides information about the sorption

echanism and sorption characteristics of adsorption system.
herefore the kinetic experiments were carried out in fixed dye
oncentration (1.0 mM)  for both the reactive dyes RB and RV (Fig. 6).
apid uptake was  observed during the first 10 min  and gradually
ecreased with laps of time until equilibrium. The increased activ-
ty at initial stage was especially due to the availability of more
ctive sites present in the polymer matrix, on occupancy of these
ites the uptake was slower and reaches the equilibrium at 40 min.
he two kinetic models, pseudo-first-order and pseudo-second-
Fig. 6. Pseudo second-order model predicted curves for Reactive Black and Reactive
Violet.

order models, were used to investigate the kinetics involved in the
adsorption of reactive dyes onto St/Pn nanocomposite. The corre-
lation coefficient and the important kinetic parameters are listed
in Table 1.

The pseudo-first-order kinetic model did not provide the sat-
isfactory fit to the experimental data. The calculated equilibrium
adsorption capacities (qe) do not agree with the experimental (qe)
value. The difference in the qe values could be due to a time lag,
possibly as a result of formation of boundary layer on the surface of
the polymer or by the external resistance controlling the adsorption
process (McKay, Ho, & Ng, 1999). In addition regression coefficient
(R2 = 0.984 for RB and R2 = 0.978 for RV) values deviated slightly
away from unity suggesting that pseudo-first-order model was  not
an appropriate model for describing the kinetics involved in the
adsorption of reactive dyes (RB and RV) onto St/Pn nanocompos-
ite. Hence, the data were further tested with pseudo-second-order
model. The correlation coefficients of both the dyes (R2 = 0.997 for
RB and R2 = 0.987 for RV) found closer to unity, and in addition the
calculated qe values were closer to the experimental values. The
predicted pseudo-second-order curves for both the reactive dyes
are shown in Fig. 6. The results indicate that adsorption of two
reactive dyes onto St/Pn nanocomposite follows pseudo-second-
order model and chemisorption being the rate-controlling step. The
results are in agreement with the previous study reported that the
adsorption of brilliant blue X-BR on the cationic starch interclated
clay composite matrix (Xing et al., 2012).

3.3. Treatment of dye effluent

3.3.1. Influence of pH in dye removal
It has been established that different salts and auxiliary chemi-

cals reduced the dye removal rate in textile effluents (Aksu, 2005).
Hence, the efficiency of St/Pn nanocomposite was assessed for dye
bath containing RB, RV, and other auxiliary chemicals. Although the
composite exhibited maximum adsorption for dyes (RB and RV)
at pH 3, dye bath experiments were conducted at pH 5 because
of carbonate effervescence at strong acidic pH (2–4). The St/Pn
nanocomposite exhibited 87% removal of dyes in dye bath effluent.
The decreased removal rate was  due to salts and auxiliary chemi-
cals present in dye bath, which reduce the dissociation rate of dye

molecules and the interaction between the dye molecule and St/Pn
nanocomposite (Mahmoodi, Hayati, Arami, & Lan, 2011; Zhu, Jiang,
& Xiao, 2010).
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ig. 7. Isotherm and kinetic plots for reactive dye bath adsorption onto St/Pn
anocomposite: (a) Freundlich isotherm and (b) pseudo first-order kinetics.

.3.2. Isotherms and kinetics
A modified form of the Freundlich model was used to inves-

igate the adsorption isotherms for dye bath. The concentration
erm in the conventional model (Freundlich, 1907) was  replaced
y an absorbance term, which is indicative of the color. The high
orrelation coefficient (R2 = 0.998) indicated that the adsorption
sotherm of dye bath followed the Freundlich model. The pre-
icted Freundlich isotherm curve is shown in Fig. 7a, which was

n good accord with the experimental data. The KF and nF values
ere 1.9616 L g−1 and 0.0139, respectively. The kinetics of dye bath

ffluent onto St/Pn nanocomposite was analyzed using the modi-
ed pseudo first-order kinetic equation, and the predicted curve

s shown in Fig. 7b. Values of QDe, k1, and R2 were calculated as
.9680 L g−1, 0.0491 min−1, and 0.981, respectively. The correla-
ion coefficient was closer to unity, and the difference between the
xperimental QDe and calculated QDe was very less, indicating the
etter fit of pseudo first-order kinetic model.

.4. FTIR and XRD studies

To understand the role of functional groups involved in dye
inding, FTIR spectra for RV, RB, and dye bath-treated St/Pn
anocomposites were examined, and the results are presented in

ig. 3. The disappearance of peaks at 3357 and 1242 cm−1 in RV,
B, and dye bath-treated samples indicates the participation of
ydroxyl and carboxyl groups. The major shift in peaks at 3208,
560, 1969, and 1558 cm−1 showed the contribution of amino
mers 90 (2012) 1437– 1444 1443

group in adsorption of dyes (Janaki et al., 2012b). A minor shift in
peak at 1479 cm−1 indicated the role of carbon group in the removal
of dyes. Similar trend was  observed on the adsorption of dyes onto
several adsorbent (Janaki et al., 2012b; Zhang et al., 2009). The XRD
profile of RV, RB, and dye bath laden St/Pn nanocomposite is pre-
sented in Fig. 4. The results revealed that highly ordered crystalline
nature of the nanocomposite changing into amorphous nature after
adsorption of dyes. The changes in the phase of adsorbent indicate
that the dye molecules diffuse into micropores and macropores,
and adsorb by ionic interaction. The results are consistent with
the previous studies reporting changes in Pn/EPS composite after
adsorption of reactive dyes (Janaki et al., 2012b).

3.5. Desorption

Desorption study helps to elucidate the mechanism and recov-
ery of the adsorbent. To investigate the application of St/Pn
nanocomposite for several cycles and to confirm the process by
which dye molecules adsorbed onto the nanocomposite, sequential
sorption–desorption experiments were carried out for five cycles.
The selection of eluant is an important factor as it depends on
the type and mechanism of adsorbent. Since the nanocomposite
showed maximum adsorption of RV and RB under strong acidic
condition (pH 3), then it is logical to unbind the dyes in the more
basic solution (0.1 M NaOH) (Vijayaraghavan & Yun, 2008b). There-
fore (0.1 M NaOH) was used as eluant for desorption studies. Under
the more basic condition, the negative charged sites increases and
it causes the elution of dye anions from the polymeric surface
due to electrostatic repulsion. The elution efficiency for RV was
93% and RB was 94.2%. However, the elution efficiency in dye
bath loaded nanocomposite was  89.4% only. The decreased elu-
tion could be due to salts and auxiliary chemical present in the
dye bath. The results have further confirmed the ionic interaction
between the dye molecules and St/Pn nanocomposite (Janaki et al.,
2012b). Moreover, a negligible reduction (4%) in sorption capac-
ity of nanocomposite was  observed. Hence, the adsorbent can be
regenerated and reused for several cycles.

3.6. Advantages of using St/Pn composite in adsorption process

In tune with the need for sustainable ecosystem, researches have
been focused toward the eco-friendly methods for the treatment
of industrial wastes. Although the benefits of adsorption process
are well known, the use of eco-friendly adsorbent is important
for sustainable development. Various agro industrial wastes, natu-
ral/modified polysaccharides, and biological materials are used as
an adsorbent for the removal of dyes from aqueous solution. How-
ever, using St/Pn nanocomposite for the removal of dyes has several
advantages than other adsorbents. The advantages are (i) starch
is an inexpensive and easily available natural polysaccharide, (ii)
because of nanosize the composite may  have high surface area and
limited diffusion resistance, (iii) high adsorption efficiency reduced
the adsorbent dosage and thereby the generation of secondary
sludge, (iv) preparation of the St/Pn composite is easy compared
with Pn/EPS composite, and (v) the composite is eco-friendly.

4. Conclusion

The following are the suggested conclusion based on the results
of the present study

• To the best of our knowledge this is first study to report the appli-

cation of St/Pn nanocomposite for the treatment reactive dyes
and simulated dye bath effluent.

• St/Pn nanocomposite was synthesized by chemical oxidative
polymerization using ammonium peroxydisulfate as initiator.
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XRD studies showed that the synthesized nanocomposite had
characteristic features of both starch and polyaniline. The pres-
ence of carboxyl (1242 cm−1), alkane (504 cm−1), and aromatic
(878 and 796 cm−1) groups from starch may  increase the adsorp-
tion capacity of the composite.
The superfluous acids broken inter-molecular hydrogen bonds in
the starch, consequently more hydrogen groups become freely
accessible for interactions with dye molecules.
The present study showed that St/Pn nanocomposite has signif-
icantly removed RB (99%) and RV (98%) from aqueous solution.
The removal rate for both the reactive dyes was superior to those
in the previous published works. The hydrogen bonding and elec-
trostatic interaction between polymer and dyes were responsible
for the enhanced adsorption.
The dye bath effluent that contains RB, RV, and auxiliary
chemicals was also significantly decolorized by the St/Pn
nanocomposite. However, a minor difference in dye decoloriza-
tion rate was observed between single component and dye bath.
The adsorption isotherms were modeled using Langmuir, Fre-
undlich and Toth models. Toth model describe the equilibrium
data of RB and RV with high correlation coefficient. The adsorp-
tion kinetics was found to follow pseudo-second order rather
than first order model.
The ionic interaction between the dye molecules and St/Pn
nanocomposite was confirmed by the FTIR and desorption stud-
ies. The crystalline nature of the nanocomposite altered to
amorphous nature due to adsorption.
The simple and ease of synthesis, and relatively high adsorp-
tion capacity nature indicate that St/Pn nanocomposite can be
effectively used for the treatment of reactive dye effluents.
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