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a  b  s  t  r  a  c  t

This  article  reports  the development  of  a new  nanocomposite  using  gum  ghatti  crosslinked  with
poly(acrylic  acid-co-acrylamide)  reinforced  with  iron  oxide  magnetic  nanoparticles.  The nanocompos-
ite  was  characterized  through  BET, FT-IR,  XRD, SEM-EDX,  TGA  and  TEM  and  applied  for  the removal
of  RhB.  Different  optimized  adsorption  parameters  were  adsorbent  dose  (0.8  g/L) and  pH  (7.0).  The
adsorption  isotherm  data  was  used  to  study  Langmuir,  Freundlich  and  Dubinin–Kaganer–Radushkevich
isotherm models.  The  value  of  correlation  coefficient  confirmed  the  applicability  of  Langmuir  isotherm
eywords:
hodamine B
dsorption
um ghatti
anocomposite

sotherms

model  with  maximum  adsorption  efficiency  of 654.87  mg/g.  The  adsorption  kinetics  data  showed  pseudo
second  order  reaction.  Thermodynamic  studies  showed  that  the  adsorption  process  was  endothermic
and  spontaneous.  Moreover,  the  adsorbent  was  successfully  utilized  for  successive  three  cycles  for  the
adsorption–desorption  of  RhB.

© 2013 Elsevier Ltd. All rights reserved.

hermodynamics

. Introduction

Water is one of the most essential natural resources for human
ife and only 0.03% of the total water available on earth can be uti-
ized for various human activities. Increasing population growth
nd industrial booms have increased the demand of water, whereas
he total availability of the water has remained constant. Moreover,
oor water management at industrial level has also reduced the
mount of available water. The waste water from textile industries
ontains a wide variety of toxic dyes which affect human health
s well as photosynthetic process in aquatic biota (Goncalves,
erra, & Amorim, 1996). Because of the high solubility of dyes
n water, these are practically non-degradable and further these
annot be degraded in the sludge treatment plants (Kumari &
braham, 2007). A lot of methods like coagulation/flocculation,
hotocatalysis, chemical oxidation and microbiological or enzy-
atic degradation (Allegre, Maisseu, Charbit, & Moulina, 2004; Hao,

im, & Chiang, 2000) have been previously used for the treatment
f dye contaminated water but they are generally ineffective for

he complete removal of dyes. Adsorption of different pollutants
ncluding dyes on some solid material is the method of choice for
he treatment of waste water (Crini, 2006; Papic, Koprivanac, Bozic,

∗ Corresponding author at: Department of Applied Chemistry, University of Johan-
esburg, P.O. Box 17011, Doornfontein 2028, South Africa. Tel.: +27 724559377;

ax: +27 115596425.
E-mail address: smishra@uj.ac.za (S.B. Mishra).

144-8617/$ – see front matter ©  2013 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2013.09.045
& Metes, 2004). Biopolymers based adsorbents is one of the most
promising class of adsorbents that have been used for the decon-
tamination of waste water. In recent years numerous biopolymers
based adsorbents such as poly(methacrylic acid) grafted function-
alized guar gum (Singh, Kumari, Pandey, & Narayan, 2009), cassia
grandis seed gum-graft-poly(methylmethacrylate) (Singh, Tiwari,
Sharma, & Sanghi, 2007) and 2-acrylamidoglycolic acid grafted
xanthan gum (Sand, Yadav, & Behari, 2010) were utilized for the
removal of different pollutants from the waste water. Besides a lot
of advantages biopolymers suffer some serious drawbacks like poor
mechanical strength, water solubility and lack of reusability but it is
possible to overcome these drawbacks and control the stability and
solubility by the introduction of nanoparticles within the polymer
matrix.

Magnetic nanoparticles based adsorbents have attracted signif-
icant attention because of their basic properties like very small
size, high surface area to volume ratio and easy separation by
the application of an external magnetic field (Zhou, Nie, Branford-
White, He, & Zhu, 2009). Moreover, they produce no contaminants
and because of the magnetic separation they can treat large
amount of polluted water within a very short period of time.
Different techniques have been developed for the magnetic sep-
aration of pollutants from the waste water. Main emphasis on
these techniques were given on the fabrication of the natural

polymers based adsorbents in which magnetic nanoparticles were
incorporated within polymer matrix like gum arabic (Banerjee &
Chen, 2007), carboxymethyl-�-cyclodextrin (Badruddoza, Tay, Tan,
Hidajat, & Uddin, 2011), chitosan (Chang & Chen, 2005) and calcium

dx.doi.org/10.1016/j.carbpol.2013.09.045
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2013.09.045&domain=pdf
mailto:smishra@uj.ac.za
dx.doi.org/10.1016/j.carbpol.2013.09.045
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lginate (Lim, Zheng, Zou, & Chen, 2009). Incorporation of mag-
etic nanoparticles within the polymer matrix not only increases
he surface area but also provides additional functionalities for the
inding of dye molecules (Xu et al., 2012). Biopolymers based mag-
etic nanocomposites have been successfully utilized previously

or the decontamination of the organic dyes and metallic pollut-
nts from waste water (Banerjee & Chen, 2007; Rocher, Siaugue,
abuil, & Bee, 2008).

Gum ghatti is an anionic natural polysaccharide and gained
reat interest towards researchers in recent years. The main struc-
ure of Gg has alternating 4-O-subsituted and 2-O-subsituted
-d-mannopyranose units and chains of 1 → 6 linked �-d-
alactopyranose with side chains of l-arabinofuranose residue.
raft co-polymers Gg have been extensively used as superab-
orbents for the recovery of crude oil in the petroleum industries
Kaith, Jindal, Mittal, & Kumar, 2012) and as flocculants for the treat-

ent of waste water (Rani, Sen, Mishra, & Jha, 2012). It has also
een proved that the graft co-polymers of poly(acrylic acid) and
oly(acrylamide) with different biopolymers are efficient adsor-
ents for the removal of pollutants such as heavy metal ions
nd dyes from waste water (Bhattacharyya, Ray, & Mandal, 2013;
horai, Sinhamahpatra, Sarkar, Panda, & Pal, 2012). Rhodamine

 is a basic dye and is extensively used in biotechnology as a
taining fluorescent dye and in cosmetic products. It is generally
oxic and water soluble. It causes irritation in terms of eye and
kin contact. It showed carcinogenicity in laboratory. The intra-
enous median lethal (LD50) of rhodamine B is 89.5 mg/kg. Keeping
n view the advantages of biopolymers and iron oxide magnetic
anoparticles based nanocomposites, we synthesized crosslinked
olymer network of gum ghatti with acrylic acid-co-acrylamide
nd incorporated iron oxide magnetic nanoparticles within the
olymeric matrix. Nanocomposite showed excellent adsorption
fficiency (654.87 mg/g) towards the adsorption of rhodamine B
rom aqueous solution. Incorporation of magnetic nanoparticles
ithin the polymer matrix and origin of high adsorption properties

f nanocomposite were explained in details using morphological
nd structural characterization results. The adsorption kinetics,
sotherms and adsorption thermodynamics were also studied.
esorption studies were also performed to check the reusability
nd regeneration of the adsorbent.

. Experimental

.1. Materials and methods

.1.1. Chemicals
Gum ghatti (Gg), Acrylic acid (AA), acrylamide (AAm), potassium

ersulphate (KPS), ascorbic acid (ABC), N,N′-methylene-bis-
crylamide (MBA), rhodamine B (RhB) and iron oxide magnetic
anoparticles (Fe3O4 MNPs) were purchased from Sigma Aldrich
nd used without further purification. Deionized water was  used
or the preparation of solutions. Stock solution of RhB (1000 mg/L)
as prepared by dissolving appropriate amount of dye in the

000 ml  of deionized water and the stock solution was  further
iluted for batch experiments using deionized water.

.1.2. Synthesis
For the synthesis of Gg-cl-P(AAm-co-AA)/Fe3O4 nanocom-

osites, crosslinked network of poly(AAm-co-AA) with Gg was
repared through free radical graft co-polymerization technique
sing KPS and ABC redox pair as an initiator and MBA  as a crosslink-
ng agent. Prior to grafting, 50 mg  Fe3O4 MNPs were added in 20 ml
eionized water and sonicated for 4 h for the better dispersion of
anoparticles. After the sonication, Gg (1 g) was added in the reac-
ion mixture and stirred vigorously for the complete dissolution
olymers 101 (2014) 1255– 1264

of gum in water. At this stage, a mixture of 30 mg  KPS and 20 mg
ABC was added in the reaction mixture and the temperature was
maintained at 60 ◦C. 50 mg  of MBA  was  added in the reaction mix-
ture followed by the addition of the mixture of AAm (1 g) and AA
(2.5 ml)  with constant stirring. After 3 h, the reaction was  stopped
and cooled at room temperature. Homopolymers were removed by
successive soxhlet extraction using acetone as solvent. Finally the
product was  washed with 250 ml  of acetone, dried in hot air oven
at 40 ◦C till a constant weight was achieved.

2.1.3. Characterization
The incorporation of Fe3O4 MNPs in the crosslinked network of

Gg-cl-P(AAm-co-AA) was  confirmed through different techniques
like BET, FT-IR, SEM, TEM and XRD. X-ray diffraction study of the
samples were done by using Rigaku Ultima IV, X-ray diffractometer
employing Cu K� radiation of the wavelength of 1.5406 Å with vis-
ible slights at 45 kV/40 mA.  The structural determination and the
confirmation of grafting of poly(AA-co-AAm) onto Gg and incor-
poration of Fe3O4 MNPs within the polymer matrix was done
through FT-IR (Perkin-Elmer Spectrum 100 spectrometer) using
KBR pallet method in the spectral range of 4000–400 cm−1 with
a resolution of 4 cm−1. The changes in the morphology of Gg after
grafting and the polymer matrix after the incorporation of Fe3O4
MNPs were studied using scanning electron microscope (TESCAN,
VEGA SEM) under a 20 kV electron acceleration voltage coupled
with energy dispersive (EDX) for elemental analysis. As the samples
were non-conducting in nature so these were coated with carbon
for conductive metal coating and the scanning was concurred with
the position of beam on the specimen for maintaining small size
over a large distance relative to the specimen. Successful incor-
poration and variation in the size of Fe3O4 MNPs within polymer
matrix was examined through JEOL JEM-2100F, field emission elec-
tron microscope with an accelerating voltage of 90 kV. Small pinch
of sample was added in few millilitres of ethanol and sonicated for
30 min. Two drops of sonicated suspension was transferred to the
TEM grid and allowed to dry in ambient air. Changes in the ther-
mal  properties of polymer matrix after the incorporation of Fe3O4
MNPs were studied by using thermogravimetric analysis (Perkin-
Elmer TGA 4000, thermogravimetric analyzer). 10 mg  of the sample
was taken in a platinum crucible and heated with the heating rate
of 10 ◦C min−1 in the temperature range of 30–700 ◦C using oxygen
gas. The increase in the BET surface area and porosity of the poly-
mer  matrix after the incorporation of Fe3O4 MNPs was studied by
nitrogen adsorption–desorption measurements using Micromeri-
tics, ASAP 2020, surface area and porosity analyser.

2.2. Adsorption studies

The batch experiments for the adsorption of RhB solution were
done in thermostat water bath at 20 ◦C and 120 rpm for 24 h in
100 ml  plastic bottles. Optimization of solution pH and polymer
dose was done to get optimized adsorption conditions. Effect of pH
on the adsorption of dye was studied over the pH range of 2–11
and the pH was adjusted by using 0.1 M NaOH and 0.1 M HCl solu-
tions. In the typical batch experiments, 0.6 mg/L of nanocomposites
was added in 50 ml  dye solutions (50 mg/L) taken in plastic bot-
tles and shacked for 24 h over the thermostatic water bath. After
24 h, the bottles were taken out and the suspensions were fil-
tered. Concentration of the RhB dye remained in the solution was
analyzed using UV/VIS spectrophotometer (Shimazdu, UV-2450,
UV–vis spectrophotometer) at 554 nm as �max of RhB. Adsorption
efficiency or percentage removal was  calculated using the equation

(Sadeghi, Azhdari, Arabi, & Moghaddam, 2012):

%Removal  = C0 − Ce

C0
× 100 (1)
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here, Co is the initial concentration (mg/L) and Ce is the equilib-
ium concentration (mg/L) of RhB.

After the optimization of pH, effect of polymer dose on the
dsorption capacity was studied by varying the amount of adsor-
ent from 0.2 to 1.4 g/L at pre-optimized pH under the same
xperimental conditions and the percentage removal was calcu-
ated using Eq. (1).

Adsorption isotherm experiments were carried-out at three dif-
erent temperatures (25, 35 and 45 ◦C) by adding the optimized
mount of adsorbent (0.8 g/L) in 50 ml  dye solutions of different
oncentrations (100–500 mg/L) at pH 7.0. The bottles were placed
n the water bath and shaked for 24 h. The equilibrium adsorption
qe) was calculated using the following equation (Bhaumik, Leswifi,

aity, Srinivasu, & Onyango, 2011):

e = C0 − Ce

m
×  V (2)

here, qe is the equilibrium adsorption of the dye per unit mass of
he adsorbent (mg/g), m is the weight of the adsorbent (g) and V is
he volume of the dye taken (L).

Experiments for the kinetic studies were done using a mechan-
cal stirrer with a shaking speed of 120 rpm at 20 ◦C with three
ifferent initial dye concentrations i.e. 50, 75 and 100 mg/L. For
inetic studies, 0.8 g of Gg-cl-P(AA-co-AAm)/Fe3O4 nanocompos-
tes was added in 1 L of the dye solution and agitated for a varied
ontact time interval in the range of 0–240 min. At various time
ntervals 5 ml  of the sample aliquot was collected, filtered and
emaining concentration of RhB was determined as earlier. Amount
f dye adsorbed at different time intervals was calculated using the
ollowing equation:

t = C0 − Ct

m
× V (3)

here, qt is the amount of dye adsorbed per unit mass of the adsor-
ent (mg/g) at time t and Ct is the concentration of dye (mg/L) at
ime t.

.3. Desorption and reusability experiments

To study the reproducibility and reusability of Gg-cl-P(AA-
o-AAm)/Fe3O4 nanocomposite for the adsorption of RhB the
esorption experiments were carried-out using 0.1 M HCl. Initially,
0 mg  of the nanocomposite was added in the 100 mg/L of RhB
ye solution and shacked for 24 h. RhB loaded nanocomposite was
ashed with water, dried, weighed and recycled using 0.1 M HCl.

he regenerated sample was again used for the next cycle of the
dsorption of RhB. The adsorption–desorption experiments were
one for the successive five cycles.

. Results and discussion

.1. Characterization of the nanocomposite

Complete characterization of the nanocomposite, uniform dis-
ribution of Fe3O4 MNPs in the crosslinked polymer matrix,

orphological, structural and thermal properties were studied
hrough different techniques such as FT-IR, TEM, SEM-EDX, XRD,
ET and TGA.

.1.1. X-ray diffraction
Fig. S1, Supporting Information represents the XRD patterns of

ncoated Fe3O4 MNPs and Gg-cl-P(AA-co-AAm)/Fe3O4 nanocom-
osite. In the XRD pattern of uncoated Fe3O4 MNPs diffraction

eaks were observed at 30.1◦, 35.6◦, 43.2◦, 53.6◦ and 62.6◦ at 2�
cale. Incorporation and uniform distribution of Fe3O4 MNPs in
g-cl-P(AA-co-AAm) polymer matrix was confirmed by the pres-
nce of all the XRD peaks mentioned above in the XRD pattern
olymers 101 (2014) 1255– 1264 1257

of Gg-cl-P(AA-co-AAm)/Fe3O4 nanocomposite with a little bit of
reduced intensity and the peaks became slightly wider because of
the coating of non-magnetic and amorphous Gg-cl-P(AA-co-AAm)
polymeric shell (Sadeghi, Azhdari, Arabi, & Moghaddam, 2012).

3.1.2. Fourier transform infra-red spectroscopy
FT-IR spectra of uncoated Fe3O4 MNPs and Gg-cl-P(AA-co-

AAm)/Fe3O4 nanocomposite are shown in Fig S2, Supporting
Information. In the FT-IR spectra of uncoated Fe3O4 MNPs the char-
acteristic peak of Fe O bond is shown at 554.93 cm−1. A similar
peak was  also observed in the FT-IR spectra of Gg-cl-P(AA-co-
AAm)/Fe3O4 nanocomposite. FT-IR of Gg-cl-P(AA-co-AAm)/Fe3O4
nanocomposite showed some other peaks at 2915.68 cm−1 due
to OH stretching of AA, 1697.35 cm−1 due to CO stretching of
AA, 1653.97 cm−1 due to CO stretching of amide-I, 1454.22 cm−1

due to NH in plane bending of amide-II, 1404.51 cm−1 due to CN
stretching of amide-III and 761 cm−1 due to OCN deformation of
amide-IV in addition to the characteristic peaks of Gg (Kaith, Jindal,
Mittal, & Kumar, 2012).

3.1.3. Scanning electron microscopy
The changes in the morphologies of Gg and Gg-cl-P(AA-co-AAm)

because of the graft co-polymerization and incorporation of Fe3O4
MNPs are studied through scanning electron microscopy. SEM
images of Gg, Gg-cl-P(AA-co-AAm) and Gg-cl-P(AA-co-AAm)/Fe3O4
nanocomposite are shown in (Fig. S3, Supporting Information).
Gg had a very granular, smooth and homogeneous morphology
(Fig. S3a, Supporting Information), whereas this smooth surface
became heterogeneous, rough and converted to fibrillar structure
after the grafting and crosslinking reactions (Fig. S3b, Supporting
Information). Surface morphology of the polymer again changed
and better matrix coherence was  achieved after the incorporation
of Fe3O4 MNPs. SEM of Gg-cl-P(AA-co-AAm)/Fe3O4 nanocompos-
ite showed more coherent and near co-continuous morphology
than the fibrillar surface of Gg-cl-P(AA-co-AAm) (Fig. S3c, Suppor-
ting Information). Moreover, the presence of Fe peak in the EDX
of nanocomposite showed the successful incorporation and uni-
form distribution of Fe3O4 MNPs in the polymer matrix (Fig. S3d,
Supporting Information).

3.1.4. Transmission electron microscopy
Fig. S4, Supporting Information shows the typical TEM images of

uncoated Fe3O4 MNPs and Gg-cl-P(AA-co-AAm)/Fe3O4 nanocom-
posite. Most of the uncoated Fe3O4 MNPs had sizes less than
35 nm which are shown in Fig. S4, Supporting Information. It was
also observed that magnetic nanoparticles got incorporated in the
crosslinked polymer matrix and the mean diameter of the coated
nanoparticle was  ca 70 nm which was slightly higher than the mean
diameter of uncoated magnetic nanoparticles.

3.1.5. Thermal studies
The changes in the thermal properties of Gg-cl-P(AA-co-AAm)

after the incorporation of Fe3O4 MNPs in the polymer matrix
was studied through TGA analysis. TGA of Gg-cl-P(AA-co-AAm)
and Gg-cl-P(AA-co-AAm)/Fe3O4 nanocomposite is shown in Fig.
S5, Supporting Information. It was  observed that the initial and
final decompositions of Gg-cl-P(AA-co-AAm) were occurred at
163 ◦C and 470 ◦C, respectively, whereas after the incorpora-
tions of Fe3O4 MNPs these decompositions occurred at relatively
higher temperatures i.e. 180 ◦C and 504 ◦C, respectively in Gg-
cl-P(AA-co-AAm)/Fe3O4 nanocomposite. Thermal decomposition

pattern of Gg-cl-P(AA-co-AAm) had two decomposition stages.
First stage decomposition occurred in the temperature range of
163–359 ◦C with 42% weight loss and this weight loss may  be
due to the loss of water molecules and volatile components
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Fig. 1. Proposed mechanism of the RhB adsorption onto Gg-

Mittal, Mishra, Mishra, Kaith, & Jindal, 2013), whereas, sec-
nd stage decomposition occurred in the temperature range of
59–470 ◦C with 50.55% weight loss and this weight loss may
e due to the breakdown of the polymer matrix and crosslinks
etween different polymeric chains. However, TGA of Gg-cl-P(AA-
o-AAm)/Fe3O4 nanocomposite showed two stage decomposition
attern. First stage decomposition was observed in the tem-
erature range of 180–342.5 ◦C with 23.80% weight loss and
he second stage decomposition was observed in the temper-
ture range of 342.5–504 ◦C with 33% weight loss. In case of
g-cl-P(AA-co-AAm)/Fe3O4 nanocomposite the decompositions
ccurred at higher temperatures with comparatively lesser weight
oss. Therefore, it was observed that the thermal stability of Gg-
l-P(AA-co-AAm) increased after the incorporation of Fe3O4 MNPs
n the polymer matrix. Moreover, DTG of Gg-cl-P(AA-co-AAm)
howed maximum decompositions at 281 ◦C and 444 ◦C, whereas,
TG of Gg-cl-P(AA-co-AAm)/Fe3O4 nanocomposite showed maxi-
um decompositions at 391.65 ◦C and 635.4 ◦C (Fig. S6, Supporting

nformation). Therefore, TGA and DTG studies clearly showed that
he thermal stability of Gg-cl-P(AA-co-AAm) got increased after the
ncorporation of Fe3O4 MNPs in the polymer matrix.

.1.6. Brunauer–Emmett–Teller (BET) surface area
BET surface area, pore volume and pore diameter of Gg-cl-

(AA-co-AAm) was found to be 0.5965 m2/g, 0.002845 cm3/g and
92.3465 Å, respectively and the values of these parameters were
ncreased to 0.9654 m2/g, 0.005912 cm3/g and 211.4482 Å, respec-
ively after the incorporation of Fe3O4 MNPs in the polymer matrix.
omparison of different BET parameters of Gg-cl-P(AA-co-AAm)
nd Gg-cl-P(AA-co-AAm)/Fe3O4 nanocomposite is shown in Table
1, Supporting Information.
A-co-AAm) and Gg-cl-P(AA-co-AAm)/Fe3O4 nanocomposite.

3.2. Adsorption studies

3.2.1. Mechanism of the adsorption
Fig. 1 represents the tentative mechanism for the competitive

adsorption of RhB on the surface of Gg-cl(PAA-co-AAm) and Gg-
cl(PAA-co-AAm)/Fe3O4 nanocomposite. The adsorption capacity of
any adsorbent highly depends on its physical and chemical charac-
teristics along with the mass transfer rate (Ghorai, Sinhamahpatra,
Sarkar, Panda, & Pal, 2012) and the mass transfer rate depends
upon the surface area of the adsorbent. In case of crosslinked graft
co-polymer of Gg with P(AA-co-AAm), different polymer chains
are closely packed together within a three dimensional polymer
framework through covalent bonding between different polymer
chains as well as Vander Walls forces of attraction between differ-
ent non-polar chains and it becomes very difficult for the water
molecules to penetrate within the polymer matrix through the
closely packed backbone polymer (Gg). Therefore, as a consequence
of this the adsorption capacity of the polymer remains low. How-
ever, in the presence of Fe3O4 MNPs within the polymer matrix, the
nanocomposite becomes more flexible and can swell upto much
larger extent with an increase in the pore diameter and pore vol-
ume. Increased surface area also adds to the increased swelling
capacity of the nanocomposite and it shows improved adsorption
capacity as compared to the parental polymer matrix. Moreover,
presence of nanoparticles in the polymer matrix also increases the
functionalities for the binding of dye molecules.

3.2.2. Effect of solution pH on the adsorption of dyes

Solution pH has been found to exert profound effect on the

removal of basic dyes by different materials. pH dependent binding
process of basic dyes onto different bio-adsorbents have been sug-
gested by a number of researchers (Ncibi, Mahjoub, & Seffen, 2007;
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ig. 2. (a and b): Effect of (a) pH on the adsorption of RhB by Gg-cl-P(AA-co-AAm)/
5 ◦C and (b) adsorbent dose on the adsorption of RhB by Gg-cl-P(AA-co-AAm)/Fe3O

aranusantigul, Pokethitiyook, Kruatrachue, & Upatham, 2003). In
he adsorption process of dyes by biosorbents, the role of pH is very
mportant because of its impact on the adsorption sites of the bioad-
orbent as well as ionization process of the dye molecules. Effect
f pH on the adsorption of RhB onto Gg-cl-P(AA-co-AAm)/Fe3O4
anocomposite was studied in the pH range between 2 and 11
hile other adsorption parameters like initial dyes concentration,

dsorption dose and shaking time were fixed at 50 mg/L, 0.8 g/L
nd 24 h, respectively (Fig. 2(a)). Initially, percentage adsorption
as found to increase with a change in solution pH from acidic to

asic. As shown in figure, percentage adsorption was lowest at pH
 (23.57%) and increased upto 86% at pH 6.5, then remained almost
onstant in the pH range of 6–11. Lower adsorption capacity in the
cidic medium may  be due to the fact that in acidic medium H+ ions
ompeted effectively with the dyes molecules for the adsorption
ites which effectively inhibited the adsorption of dye molecules
nd ultimately decreased the amount of dye adsorbed. Whereas,
n the basic medium the adsorbent got negatively charged and
nhanced the adsorption of cationic dyes through electrostatic
orces of attraction. Similar results were obtained for the effect
f pH for the adsorption of basic dyes on the different adsorbents
Dogan, Alkan, & Onganer, 2000; Khan, Dahiya, & Ali, 2012). The
ost and simplicity of the adsorption process are very crucial and
mportant factors for the removal of dye. So, the possibility of the

aximum dye removal without the alteration of pH is therefore an
dvantage and almost constant uptake of dye was  observed in the
H range of 6–11, so rest of the studies were performed at pH 7.0.

.2.3. Effect of polymer dose
A good adsorbent should have the ability to remove relatively

igher amount of dye at lower dose along with the lower cost
f the adsorption process. Therefore, effect of adsorbent dose on
he percentage adsorption of RhB onto Gg-cl-P(AA-co-AAm)/Fe3O4
anocomposite was studied at different polymer dose ranging from
.2 g/L to 1.4 g/L in neutral medium and is shown in Fig. 2(b). Ini-
ially, it was observed that the percentage adsorption increased
ith increase in polymer dose and about 98% removal was observed
ith 0.8 g/L adsorbent dose, whereas almost constant adsorp-

ion was observed with further increase in amount of adsorbent.
ncreased adsorption of dye may  be due to the increase in the num-
er of adsorption sites with increased adsorbent dose (Bhaumik,
eswifi, Maity, Srinivasu, & Onyango, 2011).
Very high adsorption (>95%) of RhB was achieved using Gg-cl-
(AA-co-AAm)/Fe3O4 nanocomposite. This might be because of the
eason that the Gg is an anionic polysaccharide (Kaith, Jindal, Mittal,

 Kumar, 2012) and have a lot of negatively charged binding sites.
nanocomposite. Conditions: Co, 50 mg/L; adsorbent dose, 0.6 g/L and temperature,
ocomposite. Conditions: Co, 50 mg/L; pH, 7.0 and temperature, 25 ◦C

Gum polysaccharides based polymers have very good affinity for
the binding of cationic impurities. Moreover, the incorporation of
Fe3O4 MNPs increased the surface area, pore volume as well as
the binding sites for the adsorption of cationic impurities within
the polymer matrix. RhB is a cationic dye and binds very easily
to the anionic adsorbents. Therefore, Gg-cl-P(AA-co-AAm)/Fe3O4
nanocomposite adsorbed more than 95% of the RhB from the aque-
ous solution.

3.2.4. Adsorption isotherm
Adsorption isotherm correlates the amount of dye adsorbed per

unit weight of the adsorbent (qe) with the equilibrium concentra-
tion of dye left in the solution (Ce) at different temperatures and
indicates the distribution of adsorption molecules between liquid
phase and solid phase when the state of equilibrium adsorption
reached. Fig. 3(a) shows the isotherm for the adsorption of RhB
onto Gg-cl-P(AA-co-AAm)/Fe3O4 nanocomposites. An increase in
the amount of dye adsorbed was observed with increase in temper-
ature from 25◦ to 45 ◦C which showed that the adsorption process
in this study was endothermic. Moreover, from Fig. 2(a) it was also
observed that in the beginning of the adsorption process, the uptake
of RhB molecules at all the temperatures studied increased linearly
with the increased initial dye concentration and then attained sat-
uration at higher concentrations. It may  be because of the fact that
at lower initial lower concentrations, adsorption depends upon
the amount of dye transferred from the bulk of the solution to
the surface of the adsorbent. On the other hand, at higher initial
dye concentration all the adsorption sites get occupied and the
adsorption of RhB attains equilibrium (Yan et al., 2012). The exper-
imental isotherm data obtained from the adsorption studies were
fitted through the most commonly used Freundlich, Langmuir and
Dubinin–Kaganer–Radushkevich (DKR) models (Fig. 3(b–d)).

Freundlich model is usually applicable for the low concentra-
tions and is expressed by the following equation:

qe = KF × C1/n
e (4)

where, qe is the equilibrium adsorption concentration of adsorbate
per unit mass of the adsorbent (mg/g), Ce is the concentration of
adsorbate left in the solution (mg/L), KF and 1/n are the Freund-
lich constants related to the adsorption capacity and intensity of
adsorption. Freundlich constants can be calculated by the logarith-

mic  form of the linearized Eq. (4):

log qe = log KF + 1
n

× log Ce (5)
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ig. 3. (a–d): (a) Adsorption isotherms of RhB by Gg-cl-P(AA-co-AAm)/Fe3O4 nanoc
dsorption of RhB by Gg-cl-P(AA-co-AAm)/Fe3O4 nanocomposite at different tempe

Langmuir isotherm model is best described by the following
quation:

e = qm · b · Ce

1 + b · Ce
(6)

here, qm is the maximum adsorption capacity (mg/g) of the adsor-
ent and b is the Langmuir constant related to the adsorption
nergy. The Langmuir isotherm equation can be rearranged to cal-
ulate Langmuir constants:

Ce

qe
= 1

qm b
+ Ce

qm
(7)

The Langmuir constants can be calculated from the linear plot
f Ce/qe and Ce.

The applicability of Langmuir equation also depends upon the
imensionless factor RL, which is given as:

L = 1
1 + b · Co

(8)

here, Co is the initial dye concentration (mg/L). Value of RL
etween zero and one indicates the applicability of Langmuir
dsorption isotherm. Value of RL for all the three temperatures was
ound to be between zero and one which indicates the applicability
f the Langmuir adsorption isotherm (Table 1).
site; (b) Langmuir isotherm; (c) Freundlich isotherm and (d) DKR isotherm for the
es.

DKR model is normally used to study the porosity of the adsor-
bent and apparent energy of the adsorption process. This model is
represented by the following equation (Yan et al., 2012):

ln qe = ln qD −  ̌ ∈ 2 (9)

where, qD is the mean adsorption capacity (mg/g),  ̌ is the activity
coefficient and Є = RTln(1 + 1/Ce) and is called Polanyi potential. The
values of qD and  ̌ can be obtained from the intercept and slop of
the plot between lnqD and Є2 and if the plot is a straight line then
it proves the validity of this model but in this case the plot is not
a straight line and the values of correlation coefficients for all the
three temperatures is very poor which confirms the unapplicability
of this model (Fig. 3(d)). The apparent energy of adsorption (E) can
be obtained from the following equation:

E = 1

(2ˇ)1/2
(10)

The experimental isotherm data was fitted to Eqs. (5), (7) and
(9) by nonlinear regression and the results obtained are compiled
in Table 1. The best fits were obtained with the Langmuir isotherm
(Fig. 3(b)). The value of correlation coefficients for the three differ-
ent temperatures i.e. 25, 35 and 45 ◦C were 0.999, 0.999 and 0.998,
respectively which were much better than the values obtained

from the fits of Freundlich isotherm (Fig. 3(c)) and DKR model
(Fig. 3(d)). The value of mean adsorption capacity, qD was found
to be very less as compared to the values of Langmuir adsorption
capacity at all the three temperatures. Difference in the values of
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Table 1
Isotherm parameters for RhB adsorption onto Gg-cl-P(AA-co-AAm)/Fe3O4 nanocomposite.

Isotherms Isotherm constants Temperatures (◦C)

25 35 45

Langmuir qm (mg/g) 529.10 584.79 654.87
b  (L/mg) 0.2160 0.1279 0.1224
R2 0.999 0.999 0.999
RL 0.007–0.033 0.012–0.054 0.013–0.057

Freundlich 1/n  0.2456 0.2989 0.3302
KF 174.26 148.48 146.02
R2 0.806 0.857 0.839

a
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C

Dubinin–Kaganer–Radushkevich (DKR) qD (mg/g) 

E  (KJ/mol)
R2

dsorption capacity by using these models may  be due to the differ-
nt assumptions taken into consideration during the formulations
f these isotherm models. Value of maximum adsorption capacity
as found to increase from 529.10 to 654.87 mg/g with the increase

n temperature from 25 to 45 ◦C (Table 1).
The maximum adsorption efficiency of the nanocomposite for

he adsorption of RhB obtained in this study was compared with
ther adsorbents reported in the literature (Table 2) and it was
bserved that the adsorption efficiency observed in this work is
uch better than the other adsorbents. Therefore, Gg-cl-P(AA-

o-AAm)/Fe3O4 nanocomposite can be utilized for the successful
dsorption of RhB from the dye contaminated water.

.2.5. Thermodynamic parameters
Thermodynamic parameters were determined by using the

an’t Hoff equation:

n KL = �S◦

R
+ −�H◦

RT
(11)

G◦ = −TT ln KL (12)

L = m
qe

Ce
(13)

here, KL is the distribution coefficient, �S◦ is the change in
ntropy, �H◦ is the change in enthalpy, �G◦ is the change in free
nergy, m is the adsorbent dose (g/L), qe is the amount of the RhB
dsorbed per unit mass of the adsorbent (mg/g), Ce is the equilib-
ium concentration (mg/L), T is the absolute temperature in K and

 is the gas constant (8.314 JK−1 mol−1). Values of �H◦ and �S◦ can
e calculated from the slope and intercept of the linear plot of lnKL

nd 1/T (Fig. S7, Supporting Information). The calculated values of

hange in enthalpy (�H◦), change in entropy (�S◦) and change in
ree energy (�G◦) are given in Table 3. The positive value of �H◦

27.71 kJ mol−1) indicated the endothermic nature of the adsorp-
ion interactions and the positive value of �S◦ (17.00 kJ mol−1 K−1)

able 2
omparison of adsorption capacity of different adsorbents for the adsorption of RhB.

Adsorbent qm (mg/g) 

Modifying Fe3O4 nanoparticles with humic acid 161.8 

Poly(glutamic acid) 390.2 

Treated parthenium biomass 59.2 

Modified parthenium biomass 18.5 

Kaolinite 46.08 

Jute stick powder 87.7 

Scrap tires 280.1 

Bagasse pith 263.85 

Iron-pillared bentonite 98.62 

Duolite C-20 resin 28.57 

Hypercross-linked polymeric adsorbent 2.1 

Gg-cl-P(AA-co-AAm)/Fe3O4 nanocomposite 654.87 
4.208 2.004 2.297
12.50 18.25 17.14
0.483 0.499 0.411

showed an increase in the disorder and randomness at solid–liquid
interface (Bhaumik, Leswifi, Maity, Srinivasu, & Onyango, 2011;
Khan, Dahiya, & Ali, 2012). The randomness at the solid-solution
interface may  be due to the more translational entropy gained by
the displaced water molecules as compared to that lost by the dye
molecules during the adsorption process (Gopal & Elango, 2007).
The value of �G◦ was  negative for all the three temperatures and
was found to decrease from −14.07 at 25 ◦C to −15.01 kJ mol−1

at 35 ◦C. The feasibility of the spontaneous adsorption of RhB
onto Gg-cl-P(AA-co-AAm)/Fe3O4 nanocomposites is favoured by
the negative value of �G◦ (Ghorai, Sinhamahpatra, Sarkar, Panda,
& Pal, 2012).

3.2.6. Adsorption kinetics
Effect of initial dye concentration of dye (50, 75 and 100 mg/L)

and contact time on the adsorption of RhB is shown in Fig. 4(a).
From the figure it is observed that the uptake of RhB molecules was
very fast and increased with increase in time. It was also observed
that the time required to reach equilibrium depends on the ini-
tial dye concentration. For the lowest dye concentration (50 mg/L),
the adsorption equilibrium reached only in 30 min, for 75 mg/L the
adsorption equilibrium reached in 90 min  and for 100 mg/L the
adsorption equilibrium reached in 240 min.

Pseudo first order, pseudo second order and intraparticle dif-
fusion models were tested to examine the rate of the adsorption
process and potential rate determining step.

Pseudo first order rate equation is:

log (qe − qt) = log qe − k1

2.303
t (14)
where, qe (mg/g) is the equilibrium adsorption capacity, qt (mg/g)
is the adsorption capacity at time t and k1 (1 min–1) is the pseudo
first order rate constant. Values of k1 and qe can be obtained from
the slope and intercept of the plot of log(qe − qt) and t.

Reference

Peng et al. (2012)
Inbaraj, Chien, Hob, Yang, and Chen (2006)
Lata, Mor, Garg and Gupt (2008)
Lata, Garg, and Gupt (2008)
Khan, Dahiya, and Ali (2012)
Panda, Das, and Guha (2009)
Li, Liu, and Zhu (2010)
Gad and El-Sayed (2009)
Hou et al. (2011)
Al-Rashed and Al-Gaid (2012)
Huang, Huang, Liu, Wang, and Yan (2008)
This work
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Table 3
Thermodynamic parameters for the adsorption of RhB onto Gg-cl-P(AA-co-AAm)/Fe3O4 nanocomposite.

�G◦ (kJ mol−1) �H◦ (kJ mol−1) �S◦ (kJ mol−1 K−1)

w
i
k

a
v
o
f
t
A
r
v
c
f
d

F
p

298.15 K 308.15 K 318.15 K

−14.07 −14.54 −15.01 

Pseudo second order rate equation is:

t

qt
= 1

k2q2
e

+ 1
qe

t (15)

here, k2 (g/mg min) is the pseudo second order rate constant. The
ntercept and slope of the plot of t/qt and t provides the values of
2 and qe.

The fitting to the experimental data using pseudo first order
nd pseudo second order is shown in Fig. 4(b–c), respectively. The
alues of correlation coefficients obtained from the pseudo second
rder (R2 = 1.00–0.999) were much better than the values obtained
rom the pseudo first order (R2 = 0.935–0.696), which showed that
he experimental data of adsorption of RhB onto Gg-cl-P(AA-co-
Am)/Fe3O4 nanocomposite fitted better with pseudo second order
ate equation than pseudo first order rate equation. Moreover, the

alue of k2 was found to decrease with increased initial dye con-
entration which showed that the adsorption of RhB was  faster
or the lower concentrations. This may  be due to the greater
egree of distribution of dye over the surface of adsorbent for the

ig. 4. (a) Kinetic data for the adsorption of RhB by Gg-cl-P(AA-co-AAm)/Fe3O4 nanocom
seudo second order model and (d) fit of kinetic data to intraparticle diffusion model.
27.71 17.00

adsorption process. Moreover, the calculated values of qe by apply-
ing pseudo second order rate equation and the experimental values
were almost same for all the concentrations studied, whereas qe

values obtained from pseudo first order rate equation showed
a large deviation from the experimental values, which showed
that the adsorption kinetics for the uptake of RhB by Gg-cl-
P(AA-co-AAm)/Fe3O4 nanocomposite is best described by pseudo
second order rate equation. The calculated values of correlation
coefficients, adsorption capacities and rate constants are reported
in Table 4.

Adsorption process includes various steps like passage of
molecules of adsorbate from aqueous phase to the surface of adsor-
bent and the diffusion of adsorbate into the interior pores of the
adsorbent. Intraparticle diffusion model determines the rate deter-
mining steps of the adsorption process and is best described by the

intraparticle model given by Weber and Morris (1963):

qt = kit
0.5 + C (16)

posite; (b) fit of kinetic data to pseudo first order model; (c) fit of kinetic data to
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where, qt (mg/g) is the adsorption capacity at time t and ki
(mg/g min0.5) is the rate constant. The adsorption process is con-
trolled by the intraparticle diffusion model if the plot of qt vs. t0.5

gives a straight line and passes through the origin. The plot of qt vs.
t0.5 for different concentrations is shown in Fig. 4(d). From the fig-
ure it was  observed that the plot of qt vs. t0.5 was  not a straight line
and did not pass through the origin, moreover, poor values of cor-
relations coefficients i.e. 0.828, 0.888 and 0.858 were obtained for
50 mg/L, 75 mg/L and 100 mg/L, respectively (Table 4). This showed
that the intraparticle diffusion was not the rate determining factor
in the adsorption of RhB by Gg-cl-P(AA-co-AAm)/Fe3O4 nanocom-
posite.

3.2.7. Desorption studies
Higher adsorption capacity and high desorption efficiency are

the characteristics of an advanced and efficient adsorbent. The
reusability and reproducibility of an adsorbent reduces its overall
cost. The desorption experiments of RhB from Gg-cl-P(AA-co-
AAm)/Fe3O4 nanocomposite for the regeneration of active sites on
adsorbent was  conducted in 0.1 M HCl. Adsorbent was regener-
ated for five successive cycles and the adsorption and desorption
of RhB were analyzed in each cycle of this experiment. Desorption
kinetics of RhB from loaded Gg-cl-P(AA-co-AAm)/Fe3O4 nanocom-
posite and its performance for adsorption–desorption behaviour
or the multiple cycles of regenerations is shown in Fig. S8, Suppor-
ting Information. Desorption equilibrium was  attained in 60 min.
Adsorption efficiency was found to remain constant for first
three cycles however a slight decrease in the adsorption capac-
ity (almost 12%) was  observed in the last two cycles. Therefore,
it is suggested from the desorption studies that Gg-cl-P(AA-co-
AAm)/Fe3O4 nanocomposite can be repeatedly used as an efficient
adsorbent for the removal of RhB from contaminated water.

3.2.8. Comparison of the adsorption efficiency of the
nanocomposite with native polymer matrix

The comparison of the adsorption efficiency of the Gg-cl-
P(AA-co-AAm)/Fe3O4 nanocomposite with native polymer i.e.
Gg-cl-P(AA-co-AAm) for the adsorption of RhB was evaluated.
The adsorption experiments were carried-out by adding opti-
mum  amount of the polymer (i.e. 0.6 mg/L) in the dye solutions
of different concentrations varying in the range of 100–500 mg/L
under similar experimental conditions as used for the adsorp-
tion of RhB using Gg-cl-P(AA-co-AAm)/Fe3O4 nanocomposite. The
experimental data of the adsorption isotherm was fitted using
Langmuir isotherm model and the maximum adsorption efficiency
of 471.69 mg/g was  observed, respectively (Table S2, Supporting
Information). The adsorption efficiency of Gg-cl-P(AA-co-AAm)
was found to be less than that of the nanocomposite. Higher
adsorption efficiency of Gg-cl-P(AA-co-AAm)/Fe3O4 nanocompos-
ite might be due to fact that the incorporation of MNPs within the
polymer matrix increased the surface are and pore volume of the
polymer as well as the number of the binding sites for the adsorp-
tion of dye also got increased by the incorporation of MNPs within
the polymer matrix.

4. Conclusion

Fe3O4 MNPs have been successfully incorporated in the poly-
mer  matrix of Gum ghatti and acrylic acid-co-acrylamide based
crosslinked polymers. BET, FT-IR, TEM, XRD and SEM evidenced the
incorporation and uniform distribution of Fe3O4 MNPs within the
polymer matrix. Gg-cl-P(AA-co-AAm)/Fe3O4 nanocomposite was

very effective and efficient for the adsorption of RhB dye from con-
taminated water due to its high adsorption capacity, very rapid
adsorption and working at pH 7; natural pH of most natural water
resources. Adsorption of RhB dye onto Gg-cl-P(AA-co-AAm)/Fe3O4
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anocomposite was spontaneous, endothermic and accompanied
ith increase in entropy. The adsorption process followed the Lang-
uir adsorption model and the maximum adsorption capacity

f 654.87 mg/g was observed. The adsorption process was  bet-
er described by the pseudo second order kinetic model than
ther kinetic models with high correlation coefficients. The adsor-
ent showed very good reproducibility and reusability for the
uccessive three cycles. Therefore, it is concluded that Gg-cl-P(AA-
o-AAm)/Fe3O4 nanocomposite can be successfully utilized for the
emoval of rhodamine B from waste water.

ppendix A. Supplementary data

Supplementary data associated with this article can be
ound, in the online version, at http://dx.doi.org/10.1016/j.carbpol.
013.09.045.
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