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a b s t r a c t

Fe3O4 coated polypyrrole (PPy) magnetic nanocomposite was prepared via in situ polymerization of
pyrrole monomer for the removal of highly toxic Cr(VI). Structure and morphology of the prepared
nanocomposite were characterized by attenuated total reflectance Fourier transform infrared spec-
troscopy (ATR-FTIR), X-ray diffraction pattern, Field emission scanning electron microscopy (FE-SEM)
and high resolution transmission electron microscopy (HR-TEM). Electron spin resonance (ESR) stud-
ies confirmed that the nanocomposite is magnetic in nature. Up to 100% adsorption was found with
200 mg/L Cr(VI) aqueous solution at pH 2. Adsorption of Cr(VI) on the surface of the adsorbent was con-
firmed by the ATR-FTIR and X-ray photoelectron spectroscopy (XPS). XPS studies also suggested that ion
exchange and reduction on the surface of the nanocomposite may be the possible mechanism for Cr(VI)
exavalent chromium
quilibrium
inetics

removal by the PPy/Fe3O4 nanocomposite. Adsorption results showed that Cr(VI) removal efficiency by
the nanocomposite decreased with an increase in pH. Adsorption kinetics was best described by the
pseudo-second-order rate model. Isotherm data fitted well to the Langmuir isotherm model. Thermody-
namic study revealed that the adsorption process is endothermic and spontaneous in nature. Desorption
experiment showed that in spite of the very poor recovery of the adsorbed Cr(VI); the regenerated adsor-
bent can be reused successfully for two successive adsorption–desorption cycles without appreciable

y.
loss of its original capacit

. Introduction

The presence of high concentration of heavy metals such as Cr,
g, Cd, Ni, Co and Pb in both natural water supplies and industrial
astewater streams, is a critical health and environmental issue
ue to their high toxicity and bioaccumulation through the food
hain and hence in the human body. Among these heavy metals Cr
s considered as a major pollutant. Chromium and its compounds
re extensively used in electroplating, leather tanning, metal finish-
ng, nuclear power plant, dying, photography industries and textile
ndustries [1,2]. In aqueous solution Cr exists both in trivalent
Cr(III)) and hexavalent (Cr(VI)) forms. Trivalent chromium is con-
idered as an essential micronutrient for human, plant and animal

etabolism and less toxic than Cr(VI) which is extremely mobile in

he environment and very toxic, carcinogenic and mutagenic to liv-
ng organism [3,4]. The US Environmental Protection Agency (EPA)
ecommended maximum allowable limit for Cr(VI) discharge into

∗ Corresponding author. Tel.: +27 123823533; fax: +27 123823532.
E-mail addresses: amaity@csir.co.za (A. Maity),

nyangoMS@tut.ac.za, onyi72uk@yahoo.co.uk (M.S. Onyango).

304-3894/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.03.062
© 2011 Elsevier B.V. All rights reserved.

inland surface water is 0.1 mg/L and in portable water is 0.05 mg/L
[5]. Effluents from certain industries often contain values higher
than those and therefore, it is necessary to reduce the Cr(VI) concen-
tration to acceptable level before discharging into the environment.

Several technologies have been employed to reduce/remove
Cr(VI) from aqueous solutions such as chemical redox followed
by precipitation, ion exchange, membrane process, electrodialysis
and adsorption [6]. The major drawbacks associated with precipi-
tations are: large consumption of reagents, high volume of sludge
generation and inefficient recovery of treated metals for reuse [7].
Ion exchange, membrane processes and electrodialysis are not eco-
nomically attractive because of their high operational costs [8]. Of
these technologies, adsorption is a versatile and cost-effective tech-
nique for the removal of contaminants from water and hence has
attracted attention in recent years [9].

Various adsorption media have been widely used for Cr(VI)
removal. These include; activated carbon from different sources

[10–12], biomaterials [13,14], metal oxides [15,16], hydrous metal
oxides [17–19] and hybrid materials [20], among others. Recently,
nanostructured materials have been used for Cr(VI) removal from
water/wastewater and have proven advantageous over traditional
adsorbents due to very large surface area, accessible active sites

dx.doi.org/10.1016/j.jhazmat.2011.03.062
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:amaity@csir.co.za
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nd a short diffusion length, which result in high adsorption capac-
ty, rapid extraction dynamics and high adsorption efficiencies
21,22]. However, most of the nanomaterials have some limitations
n adsorption and separation of pollutants from large volume of
nvironmental samples. When column dynamic separation mode
s used, the nanosized particle packed on column exhibit high back
ressure and it is very difficult to achieve high flow rates and in case
f static batch mode, nanosized adsorbents lead to a very low sub-
equent filtration rate [22]. Therefore, it is advantageous to develop
well dispersed nanoadsorbent with large surface area and suit-

ble surface functionality that can remove Cr(VI) from large volume
f environmental water.

The application of magnetic nanoparticles has attracted atten-
ion to solve environmental problems [7,23,24]. This is because

agnetic nanoparticles besides having large surface area are highly
ispersible in water and exhibit superparamagnetic properties. The

atter property makes them separable from aqueous solution by
he application of external magnetic field [25]. As such studies
ave explored application of different nanosized magnetic parti-
les for the removal of Cr(VI) from water. Among the materials
tudied include; maghemite, magnetite (Fe3O4), diatomite sup-
orted/unsupported magnetite nanoparticles and surface modified

ecobosite nanoparticles [7,26–28]. Most of these magnetic nano-
aterials, however, have low capacities for Cr(VI) [7,26,27]. It

s therefore imperative to develop new materials with improved
apacity for Cr(VI).

In this study, iron oxide (Fe3O4) nanoparticles were encapsu-
ated by polypyrrole (PPy) to achieve a well dispersed sorbent that
an be magnetically separated and has a high capacity for Cr(VI).
olypyrrole has attracted much attention due to its unique proper-
ies of high electrical conductivity, relatively good environmental
tability, nontoxicity, relatively low cost and ease of preparation
hich are favourable for various types of applications [29,30]. It was

ound that PPy carries charges via some of positively charged nitro-
en atoms in the polymer matrix. To maintain charge neutrality,
ome of the counter ions are incorporated into the growing poly-
er chain [31]. The existence of positively charged nitrogen atoms

n PPy provides a good prospect for its applications in adsorption or
ltration separation [32,33]. Although PPy coated on wood sawdust
as been recognised as an efficient sorbent for removal of Cr(VI)

rom water and wastewater solutions [34], this is the first time
Py/Fe3O4 nanocomposite has been used as an effective sorbent
ith enhanced capacity for Cr(VI) removal. Along with PPy/Fe3O4
anocomposite, polypyrrole and iron oxide nanoparticles were also
ested for comparison.

. Experimental procedure

.1. Materials

Pyrrole (Py) and anhydrous ferric chloride (FeCl3) as oxidant
or polymerization of pyrrole were purchased from Sigma–Aldrich
Germany). Py was distilled under reduced pressure prior to use.
otassium dichromate (K2Cr2O7) and magnetite (Fe3O4) nanopar-
icles were also obtained from Sigma–Aldrich. Stock solution
1000 mg/L) of Cr(VI) was prepared by dissolving K2Cr2O7 in
eionised water. All other chemicals used in this study were of
nalytical grade and were freshly distilled before use.

.2. Synthesis of the adsorbent
The PPy/Fe3O4 magnetic nanocomposite was synthesized via
n situ chemical oxidative polymerization technique described
lsewhere [35]. In a typical polymerization technique, 0.4 g of Fe3O4
as added to 80 mL deionised water in a conical flask and ultra-
s Materials 190 (2011) 381–390

sonicated for 10 min for better dispersion of Fe3O4 in water. 6 g
of FeCl3 (oxidant) was added into the deionised water containing
Fe3O4 and was shaken for 30 min. To this mixture, 0.8 mL of pyr-
role was syringed. Then the reaction mixture was shaken for 3 h
at ambient temperature. Finally, to stop the reaction, acetone was
added into the reaction mixture. The black powder (nanocompos-
ite) obtained was filtered and washed with distilled water until
the filtrate became colourless and thereafter washed with acetone.
The nanocomposite was then dried at 100 ◦C for 6 h under vacuum,
until the total mass became constant. By gravimetric analysis, the
total weight of the nanocomposite was 1.2 g. The PPy loading in the
nanocomposite was 67%.

2.3. Batch experimental systems

2.3.1. Adsorption equilibrium and kinetic experiments
To perform adsorption experiments, Cr(VI) solutions of appro-

priate concentrations were prepared by diluting the stock solution
(1000 mg/L). For equilibrium experiments, the adsorbent mass was
fixed at 0.1 g unless otherwise stated. The experiments were car-
ried out by contacting PPy/Fe3O4 adsorbent with 50 mL of Cr(VI)
samples in 100 mL plastic bottles placed in a thermostatic shaker
agitated at 200 rpm for 24 h. The effects of pH, adsorbent dose
and temperature on Cr(VI) adsorption capacity were explored. The
effect of pH on Cr(VI) adsorption by the PPy/Fe3O4 nanocomposite
was studied by varying the solution pH from 2.0 to 11.0. The pH of
the Cr(VI) solution was adjusted using 0.1 M HCl or 0.1 M NaOH. PPy
homopolymer and Fe3O4 adsorbents were also tested for compari-
son under the same experimental condition. The Cr(VI) percentage
removal (adsorption efficiency) was determined using Eq. (1):

% removal = C0 − Ce

C0
× 100 (1)

where C0 and Ce are the initial Cr(VI) concentration and the equi-
librium Cr(VI) concentration, respectively, in mg/L. The effect of
PPy/Fe3O4 nanocomposite dosage on adsorption of Cr(VI) was
examined by varying the mass of adsorbent from 0.025 to 0.25 g.
The Cr(VI) initial concentration was 200 mg/L and pH 2.0. The sam-
ple volume was 50 mL. The adsorption procedure was similar to
that of the effect of pH.

Adsorption isotherm data were generated by performing exper-
iments at 25 ◦C, 35 ◦C and 45 ◦C. At a given temperature and pH 2.0,
the initial Cr(VI) concentration was varied from 200 to 600 mg/L.
The procedure was similar to that described for the effect of pH.
The equilibrium sorption capacity was determined using Eq. (2):

qe = C0 − Ce

m
V (2)

where qe is the equilibrium amount of Cr(VI) adsorbed per unit
mass of adsorbent (mg/g) and V is the sample volume (L). From
equilibrium uptake information, thermodynamic parameters such
as �H◦, �S◦, �G◦ were determined.

Adsorption kinetic experiments were carried out by contact-
ing 1.0 g of adsorbent with 1000 mL of Cr(VI) solutions stirred at
300 rpm and operated at 25 ◦C. The initial Cr(VI) concentration was
varied from 50 to 150 mg/L. At time zero and at selected time inter-
val thereafter, 5 mL samples were withdrawn and filtered through
a 0.2 �m cellulose acetate filter. The filtrate was analysed for resid-
ual amount of Cr(VI) concentration using a spectro-photometer
(Photolab-6100). The amount of Cr(VI) adsorbed was calculated
using Eq. (3):
qt = C0 − Ct

m
V (3)

where qt is the time-dependent amount of Cr(VI) adsorbed per unit
mass of adsorbent (mg/g), Ct is the bulk-phase Cr(VI) concentration
(mg/L) at any time t and m is the adsorbent mass (g).
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supporting document 1).
Energy dispersive X-rays (EDX) was used to analyse the elemen-

tal constituents of the PPy/Fe3O4 nanocomposite before and after
Cr(VI) adsorption. Fig. 2a (nanocomposite before adsorption) shows
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(a) PPy/Fe
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4
nanocomposites before adsorption

(b) PPy/Fe
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O

4
nanocomposites after adsorption
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.3.2. Desorption experiment
To test the regenerability and reusability of the adsorbent, des-

rption experiments were conducted in a batch mode. At first
00 mg/g of Cr(VI) was loaded onto PPy/Fe3O4 nanocomposite by
ontacting 0.1 g adsorbent with 200 mg/L of Cr(VI) solution (50 mL)
t pH 2.0. Then for desorption, the Cr(VI) loaded adsorbent was
ontacted with 50 mL of NaOH solutions in a thermostatic shaker
or 24 h. The concentration range of NaOH was from 0.1 to 1.0 M. At
he end of the experiment, Cr(VI) in the solution was measured. The
mount of Cr(VI) desorbed was determined by performing appro-
riate mass balance. To regenerate the spent adsorbent for the
ext adsorption–desorption cycles, the adsorbent was treated with
M HCl. Three consecutive adsorption–desorption cycles, using the

ame adsorbent were examined to test the reusability of the adsor-
ent.

.4. Characterization of PPy/Fe3O4 nanocomposite

The structure of the PPy/Fe3O4 nanocomposite was charac-
erized by attenuated total reflectance (ATR) Fourier transform
nfrared (FTIR) spectroscopy. ATR-FTIR spectra were performed on
Perkin-Elmer Spectrum 100 spectrometer, equipped with an FTIR
icroscopy accessory and a germanium crystal. The field-emission

canning electron microscopy (FE-SEM) and high-resolution trans-
ission electron microscopy (HR-TEM) were used to characterize

he morphology of the nanocomposites. FE-SEM images with
nergy dispersive X-ray analysis (EDX) were obtained on a LEO,
eiss SEM. TEM specimen was prepared by putting a drop of
ilute suspensions of the samples in 2-propanol on copper grid.
lemental composition and chemical oxidation state of the sur-
ace species and near surface species of the nanocomposite were
etermined using X-ray photoelectron spectroscopy (XPS) on a
ratos Axis Ultra device, with an Al monochromatic X-ray source

1486.6 eV). Survey spectra were acquired at 160 eV and region
pectra at 20 eV pass energies, respectively. X-ray diffraction pat-
erns were measured on a PANalytical X’Pert PRO-diffractometer
sing Cu K� radiation (wavelength, � = 1.5406 Å) with variable
lits at 45 kV/40 mA. Magnetic property of the nanocomposites
as confirmed by JEOL-Electron Spin Resonance (ESR) spectrome-

er.

. Results and discussion

.1. Characterization of the PPy/Fe3O4 nanocomposite before and
fter Cr(VI) adsorption

To confirm the presence of PPy and adsorption of Cr(VI) onto
he PPy/Fe3O4 nanocomposites, ATR-FTIR analyses were done and
re shown in Fig. 1. The FTIR spectrum of the PPy/Fe3O4 nanocom-
osite before adsorption (Fig. 1a) demonstrated peaks at 1513,
423, 1080 and 958–826 cm−1 that are considered to arise from
yrrole ring stretching, conjugated C–N stretching, C–H stretching
ibration and C–H deformation, respectively, for PPy homopolymer
36,37]. These results confirmed the presence of PPy moieties in the
anocomposite. Interestingly, all peak positions shifted towards
igher values after Cr(VI) ions adsorption (Fig. 1b). The delocal-

zed � electrons in PPy matrix, which are involved in the skeletal
ibration of PPy ring, are affected by the doping ions in the polymer
atrix [35,38]. Different types of dopants in the PPy backbone may

isturb the conjugate structure of PPy and this limited the extent

f charge delocalization along the polymer chains, leading to red
hift [32]. The new two peaks at 774 and 901 cm−1 (Fig. 1b) are
ntrinsic vibration of the Cr–O and Cr O bonds, respectively [39].
his feature indicates that Cr(VI) ions adsorbed on the surface of
he PPy/Fe3O4 nanocomposite by replacing doping Cl− ions.
Fig. 1. ATR-FTIR spectra of (a and b) PPy/Fe3O4 nanocomposite before and after
Cr(VI) adsorption.

The morphologies of Fe3O4 and PPy/Fe3O4 nanocomposite
before and after Cr(VI) adsorption were explored and it was
found that Fe3O4 nanoparticles are nearly spherical but exist in
aggregated form (see supporting document 1). After in situ poly-
merization process, nearly spherical particles with sizes larger than
those of Fe3O4 nanoparticles originating from the encapsulation
of the Fe3O4 nanoparticles by the precipitating PPy moieties in
aqueous medium are observed. The surface morphology of the
nanocomposite after adsorption with Cr(VI) did not change (see
0 1 2 3 4 5 6 7

Energy / KeV

Fig. 2. EDX spectra of (a and b) PPy/Fe3O4 nanocomposite before and after Cr(VI)
adsorption.
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2.0) to 57% (at pH 11.0). It reported that the speciation of Cr(VI)
ig. 3. XRD pattern of (a and b) PPy/Fe3O4 nanocomposite before and after Cr(VI)
dsorption.

peak at 0.24 keV, O peak at 0.52 keV, N peak at 0.4 keV, Cl peak at
.61 keV, and Fe peaks at 0.69 and 6.41 keV. Upon Cr(VI) adsorption,
dditional peaks of Cr at 5.4 and 5.9 keV are observed (Fig. 2b) [40].
hus EDX analyses provide a direct evidence for Cr(VI) adsorption
n the surface of the nanocomposite.

The TEM images of Fe3O4 and PPy/Fe3O4 nanocomposite
efore adsorption confirmed that the prepared media were indeed
anoscale in size and moreover, Fe3O4 was encapsulated into
he PPy matrix, forming a core–shell structure (see supporting
ocument 2).

The crystalline structure of the adsorbent before and after
dsorption of Cr(VI) ions was characterized by XRD as shown in
ig. 3. The diffraction peaks at 30.22◦ (2 2 0), 35.66◦ (3 1 1), 43.25◦

4 0 0), 53.55◦ (4 2 2), 57.25◦ (5 1 1) and 62.88◦ (4 4 0) are associ-
ted with Fe3O4 [41]. The observed peaks of Fe3O4 are consistent
ith the database in JCPDS file (PCPDFWIN v.2.02, PDF NO. 85-

436) and also reveal that the core of the nanocomposites is pure
e3O4 phase with a spinal structure. A broad peak is observed at
� = 25.66◦, which is attributed to PPy suggesting some degree of
rystallinity in the PPy [42]. Thus XRD results indicate that there is
o visual change in the crystalline structure of the nanocomposite
fter Cr(VI) adsorption.

The magnetic property of the PPy/Fe3O4 nanocomposite before
nd after Cr(VI) adsorption was explored using ESR spectroscopy.
he ESR spectra are shown in Fig. 4. From Fig. 4A it can be seen
hat the line shapes are symmetrical and also the peak to peak line
idth is very large (∼140 mT). This large line width is character-

stic of magnetic particles and is due to magnetic inhomogeneity
35,43,44]. Further the line shape does not fit to a 100% Lorentzian
r Gaussian function. Instead the best fitting of the line shape occurs
ith a mixture of 90% Gaussian and 10% Lorentzian functions. It is

o be noted that a dominant Gaussian fit is characteristic of ferro-
agnetic resonance [43] indicating that the predominant fraction

f the PPy/Fe3O4 nanocomposite is magnetic. Fig. 4B shows that
he signal line shapes and widths of the PPy/Fe3O4 nanocomposite

o not change considerably for after Cr(VI) adsorption, indicating
hat the magnetic state of the PPy/Fe3O4 nanocomposite remains
he same. Similar results were obtained in water defluoridation
sing PPy/Fe3O4 nanocomposite [35]. The magnetic property of
Fig. 4. ESR spectra of (A) (a) PPy/Fe3O4 before adsorption with Cr (VI), (b) 90%
Gaussian fitting and 10% Lorentzian and (B) (a) PPy/Fe3O4 after adsorption with Cr
(VI), (b) 90% Gaussian fitting and 10% Lorentzian.

the nanocomposite was also corroborated as shown in Scheme 1
in which the nanocomposite particles after Cr(VI) adsorption are
attracted by magnetic bar. This provides a good prospect for cost
effective application of the nanocomposite in magnetic adsorption
for industrial wastewater treatment.

3.2. Effect of pH

The effect of initial solution pH on Cr(VI) percentage removal by
the PPy/Fe3O4 nanocomposite and its constituents (PPy and Fe3O4)
is shown in Fig. 5a. It is evident that the highest (100%) Cr(VI)
removal efficiency was found for the PPy/Fe3O4 nanocomposite,
whereas for polypyrrole (PPy) and iron oxide (Fe3O4), removal effi-
ciencies recorded were 73.5% and 40.5%, respectively, at pH 2.0.
Therefore, the PPy/Fe3O4 nanocomposite can be considered as a
highly efficient adsorbent for the removal of Cr(VI) compared to
its components PPy and Fe3O4. With the increase in pH, Cr(VI)
ions removal by the nanocomposite decreases from 100% (at pH
in aqueous solution is strongly pH-dependent. In the range of pH
2.0–6.0, the predominant Cr(VI) species are monovalent bichro-
mate (HCrO4

−) and divalent dichromate (Cr2O7
2−) and above pH

6, the dominant species is chromate (CrO4
2−) ions [7]. The higher
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emoval efficiency in the acidic pH (2–6) range is due to the anion
xchange property of the PPy/Fe3O4 nanocomposite by replacing
he doped Cl− ions with either HCrO4

− or Cr2O7
2− ions. A plausi-

le mechanism for the removal of HCrO4
− is shown in Scheme 2.

eduction of Cr(VI) removal efficiency under the alkaline pH is
ue to the competitive interaction between the hydroxyl (OH−)

ons and CrO4
2− ions for the same sorption sites on the adsorbent

urface.

.3. Effect of adsorbent dose

The effect of the PPy/Fe3O4 nanocomposite dose on Cr(VI)
emoval from aqueous solution is shown in Fig. 5b. It is shown that
r(VI) percentage removal increases with an increase in PPy/Fe3O4
ose. Specifically, the extent of Cr(VI) removal from 50 mL of
00 mg/L Cr(VI) solution, changes from 16.3% at a dose of 0.025 g
o 100% at a dose 0.10 g (equivalent of 2 g/L) of PPy/Fe3O4. The
ncrease in the amount of the PPy/Fe3O4 nanocomposite is signif-
cantly influenced the extent of adsorption due to the increase in
he number of active sites available for adsorption. In similar stud-
es to explore the effect of adsorbent dose on Cr(VI) removal, Zhang
t al. using polyaniline doped with sulfuric acid found that 4 g/L was
equired to achieve 100% removal of Cr(VI) from aqueous solution
ontaining 50 mg/L [45]. Ansari and Fahim [34] used up to 24 g/L
f polypyrrole coated on wood sawdust to achieve 100% removal
f Cr(VI) from a solution initially containing 100 mg/L while to
ffect a 100% removal of Cr(VI) from a solution containing only
mg/L, Hu et al. [46] found that 1.4 g/L of oxidized multiwalled
arbon nanotubes was required. From those observations, it can
e concluded that PPy/Fe3O4 nanocomposite is a more effective
dsorption media for the removal of Cr(VI) from aqueous solution.

.4. Adsorption isotherm

In order to describe the interaction between an adsorbate and
n adsorbent and to design and operate an adsorption system suc-
essfully, equilibrium adsorption isotherm data is important. The
dsorption isotherms of Cr(VI) removal by PPy/Fe3O4 nanocompos-
te at temperatures of 25 ◦C, 35 ◦C and 45 ◦C are shown in Fig. 5c.
t is observed that there is an increase in the uptake of Cr(VI)

ith an increase in temperature. This may be due to an increase
n thermal energy of the adsorbing species which leads to higher
dsorption capacity. This indicates that Cr(VI) adsorption by the
Py/Fe3O4 nanocomposite is endothermic in nature. Two exten-
ively used isotherm model viz. Langmuir and Freundlich models

ere employed to investigate the isotherm data. The linearized

angmuir isotherm model is represented by Eq. (4):

Ce

qe
= 1

qmb
+ Ce

qm
(4)

Scheme 1. A photographic representation of Cr(VI) removal from aqueous
s Materials 190 (2011) 381–390 385

where qm (mg/g) is the maximum adsorption capacity and b (L/mg)
is the Langmuir constant related to the energy of adsorption. Fur-
ther, the dimensionless separation factor, RL, which is an essential
characteristic of the Langmuir model for defining the favourability
of an adsorption process was used. The RL is given by

RL = 1
1 + bC0

(5)

Meanwhile the linear form of Freundlich model is expressed as:

ln qe = ln KF + 1
n

ln Ce (6)

where KF and 1/n constants are related to the adsorption capacity
and intensity of adsorption, respectively.

Fig. 6a and b represents the linearized Langmuir and Freundlich
isotherm plots for the three different temperatures studied. The
Langmuir and Freundlich isotherm parameters calculated from the
slope and intercept of the linear equations are given in Table 1.
The higher values of correlation coefficient reveal that Langmuir
model fitted well the isotherm data compared to the Freundlich
model. The maximum adsorption capacity increases from 169.5 to
243.9 mg/g as the temperature is increased from 25 ◦C to 45 ◦C. The
values of RL at different temperatures are found to be in the range
0–1 indicating that the adsorption process is favourable.

Table 2 summarizes the Langmuir maximum adsorption capac-
ity and equilibrium time for the removal of Cr(VI) by various
adsorbents reported in the literature. It is found that the adsorption
capacity of the PPy/Fe3O4 nanocomposite is significantly higher
than the capacity of other adsorbents. Moreover, the equilibrium
time for the removal of Cr(VI) by the PPy/Fe3O4 nanocompos-
ite is quite competitive. These results suggest that the PPy/Fe3O4
nanocomposite can be considered as a promising adsorbent for the
removal of Cr(VI) from industrial wastewater.

3.5. Thermodynamic study

The thermodynamic parameters such as changes in entropy
(�S◦), enthalpy (�H◦) and standard Gibbs free energy (�G◦) for
the adsorption of Cr(VI) (at initial concentration of 600 mg/L) by
the PPy/Fe3O4 were determined by using the following equations:

ln
(

mqe

Ce

)
= �S◦

R
+ −�H◦

RT
(7)

�G◦ = −RT ln
(

mqe

C

)
(8)
e

where m is the adsorbent dose (g/L), R (J/mol/K) is the gas con-
stant and T is the temperature in K. The ratio mqe/Ce is referred
to as adsorption affinity. A plot of ln(mqe/Ce) versus 1/T according
to Eq. (7) is shown in Fig. 6c. From the plot, both the change in

solution and magnetic separation of used PPy/Fe3O4 nanocomposite.
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Fig. 5. (a) Effect of pH on the removal of Cr(VI) by the PPy/Fe3O4 nanocomposite, PPy and Fe3O4 nanoparticles. (b) Effect of adsorbent dosage on the removal of Cr(VI) by
PPy/Fe3O4 nanocomposite. (c) Adsorption isotherms of Cr(VI) onto PPy/Fe3O4 nanocomposite.

Fig. 6. (a) Fit of equilibrium data to Langmuir isotherm model. (b) Fit of equilibrium data to Freundlich isotherm model. (c) Plot to determine thermodynamic parameters of
Cr(VI) adsorption onto PPy/Fe3O4 nanocomposite.
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Scheme 2. A plausible mechanism for the removal of Cr(VI) ions from aqueous solution.

Table 1
Langmuir and Freundlich isotherm parameters for Cr(VI) adsorption onto PPy/Fe3O4 nanocomposite.

Temperature (◦C) Langmuir constants Freundlich constants

qm (mg/g) b (L/mg) RL R2 KF (mg/g) 1/n R2

25 169.49 0.33 0.014 0.998 112.17 0.074 0.952
35 204.08 0.50 0.009 0.999 121.52 0.103 0.937
45 238.09 0.71 0.006 0.998 137.13 0.120 0.955

Table 2
Comparison of adsorption capacity of the PPy/Fe3O4 nanocomposite with other adsorbents for Cr(VI) removal at 25 ◦C.

Adsorbents qm (mg/g) Equilibrium time (h) Optimum pH Ref.

Activated carbon 15.47 3 4.0 [12]
Activated carbon coated with quarternized poly(4-vinylpyridine) 53.7 24 2.25 [47]
Amorphous aluminium oxide 78 [15]
Diatomite-supported magnetite nanoparticles 69.16 1 2.0 [27]
Hydrous zirconium oxide 61 1 2.0 [19]
Surface modified jacobsite 31.55 0.08 2.0 [28]
Oxidized multiwalled carbon nanotubes 2.60 280 2.88 [46]
Bio-functional magnetic beads 5.79 12 1.0 [13]

1.0 5.5 [48]
0.50 5.0 [49]
0.16 5.0 [34]

243.9 0.50–3 2.0 [Present study]

e
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t
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r

Nanocrystalline akaganeite 79.66
Polyaniline–polyethylene glycol composite 68.97
Polypyrrole/wood sawdust 3.4
Polypyrrole/F3O4 magnetic nanocomposite 169.4–

ntropy (�S◦) and the enthalpy (�H◦) of adsorption were deter-
ined and are 147.73 J/mol/K and 43.4 kJ/mol, respectively. The

ositive value of �H◦ is consistent with the endothermic nature
f the sorption process while the positive value of �S◦ suggests
n increase in disorder at the solid–liquid interface. From Eq. (8)
he values of change in standard Gibbs energy was computed and
ound to be −0.565 kJ/mol, −2.04 kJ/mol and −3.51 kJ/mol at 25 ◦C,
5 ◦C and 45 ◦C, respectively. The decrease in �G◦ values with an

ncrease in temperature indicates the spontaneous nature of the
dsorption process.

.6. Sorption kinetics

In addition to high adsorption capacity, it is essential that
n adsorbent offers rapid sorption kinetics for efficient adsor-
ate removal from solution. Fig. 7 represents the effect of contact

ime and initial concentration on the removal of Cr(VI). It is
bserved that Cr(VI) uptake is rapid, and increases with an
ncrease in contact time and with an increase in initial concen-
ration. Furthermore, it required 30–180 min for equilibrium to be
eached.

Fig. 7. The effect of initial concentration on the kinetics of Cr(VI) adsorption onto
PPy/Fe3O4 nanocomposite. Temp = 25 ◦C and initial solution = pH 2.
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the nanocomposite was 100 mg/g. In the third cycle the adsorption
capacity of the nanocomposite was slightly reduced to 83.1 mg/g.
Therefore, the nanocomposite can be successfully reused for two
adsorption–desorption cycles without loss of its original adsorption
capacity.
ig. 8. Pseudo-first-order kinetic model for adsorption of Cr(VI) by the PPY/Fe3O4

PY/Fe3O4 nanocomposite.

To understand the kinetic mechanism of the present adsorption
rocess, pseudo-first-order and pseudo-second-order models were
sed to fit the kinetic data. The linearized forms of the pseudo-first-
rder and pseudo-second-order equations are given in Eqs. (9) and
10), respectively:

og(qe − qt) = log qe − k1

2.303
t (9)

t

qt
= 1

k2q2
e

+ 1
qe

t (10)

here qt is Cr(VI) uptake at time t, and k1 and k2 are the pseudo first
rder and second order rate constants, respectively. From pseudo
econd kinetic model, the initial sorption rate, h0 (mg/g/min) can
e defined as:

0 = k2q2
e (t → 0) (11)

he linearized plots of Eqs. (9) and (10) are shown in Fig. 8a and
, respectively. From the plots, the rate constants were deter-
ined and together with the correlation coefficients are given

n Table 3. From the values of the correlation coefficients, the
seudo-second-order model (R2 ≈ 0.996–1.00) gave better descrip-
ion of the Cr(VI) adsorption compared to pseudo-first-order model

2
R ≈ 0.935–0.987). Results indicate that pseudo-second-order rate
onstant (k2) decreases from 0.037 to 0.0007 g/mg/min for an
ncrease in initial concentration from 50 to 150 mg/L. The initial
orption rate (h0) varied from 94.4 to 5.86 mg/g/min with a change
n initial Cr(VI) concentration from 50 mg/L to 150 mg/L. The calcu-

Fig. 9. Adsorption–desorption cycles.
composite. (b) Pseudo-second-order kinetic model for adsorption of Cr(VI) by the

lated values of qe from the pseudo-second-order model are nearly
equal to the experimentally obtained values further suggesting that
Cr(VI) adsorption kinetics is described by the pseudo-second-order
mechanism.

3.7. Desorption

The regeneration ability of the spent adsorbent material is an
important factor to evaluate the cost effectiveness of a media.
Desorption of Cr(VI) from the media was performed at different
concentrations (0.1–1.0 M) of NaOH solution. In the first cycle only
14% of the adsorbed Cr(VI) could be extracted using 0.5 M NaOH
while upon treatment with 2 M HCl, the remaining amount of
Cr(VI) which were reduced to Cr(III) (as evident from the total Cr
concentration measurement by ICP-OES and XPS analysis) by the
electron rich polypyrrole moieties were released and simultane-
ously the sorption sites were regenerated by the doping Cl− ions.
As shown in the first two cycles in Fig. 9, the adsorption capacity of
Fig. 10. XPS spectra of the PPy/Fe3O4 nanocomposite after Cr(VI) adsorption.
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Table 3
Kinetic parameters for Cr(VI) adsorption onto PPy/Fe3O4 nanocomposite.

C0 (mg/L) Pseudo-first-order model Pseudo-second-order model

K1 (1/min) qe (mg/g) R2 K2 (g/mg/min) qe (mg/g) R2

0.987
0.935
0.950
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50 0.188 4.15
100 0.028 4.39
150 0.019 6.03

.8. Adsorption mechanism

To investigate the mechanism of adsorption, Cr(VI) loaded
Py/Fe3O4 nanocomposite was subjected to X-ray photoelectron
pectroscopy (XPS). Fig. 10 shows the XPS spectra of the nanocom-
osite after Cr(VI) adsorption at pH 2.0. Two energy bands at about
77.5 eV and 587.2 eV corresponding to the binding energies of Cr
2p3/2) and Cr (2p1/2) orbital’s, respectively, are observed [7,43].
his observation suggests the existence of both Cr(III) and Cr(VI) on
he adsorbent surface. The existence of Cr(VI) species on the surface
f the adsorbent is consistent with the sorption of Cr(VI) ions due
o the anion exchange property of PPy by replacing the doped Cl−

ons as shown in Scheme 2. The presence of Cr(III) on the nanocom-
osite surface suggests that some fraction of adsorbed Cr(VI) was
educed to Cr(III) by a reduction process. The reduction process may
e due to the presence of electron rich polypyrrole moieties in the
anocomposite [36,37].

. Conclusions

Magnetic nanocomposites are emerging materials for the
emoval of contaminants from water. In the present work,
Py/Fe3O4 nanocomposite was synthesized, characterized and
sed as an effective sorbent for the removal of Cr(VI) form aque-
us solution. The results indicated that removal efficiency is highly
H dependent and 100% removal was obtained at pH 2.0 when
he initial Cr(VI) concentration was 200 mg/L. Chromium adsorp-
ion was rapid and it required 30–180 min for equilibrium to be
eached. Langmuir isotherm model was found to describe the
quilibrium isotherm data. The kinetic data fitted to the pseudo-
econd order model. Thermodynamic parameters confirmed the
pontaneous and endothermic nature of the adsorption process.
esorption studies revealed that only 14% of the sorbed Cr(VI)
ould be desorbed with 0.5 M NaOH. Upon using 2 M HCl, the
Py/Fe3O4 nanocomposite could be reused for two consecutive
dsorption–desorption cycles without appreciable loss of its orig-
nal capacity. From XPS analysis, ion exchange and reduction has
een detected as the leading mechanism of Cr(VI) adsorption. This
ork involved the use of single-ion solution. Real wastewater con-

ains a number of contaminants that may affect the performance
f the material. Thus, further studies are required to asses the
otential of the media in the removal of Cr(VI) from industrial
astewater.
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