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In this study, a simple approach was described for the fabrication of composite nanoﬁbers (CNFs) of polyaniline/Fe0 (PANI/Fe0) using a template-free method for the reductive degradation and removal of Congo
red (CR) from aqueous solutions. The PANI/Fe0 CNFs were prepared via rapid mixing polymerization of
aniline monomers with Fe(III) chloride as an oxidant, followed by reduction of polymerization by products (Fe(II)/Fe(III)) as the Fe precursor. The PANI/Fe0 CNFs were characterized by Field Emission-Scanning
Electron Microscopy (FE-SEM), High Resolution-Transmission Electron Microscopy (HR-TEM), Brunauer–
Emmett–Teller (BET) method, X-ray Diffraction (XRD), Attenuated Total Reﬂectance-Fourier Transform
Infrared Spectroscopy (ATR-FTIR), X-ray Photoelectron Spectroscopy (XPS) and Vibrating Sample
Magnetometry (VSM). These CNFs exhibited enhanced performance relevant to the adsorptive degradation/decolourization of CR, compared to PANI NFs and Fe0 nanoparticle counterparts. Batch experiments
with a minimum dosage (1 g/L) of PANI/Fe0 CNFs showed complete degradation of 50 mg/L CR after 5 min
of reaction. The CR degradation efﬁciency increased with decrease in initial concentration and solution
pH, whereas it decreased with decrease in dosage of the CNFs. The CR degradation rate followed a
pseudo-ﬁrst-order kinetic model. Identiﬁcation of the CR degradation products using liquid chromatography–mass spectrometry (LC–MS) revealed that the degradation mechanism proceeds through
reductive cleavage of the azo linkage, resulting in the formation of 4-aminonaphthalenesulfonate ions
and surface-adsorbed aromatic species, all being adsorbed on the CNFs surface at higher dosage. Six
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consecutive CR removal experiments using the same CNFs demonstrated that the CNFs retained the original CR removal efﬁciency up to 5th cycle, conﬁrming their high recycling ability. Finally, the CNFs could
be separated from the degradation ﬂuid by exploiting external magnetic ﬁeld.
Ó 2014 Elsevier B.V. All rights reserved.

1. Introduction
In recent years, extensive efforts have been devoted to develop
and synthesize nanomaterials with unique reactivity and functionality for environmental clean-up [1–5]. For example, the use of
zero-valent iron nanoparticles (Fe0) represents a promising
approach to the remediation of groundwater and surface water
contaminated with chlorinated organics, heavy metals, nitro-aromatic compounds, nitrates and dyes [6–11]. The advantages of
using Fe0 nanoparticles when compared to conventional micron
size granular iron powders include the potentially high reactivity
as a consequence of high surface areas, higher colloidal stability,
possible suspension as a slurry, and better injectibility into the
subsurface [12–14]. However, van der Wall forces and intrinsic ferromagnetism of Fe0 nanoparticles lead to aggregation and thereby
reducing their mobility and chemical reactivity [15,16]. Generally,
enhanced mobility of Fe0 nanoparticles can be achieved by the
adsorption of hydrophilic or amphiphilic organic species including
surfactants [17], starch [18], or polyelectrolytes such as carboxymethyl cellulose (CMC) [16] and triblock copolymers [19] on the
Fe0 nanoparticles surface. In addition, these adsorbed organics
restrain Fe0 nanoparticles aggregation and enhance solution stability through steric hindrance and/or electrostatic repulsion [20].
Alternatively, immobilization of Fe0 nanoparticles onto support
materials such as activated carbon granules [21], clays [22,23]
and carbon nanotubes [24] can effectively inhibit aggregation of
Fe0 nanoparticles.
Conducting polymers such as polyaniline (PANI) have also been
used as versatile matrices to embed or disperse metal nanoparticles for fabrication of composite nanomaterials possessing properties of the individual components with a synergistic effect [25].
Moreover, in comparison with conventional bulk and other morphologies of PANI, PANI nanoﬁbers (PANI NFs) as support matrices
for metal nanoparticles demonstrate good suspension ability, high
surface areas, and low-dimensional systems that provide improved
performances for several applications such as nanoelectrocatalysts
[26], chemical sensors [27] and biosensors [28]. Although, the utilization of PANI NFs as reactive supports for deposition of Fe0 nanoparticles using high temperature annealing, and the applications of
the resulting composites as nanoelectrocatalysts for electrochemical devices have been investigated [29,30], room temperature synthesis of Fe0 nanoparticles using PANI NFs as support matrix for the
applications of contaminant removal from water has not yet been
explored.
In the present work, a simple strategy for the fabrication of
typical Fe0 nanoparticles that deposited on the PANI NFs matrix
is introduced. The synthesized PANI/Fe0 composite nanoﬁbers
(PANI/Fe0 CNFs) are expected to exhibit enhanced physico-chemical properties obtained synergistically from both components of
the CNFs and could be used as a multifunctional material for
removal of pollutants from water. Consequently, contaminant
removal behaviour of the PANI/Fe0 CNFs is investigated considering Congo red (CR), a benzidine-based diazo dye, as a model
pollutant in the waste efﬂuents of textiles, paper, plastics, leather,
food and cosmetics industries. The release of CR containing wastewater from these industries can reduce light penetration, which
may affect photosynthetic processes of aquatic plants, reducing
oxygen levels in water and, in severe cases, resulting in the suffo-

cation of aquatic ﬂora and fauna [31]. Therefore, due to the ecotoxic hazards of CR, it must be removed from waste efﬂuents
before being discharged into the aquatic environment. Removal
of azo dyes using Fe0 nanoparticles indicated that the mechanisms
involve in the process include adsorption, reduction and catalysis
[11,32]. Furthermore, it is worth mentioning that due to the presence of large amounts of amine and imine functional groups, PANI
has been used as an adsorbent for the removal of toxic dye molecules from water [33,34]. Therefore, in this study the advantages
of incorporating PANI NFs as support matrix of Fe0 nanoparticles
include (i) immobilization of Fe0 onto PANI NFs that might inhibit
Fe0 aggregation, while maintaining reactivity and stability; and (ii)
PANI NFs to serve as a strong adsorbent for CR, increasing the local
concentrations at the Fe0 reaction sites thereby enhancing the
driving force of the reaction. The present work focuses on (i) the
synthesis and physico-chemical characterization of PANI/Fe0 CNFs;
(ii) comparison of CR removal/degradation behaviours of PANI NFs,
Fe0 and PANI/Fe0 CNFs; (iii) effects of various parameters on CR
removal/degradation kinetics; and (iv) kinetics and possible mechanistic pathway of CR removal using PANI/Fe0 CNFs.
2. Experimental
2.1. Chemicals
Aniline (ANI, 99%) monomer was purchased from Sigma–
Aldrich, 3050 Spruce Street, St. Louis, MO 63103, USA, and puriﬁed
by vacuum distillation prior to use. Anhydrous iron (III) chloride
(FeCl3), sodium borohydride (NaBH4), sodium carbonate (Na2CO3),
sodium nitrate (NaNO3), sodium sulfate (Na2SO4) and CR, sodium
salt of 3,30 -([1,10 -biphenyl]-4,40 -diyl)bis(4-aminonaphthalene-1sulfonic acid) (C32H22N6Na2O6S2; MW: 696.66 g/mol) were also
obtained from Sigma–Aldrich, USA. Ultrapure water, collected from
an EASYpureÒ II, UV-ultrapure water system (model D8611,
Thermo Fisher Scientiﬁc, USA), was used as the polymerization
medium and for the preparation of all experimental solutions. All
other chemicals used were of reagent grade.
2.2. Synthesis of PANI nanoﬁbers (PANI NFs)
PANI NFs were synthesized via rapid mixing chemical oxidative
polymerization at room temperature using FeCl3 as oxidant
[35,36]. In a typical polymerization method, 6 g of FeCl3 was dissolved in 80 mL of ultrapure water in a 250 mL conical ﬂask. A
known volume (0.8 mL) of ANI monomer was syringed at one go
to the oxidant solution with adequate magnetic stirring
(600 rpm) in order to evenly distribute the oxidant and monomer
molecules before polymerization, thereby preventing the secondary growth of PANI. Stirring was continued for 5 min. The reaction
mixture was then left without stirring for 2 days. The precipitated
polymer was obtained through vacuum ﬁltration, washed with
water and acetone, and ﬁnally dried at 60 °C.
2.3. Synthesis of PANI/Fe0 composite nanoﬁbers (PANI/Fe0 CNFs)
PANI/Fe0 CNFs were synthesized using as-prepared PANI NFs
(without separating them from the polymerization medium) as
support matrix for Fe0 nanoparticles and polymerization
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Scheme 1. Schematic representation for the preparation of PANI/Fe0 CNFs.

by-products iron(II) chloride (FeCl2) and/or any remaining FeCl3 as
the source of Fe0 nanoparticles (Scheme 1). To support the Fe0
nanoparticles on the PANI NFs matrix, the polymerization mixture
(PANI NFs and FeCl2/FeCl3) was stirred mechanically under nitrogen atmosphere. Thereafter, freshly prepared 0.5 M sodium borohydride (NaBH4) solution (100 mL), as reducing agent, was added
drop wise to the mixture containing PANI NFs, which led to the
formation of Fe0 nanoparticles on the PANI NFs surface. The
mixture was stirred for another 20 min. The product (PANI/Fe0)
was ﬁltered, washed with water and ethanol and dried at 60 °C.
For comparison, Fe0 nanoparticles were prepared in a similar
procedure without using PANI as support.
2.4. Characterization of nanoﬁbers
The investigations of the morphologies and sizes of the PANI
NFs and PANI/Fe0 CNFs were performed by an Auriga Field Emission Scanning Electron Microscope (FE-SEM; Carl Zeiss, Germany)
and a JEOL JEM-2100 High Resolution Transmission Electron
Microscope (HR-TEM; JEOL, Japan) ﬁtted with a LaB6 ﬁlament
and operated at 200 kV. The speciﬁc surface area of the PANI NFs,
Fe0, and PANI/Fe0 CNFs were determined by low temperature N2
adsorption–desorption technique using a Micromeritics ASAP
2020 gas adsorption apparatus (USA). Prior to analysis, the samples
were degased at 60 °C for 12 h. X-ray Diffraction (XRD) pattern of
the PANI/Fe0 CNFs was performed using an X-ray powder diffractometer with Cu anode (PANalytical Co. X’pert PRO, UK), running
at 40 kV and 30 mA, scanning from 10° to 80° with a scan speed
of 1°/min. An Attenuated Total Reﬂectance-Fourier Transform
Infrared (ATR-FTIR) Spectrometer (Perkin-Elmer Spectrum 100
spectrometer), with a germanium crystal was employed to record
the IR spectrum of the PANI/Fe0 CNFs. For the IR measurement,
the frequency range, resolution and number of scans were 600–
2000 cm1, 4 cm1 and 10, respectively. X-ray Photoelectron
Spectroscopy (XPS) analyses were carried out using a Kratos Axis
Ultra device, with an Al monochromatic X-ray source

Fig. 1. FE-SEM images of (a) PANI NFs (Magniﬁcation: 88.87K ) (b) PANI/Fe0 CNFs
(Magniﬁcation: 28.91K ).
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(1486.6 eV). XPS curve ﬁtting and background subtraction were
accomplished using XPS PEAK 41 software. The magnetic property
of the PANI/Fe0 CNFs was recorded using a Vibrating Sample Magnetometer (VSM, Lakeshore-7307, USA) with a maximum magnetic
ﬁeld of 400 kA/m in powder form at room temperature. Isoelectric
point (point of zero charge) of the PANI NFs and PANI/Fe0 CNFs
were measured using a Zeta-Sizer, Malvern Ltd., UK. The UV–vis
absorption spectra were recorded on a Lambda 35 (Perkin-Elmer,
Singapore) spectrometer.
2.5. Batch experiments of CR removal and analysis of degradation
products
A stock solution (1000 mg/L) of CR dye was prepared by dissolving 1000 mg CR in 1 L ultrapure water and batch experiments were
performed in an open batch system at room temperature (25 °C).
Experiments for comparison of CR removal efﬁciencies of different
materials were carried out by adding 0.5 g of PANI NFs, Fe0 or PANI/
Fe0 CNFs into 500 mL of 50 mg/L CR solution (prepared by adding
25 mL of 1000 mg/L CR solution to 475 mL ultra-pure water in a
500 mL volumetric ﬂask) at its original pH (6.90). The mixture
was agitated at a rate of 200 rpm with an overhead stirrer. At ﬁxed
time intervals, 5 mL samples were withdrawn from the reaction
vial and ﬁltered through 0.45 lm membrane ﬁlter. Residual CR
concentrations of the ﬁltered solutions were analysed using a
UV–vis spectrophotometer operated at a wavelength of 498 nm.
A blank run of 50 mg/L of CR solution in the absence of any
dsorbent was also performed for comparison. The CR removal efﬁ-

(a)

ciencies (% removal) of PANI NFs, Fe0 and PANI/Fe0 CNFs were
determined using the following equation:

% removal ¼

C0  Ct
 100
C0

ð1Þ

where C0 (mg/L) is the initial concentration of CR and Ct (mg/L) is
the CR concentration at time t (min). The effects of the various
experimental parameters including the dosage of PANI/Fe0 CNFs,
initial pH of CR solution, temperature of CR solution, initial CR concentrations and competing anions on CR removal efﬁciency of PANI/
Fe0 CNFs, were investigated in details. Evaluation of reusability or
recycling ability of the PANI/Fe0 CNFs was performed by placing
1 g/L PANI/Fe0 CNFs in contact with 500 mL of 100 mg/L CR (prepared by diluting the 1000 mg/L stock solution in 500 mL volumetric ﬂask with 50 mL of 1000 mg/L CR solution and 450 mL water)
solution at pH 7.0. After the ﬁrst degradation experiment the spent
PANI/Fe0 CNFs were separated from the reaction solution, washed
with ultrapure water and dried at room temperature. After drying,
the masses of spent PANI/Fe0 CNFs were determined and utilized
for ﬁve consecutive CR degradation cycles under similar experimental conditions. The ﬁnal and intermediate products of CR
degradation were determined by liquid chromatography–mass
spectrometry (LC–MS) using a 3200QTRAP LC/MS/MS system (AB
SCIEX 3200 QTRAP Mass spectrometer, Germany) equipped with
Turbo source and Electrospray ionization probe. The MS conditions
were as follows: capillary voltage was 4.5 kV (negative mode), sampling cone voltage 45 V, column temperature 25 °C, and desolvation
gas ﬂow 10 mL/min.

(b)

0

Fe

(c)

0.21 nm
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Fig. 2. HR-TEM images of (a), (b) and (c) PANI/Fe0 CNFs at three different magniﬁcations (10K , 200K  and 600K ).
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3. Results and discussion
3.1. Characterization of the PANI/Fe0 CNFs
Fig. 1 displays the SEM images of (a) PANI NFs, synthesized via
rapid mixing method, and (b) PANI/Fe0 CNFs. The SEM image
(Fig. 1a) indicates that the as-prepared PANI NFs with diameter
50–80 nm have a smooth surface and with a tendency to agglomerate into an interconnected nanoﬁber network. After the incorporation of Fe0 nanoparticles, the diameters of the PANI NFs increased
to 80–150 nm (Fig. 1b) and had a rougher surface than the pure
PANI form. Fig. 2a–c represent the typical TEM images of the prepared PANI/Fe0 CNFs at three different magniﬁcations (10K , 200K
 and 600K ). Closer observation (Fig. 2b) of PANI/Fe0 CNFs
reveals that Fe0 with various size distributions are facilely deposited on PANI NFs matrix. Fig. 2c shows the high-resolution TEM
image of PANI/Fe0 CNFs, where the clear lattice fringes with inter
planer d-spacing of 0.21 nm, correspond to body centred cubic Fe
(1 1 0) planes, suggesting crystalline structure of the deposited
Fe0 nanoparticles. Nitrogen (at 197 °C) adsorption and desorption
isotherms of PANI NFs and PANI/Fe0 CNFs are presented in Supporting Fig. S1. Speciﬁc surface areas of the PANI NFs, Fe0 nanoparticles and PANI/Fe0 CNFs, as determined by Brunauer–Emmett–
Teller (BET) method using N2 adsorption–desorption curves were
found to be 38.99 m2/g, 7.22 m2/g, and 42.58 m2/g, respectively.
The increased surface area of the PANI/Fe0 CNFs, when compared
to pure PANI NFs and Fe0 nanoparticles, indicates improved
performance in removing contaminants from water.
Fig. 3a depicts the XRD pattern of PANI/Fe0 CNFs. The strong
sharp diffraction peak at 2h, of 44.79° and a small peak at 65.15,
are in good agreement with the (1 1 0) and (2 0 0) planes of Fe0
nanoparticles [37]. This implies that Fe0 nanoparticles are successfully embedded/deposited on the PANI NFs matrix. The average
grain size of the supported Fe0 particles was calculated from the
broadening of the (1 1 0) diffraction peak using the Scherrer’s equation as follows:

D¼

jk
b cos h

associated with Fe 2p1/2 binding energies [12]. The observed Fe
2p peaks are in conformity with FeO, FeOOH and Fe3O4, which suggests that Fe0 nanoparticles deposited onto the PANI matrix were
enclosed by a thin layer of iron oxides [42]. In addition, a very weak
satellite peak at 706.36 eV, corresponding to Fe0 2p3/2, was barely
detectable due to the high surface sensitivity (less than 10 nm in
depth) of XPS.
The magnetic property of the PANI/Fe0 CNFs was investigated in
order to test the possibility of magnetic separation and regeneration of the material after removal of contaminants. Fig. 4c
represents the room temperature magnetic hysteresis loop of the
PANI/Fe0 CNFs. The nonlinear hysteresis loops with saturation
magnetization (Ms) of 22.6 emu/g and nonzero remnant
magnetization (Mr) demonstrate well pronounced ferromagnetic
property of the PANI/Fe0 CNFs, which is favourable for their easy
separation after contaminant removal from water by the
application of a simple magnetic ﬁeld.
3.2. Comparison of CR removal efﬁciencies of PANI NFs, Fe0and PANI/
Fe0 CNFs
The CR removal efﬁciencies of PANI NFs, Fe0 nanoparticles, and
PANI/Fe0 CNFs from aqueous solution of 50 mg/L CR at its original

350

(a)

300

(110)
250

Intensity (cps)

720

200

150

ð2Þ

100

where D is the crystallite size (nm), K is a dimensionless shape factor with value near unity, k is the Cu Ka wavelength (0.154056 nm),
b is half-width at half of the peak in radians and h is the corresponding diffraction angle [38]. The average grain size of the deposited
Fe0 nanoparticles was found to be 14.27 nm. The broad band centred at 2h = 20.34° conﬁrms the amorphous feature of PANI NFs.
Fig. 3b shows the ATR-FTIR spectrum of the PANI/Fe0 CNFs. The
bands at 1575 cm1 and 1491 cm1, are assigned to the stretching
vibrations of quinonoid (Q) and benzenoid (B) rings of PANI NFs
[39]. The stretching bands at 1287 cm1 and 1219 cm1 correspond
to C–N vibrational frequencies in Q–B–Q and B unites and those at
1170 cm1 and 811 cm1 are associated with B–NH+@Q stretching
and aromatic C–H deformation vibrations of linear PANI backbone,
respectively [40].
XPS analysis was performed in order to analyze the content and
chemical state of the N and Fe in the PANI/Fe0 CNFs. The quantitative results from XPS analysis revealed that the atomic percentages
of N and Fe on the CNFs were 4.75 and 26.89, respectively. The N 1s
(Fig. 4a) core spectrum of the PANI/Fe0 CNFs could be ﬁtted into
three peaks with binding energies centred at 398.2 eV, 399.1 eV
and 400.1 eV corresponding to quinonoid imine (@N–) N, benzenoid amine (–NH–) N and the doped imine (–NH+–) N, respectively
[41]. The core level spectrum of Fe 2p is presented in Fig. 4b. The Fe
2p spectrum could also be deconvoluted into peaks centred at
710.45 eV and 712.62 eV, corresponding to the binding energies
of Fe 2p3/2, while peaks centred at 722.08 eV, 724.28 eV are
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Fig. 3. (a) XRD pattern of the PANI/Fe0 CNFs and (b) ATR-FTIR spectrum of the PANI/
Fe0 CNFs.
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pH (6.90) were investigated and the results are presented in Fig. 5a.
A blank experiment in the absence of PANI NFs, Fe0 nanoparticles
or PANI/Fe0 CNFs reveals (Supporting Fig. S2) that almost no colour
removal of 50 mg/L CR solution was achieved within 60 min. Moreover, from Fig. 5a it can be noted that within 5 min of the reaction
time almost 99.99% of CR was removed by PANI/Fe0, whereas about
65.35% and 52.10% of CR was removed using Fe0 and PANI NFs,
respectively. The recorded UV–vis spectra (Fig. 5b) of CR at
different time intervals of treatments with PANI/Fe0 also shows
the disappearance of sharp peaks at kmax (498 nm) demonstrating
that the main chromophore groups in the dye molecule were
degraded by PANI/Fe0 CNFs after 5 min of reaction time. It is noteworthy that almost immediately (within 1 min) there was a sharp
increase in CR removal efﬁciency (81.59%) of PANI/Fe0 CNFs. This is
due to the binding of CR from solution to the PANI through strong
adsorption. This is the most important aspect of supporting Fe0 on
PANI NFs matrix as the phenomenon leads to enhanced reactant
concentrations in the vicinity of the reactive Fe0 sites [20].
Moreover, when the PANI nanoﬁbers with large surface area were
introduced into the Fe0 nanoparticle system they serve as a good
support matrix by preventing the agglomeration of Fe0
nanoparticles and thereby retaining their high reactivity. Therefore, it can be concluded that PANI NFs in PANI/Fe0 CNFs system
act as adsorbent of CR as well as dispersant of Fe0 nanoparticles,
implying that the removal of CR using PANI/Fe0 CNFs is based on
the simultaneous or consecutive adsorption and its subsequent
reductive degradation.

can be seen from Fig. 6a that at the same reaction time, higher
removal efﬁciencies were obtained with higher PANI/Fe0 CNFs dosage. For instance, within 60 min reaction, the CR removal efﬁciencies are found to be 63.24%, 89.79%, 99.36% and 99.51%, for the
PANI/Fe0 dosages of 0.5, 0.75, 1.0, and 1.5 g/L, respectively. This
feature can be explained by the fact that the increased dosage of
PANI/Fe0 provides an increase in the adsorptive surface area and
the number of active sites since the degradation process took place
at the Fe0–H2O interface [43]. Furthermore, the equilibrium decolorization time of PANI/Fe0 CNFs in removing CR was extended
when the dosage of PANI/Fe0 CNFs decreased for a particular initial
concentration. This may be attributed to the decrease in the total
reactive surface area and active sites available to the CR molecules
resulting from intermolecular competition and formation of iron
oxide on the surface of Fe0 nanoparticles of the composite [23].
Therefore, considering the cost and efﬁciency of CR removal, an
optimum dose of 1.0 g/L PANI/Fe0 CNFs was selected for the
successive CR removal experiments.
3.4. Effect of initial pH of CR solution
The initial pH value of the CR solution is one of the most important parameters of decolorization process since it controls the
chemistry of both the dye molecule and PANI/Fe0 CNFs. Initially,
the effect of pH was studied with no PANI/Fe0 CNFs added to a
100 mg/L CR solution to determine if the change in acidity
degrades CR separately to the added solid. The results are presented in the Supporting Fig. S3. It can be observed that the CR concentration was slightly decreased with decrease in pH to 6.0 and
4.0, whereas above pH 7.0, the CR concentration remained almost
constant. Fig. 6b illustrates the effects of the initial solution pH on
the removal of 100 mg/L of CR by 1 g/L PANI/Fe0 CNFs. It can be
seen that the CR removal efﬁciency was slightly decreased (from

3.3. Effect of PANI/Fe0 CNFs dosage
Evaluation of the effect of PANI/Fe0 CNFs dosage on the CR
removal efﬁciency was carried out with 100 mg/L CR solution at
four different dosages and the results are presented in Fig. 6(a). It

2600

(a)

14000

N1s

(b)

Fe2p

12000

Intensity (cps)

Intensity (cps)

2400
2200
2000

10000
8000
6000

1800

706.36

4000

1600
394

396

398

400

402

735

404

Binding energy (eV)

730

725

720

715

710

705

700

Binding energy (eV)

30

(c)
Magnetization (emu/g)

20

10

0

-10

-20

-30
-400

-200

0

200

400

Magnetic field (kA/m)
Fig. 4. (a) N 1s XPS spectrum of the PANI/Fe0 CNFs, (b) Fe 2p XPS spectrum of the PANI/Fe0 CNFs and (c) room temperature hysteresis loop of the PANI/Fe0 CNFs.

722

M. Bhaumik et al. / Chemical Engineering Journal 260 (2015) 716–729

(a)

100

80

80

CR removal efficiency (%)

CR removal efficiency (%)

(a)

100

60

40

0

PANI/Fe CNFs

20

60

40

1.5 g/L
1.0 g/L
0.75 g/L
0.5 g/L

20

0

Fe
PANI NFs
0

0

5

10

15

20

25

30

0

35

0

10

20

Time (min)

30

40

50

60

70

Time (min)

(b)

(b)
100

Absorbance (a.u)

CR removal efficiency (%)

0 min

2

1.5

1

1 min

90

80

pH - 4
pH - 6
pH - 7
pH - 8
pH - 9
pH - 10

70

60

0.5

2 min

50

3 min
5 min
0
200

40
300

400

500

600

700

Wavelength (nm)

0

10

20

30

40

50

60

Time (min)

Fig. 5. (a) Comparison of CR removal efﬁciencies using (i) PANI NFs, (ii) Fe0
particles, and (iii) PANI/Fe0 CNFs, at a dose-1 g/L of each and (b) UV–vis spectra of
CR at different treatment time using PANI/Fe0 CNFs.

Fig. 6. (a) Effect of PANI/Fe0 CNFs dosage on the removal of CR at initial pH 7 and (b)
effect of initial solution pH on the removal of CR using PANI/Fe0 CNFs.

99.98% to 92.03%) with increase in pH from 4.0 to 10.0 after 60 min
of reaction time. This observation is attributed to the fact that
when the pH of the CR solution is below the isoelectric point (measured isoelectric points of PANI NFs and PANI/Fe0 CNFs were at pH
7.4 and 8.5 as represented in the Supporting Fig. S4), PANI/Fe0 CNFs
will have a positive surface charge density and would be expected
to experience a considerable electrostatic attraction to the anionic
CR molecules with negative surface charge density. When the pH
of the CR solution is higher than 8.5 (above the isoelectric point
of PANI/Fe0 CNFs), PANI/Fe0 CNFs will have a negative surface
charge density. Therefore, at higher pH values, CR removal
efﬁciency decreases on the surface of PANI/Fe0 CNFs due to the
repulsive interaction between CR and PANI/Fe0 CNFs. Moreover,
in the early stage of reaction the CR removal rate was very fast
and removal efﬁciency increased with decrease in initial pH value.
In particular, within the ﬁrst 15 min of reaction time removal
efﬁciency increased from 82.50% to 97.63% with decrease in pH
from 10.0 to 4.0. This may be due to the enhanced adsorption
accompanied by reductive degradation of CR at lower pH values.
At lower pH values, adequacy of H+ ions enhances the corrosion
of Fe0 nanoparticles and facilitates the generation of atomic H,
which induces the cleavage of the azo bond (–N@N–), thus
destroying the chromophore groups and conjugated system of

the CR molecule [11]. On the contrary, at the alkaline pH range
in the presence of OH ions iron hydroxide is formed which covers
the reactive sites of the PANI/Fe0 CNFs results in reduced degradation of CR [44]. In addition, during the CR removal reaction, in the
acidic pH range (pH-4), Fe corrosion and H+ consumption lead to an
increase of solution pH (ﬁnal pH is 4.65) as shown in the Supporting Table S1. However, in the initial pH range of 6–10 the observed
decrease in ﬁnal pH values (Table S1) may be due to the presence
of Cl doped PANI support matrix which adsorbed adequate OH
ions in the higher pH range and consequently reduced the ﬁnal
pH value of the solution.
3.5. Effect of temperature on removal of CR
The effect of CR solution temperature on colour removal efﬁciency of the PANI/Fe0 CNFs was evaluated at 25, 35 and 45 °C
and the results are presented in Fig. 7a. It can be seen that as the
temperature increased, the dye removal efﬁciency increased,
which is attributed to increased corrosion rates and collisions
between the dye and the PANI/Fe0 CNFs surface. Generally, the
temperature of spent reactive dye baths is 60 °C or greater.
Therefore, the decolorization of CR at relatively high temperatures
in spent dye baths using PANI/Fe0 CNFs not only increases the
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Fig. 7. (a) Effect of temperature on the removal efﬁciency of PANI/Fe and (b)
Arrhenius plot of ln r versus 1/RT for the removal of CR using PANI/Fe0 CNFs (initial
conc-100 mg/L, dosage-1 g/L, pH-7.0)

colour removal efﬁciency without signiﬁcant additional energy
input (cost), but also preserve energy if the renovated dye bath is
reused in the dyeing process. Moreover, the observed CR removal
rate data can be plotted according to the linearized Arrhenius
equation as follows:



1
RT

20
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Time (min)

1/RT (mol/KJ)

ln r ¼ ln A  Ea

10


ð3Þ

where r is the initial CR removal rate (mg/L/min), A is a frequency
factor (mg/L/min), Ea is the activation energy (kJ/mol), R is the gas
constant (0.008314 kJ/mol/K) and T is the absolute temperature
(K). The initial CR removal rates were calculated using data during
the ﬁrst 30 min of CR removal experiments at three different (25,
35 and 45 °C) temperatures. The plot of ln r versus 1/RT is shown
in Fig. 7b and the calculated activation energy was13.18 kJ/mol
for the CR removal process by PANI/Fe0 CNFs over the temperature
range of 25–45 °C. The activation energy value is indicative of
whether the Fe0-mediated process is reaction or mass transfer controlled. It has already been reported that activation energy value of
25 kJ/mol represents a transition between reaction and mass transfer control whereas a value of 15 kJ/mol and lower corresponds to a
process which is completely mass transfer controlled [45]. Considering the above, it implies that the reductive colour removal of CR

Fig. 8. (a) Effect of initial concentrations of CR on the removal of CR using PANI/Fe0
CNFs and (b) pseudo-ﬁrst-order kinetic model for removal of CR onto PANI/Fe0
CNFs.

using PANI/Fe0 CNFs is entirely mass transfer controlled as the
calculated activation energy (13.18 kJ/mol) was less than 15 kJ/mol.

3.6. Effect of initial concentration of CR
The effect of the initial CR concentrations on the colour removal
efﬁciency of the PANI/Fe0 CNFs is presented in Fig. 8a. It can be
observed that CR removal efﬁciency decreased with increase in initial concentrations. Speciﬁcally, the CR removal efﬁciency was
99.30% at an initial CR concentration of 100 mg/L, whereas the
removal efﬁciency decreased to 65.79% at an initial concentration
of 200 mg/L after 60 min of reaction time. The CR removal by
PANI/Fe0 CNFs can be described as a heterogeneous reaction
involving adsorption of CR and its subsequent surface reaction as
explained in the above Section 3.4. of which adsorption would be
an important step affecting the removal of CR [20]. In addition,
since at a ﬁxed dose of PANI/Fe0 CNFs, the adsorption capacity of
PANI NFs is ﬁnite, increasing the bulk CR concentration would lead
to competitive adsorption between the CR molecules. Consequently, this would decrease the number of CR molecules adsorbed
and reduced on the PANI/Fe0 surface, leading to a decrease in the
removal efﬁciency. The CR removal capacity of PANI/Fe0 CNFs were
found to be 99.36, 122.27 and 142.69 mg/g after 60 min of reaction
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3.7. Kinetics of removal of CR
In order to describe the kinetic mechanism for the dye removal,
the commonly employed pseudo-ﬁrst-order kinetic model was
used and it is expressed by the following equation:

Ct
¼ expðk1 tÞ
C0

ð4Þ

where k1 (1/min) is the pseudo-ﬁrst-order reaction rate constant.
Fig. 8b shows the nonlinear pseudo-ﬁrst-order-kinetic model ﬁtting
of the experimental kinetic data at three initial concentrations. The
values of the correlation coefﬁcient (R2) obtained from the non-linear regression of the kinetic data were: 0.999, 0.992 and 0.997 for
200 mg/L, 150 mg/L and 100 mg/L, respectively, of the initial CR
solution concentrations. The values of R2 indicate that the kinetics
of CR removal using PANI/Fe0 CNFs followed a pseudo-ﬁrst-order
kinetic model. Pseudo-ﬁrst-order-kinetic mechanism involved in
CR-PANI/Fe0 CNFs system is in good agreement with the already
reported kinetic mechanism for azo dye removal using unsupported
or supported Fe0 nanoparticles [11]. In addition, the calculated values of k1 were 0.118/min for 200 mg/L, 0.126/min for 150 mg/L and
0.136/min for 100 mg/L, which implies a decrease in the degradation rate constant with increase in initial CR concentration. These
results further suggest that the reductive degradation of CR is a surface mediated reaction and the rate of reaction is not only associated with the initial concentration of CR but also with the
reactive surface sites of the PANI/Fe0 CNFs [46].
3.8. Effects of competitive anions removal of CR
The dyeing industry wastewater contains several inorganic
2
2
anions including NO
3 , SO4 and CO3 as the salts of these anions
are commonly used as promoter and buffering agents in the process. Therefore, the effect of various competitive anions on colour
removal of CR was studied and the results are depicted in Fig. 9a.
From the ﬁgure it can be noted that NO
3 ions had no effect on
CR removal efﬁciency, SO2
had only a slight impact on the
4
decolorization and CO2
3 ions adversely affected the colour removal
efﬁciency of PANI/Fe0 CNFs. Speciﬁcally, in the presence of NO
3
ions about 99.34% of CR removal was achieved within 60 min
whereas, 96.92% and 60.08% of CR was removed after 60 min when
2
0.01 M of SO2
4 and CO3 ions, respectively, were introduced. The
possible explanation for the observed reduction in CR removal efﬁciency of PANI/Fe0 CNFs in the presence of SO2
4 is due to the competition between SO2
4 and negatively charged CR for reactive sites
on the PANI/Fe0 CNFs surface. Furthermore, signiﬁcant reduction of
CR removal efﬁciency in the presence of CO2
resulted from the
3
passivation of the PANI/Fe0 CNFs surface by forming complexes
or precipitate coatings such as siderite (FeCO3) and Fe-carbonate
hydroxides (Fe(OH)CO3) [47].
3.9. CR removal efﬁciency of the recycled PANI/Fe0 CNFs
The reusability/recycling efﬁciency of the spent catalytic material is an important factor to evaluate the cost effectiveness of a
media. The exact life time of the PANI/Fe0 CNFs without sacriﬁcing
its CR removal efﬁciency was performed using 100 mg/L CR solution at pH 7.0. After the ﬁrst removal cycle, PANI/Fe0 CNFs were
separated from the treated CR solution. The PANI/Fe0 CNFs were
washed thoroughly with ultrapure water, dried and used for the
removal of a freshly prepared 100 mg/L CR solution. The CR
removal efﬁciency of the PANI/Fe0 CNFs undergoing six cycles is
illustrated in Fig. 9b. It is observed that the CR removal efﬁciency

by PANI/Fe0 CNFs remained almost constant (99.998%) for the ﬁve
cycles, and on the sixth cycle it decreased by 8.57%, which suggests
that the PANI/Fe0 CNFs possesses a signiﬁcantly long lifetime without sacriﬁcing its CR removal efﬁciency. The reduction of CR
removal efﬁciency in the sixth cycle can be explained by the presence of hydroxyl ions and dissolve oxygen, which can attack metallic iron to form iron hydroxide or oxide on the surface [48]. The
iron hydroxides are easily leached out from the PANI/Fe0 CNFs surface, and expose inner layers of iron for further attack, resulting in
the reduction of iron content in the PANI/Fe0 CNFs as observed
from the reduction of the total mass (Supporting Table S2) of the
used PANI/Fe0 CNFs after each removal cycle and thereby decreasing the CR removal efﬁciency. Furthermore, reduction of CR
removal efﬁciency in the 6th cycle might be associated with the
destruction of nanoﬁbers-like structure (Supporting Fig. S5) of
the composite which leads to decrease in surface area of the CNFs
and thereby reducing the CR removal efﬁciency in the 6th cycle.
3.10. LC–MS analysis of the CR reductive degradation products
To explore the possible pathways of CR removal by PANI/Fe0
CNFs, a detailed characterization of the intermediates and ﬁnal
stable products produced during degradation was carried out using
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Fig. 9. (a) Effect of various anions on the removal of CR using PANI/Fe0 CNFs (initial
CR concentration-100 mg/L, concentrations of anions 0.01 mmol, pH-7.0, dosage1 g/L), (b) CR degradation efﬁciency of the recycled PANI/Fe0 CNFs.
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Fig. 10. LC–MS spectra of CR solution (A) before degradation, (B) after 30 min degradation(dose 1 g/L), (C) after 60 min degradation(dose 1 g/L), (D) after 24 h degradation at
higher dose (2 g/L), and (E) acetonitrile extract solution from PANI/Fe0 CNFs surface.

LC–MS analysis of the treated CR dye solution and products
adsorbed on the PANI/Fe0 surface. Fig. 10 displays the major species detected by the LC–MS from the CR solution (100 mg/L) before
and after treatment with PANI-Fe0 CNFs (1 g/L) at different time
intervals and at different doses (1 g/L and 2 g/L). The CR decomposition species at different m/z ratios in the ion trap and atmospheric pressure chemical ionization source of the LC–MS are
presented in Fig. 10(A). Scheme 2 shows the chemical structure
of major decomposition species of CR before treatment with
PANI/Fe0 CNFs. The spectrum of CR after treatment with PANI/Fe0
CNFs (Fig. 10B) for 30 min is almost identical with the CR spectrum
before treatment (Fig. 10A) except with the appearance of a new
peak at 311.5 m/z and an increase in the intensity of the peak at
221.9 (222) m/z. The appearance of the new peak can be
explained by the degradation of CR using PANI/Fe0 CNFs, which
changes the decomposition of CR. Although certiﬁed references
are not available for the CR degradation products found in the
spectra, the species at m/z ratios of 311 and 221.9, are possible degradation products of CR by PANI/Fe0 CNFs CNFs. This is in agreement with the results reported by Erdemoglu et al and Liu et al
[49,50]. Increasing the time of degradation from 30 min to

60 min (Fig. 10C) resulted in complete degradation of CR leaving
behind only 4-amino-1-napthalenesulfonate ions (m/z-221.9) as
the stable end product.
Increasing the dose of PANI/Fe0 CNFs from 1 g/L to 2 g/L with a
degradation period of 60 min led to complete removal/adsorption
of the degradation end product 4-amino-1-napthalenesulfonate
ions (m/z-221.9) by the PANI/Fe0 CNFs, as evident from
Fig. 10D. Therefore, for CR removal, PANI/Fe0 CNFs act as a catalyst for reductive degradation as well as adsorbent of degradation
end product. Finally, to identify whether there are any
degradation intermediate products adsorbed on the PANI/Fe0
CNFs surface, the PANI/Fe0 CNFs, after treatment with CR solution
for 60 min, were separated magnetically from the solution and
dried. From the dried PANI/Fe0 CNFs surface adsorbed metabolites
were extracted by acetonitrile solvent. The fragmentation products detected in the extract solution are shown in Fig. 10E and
summarized in Scheme 3 along with their structures. These
results suggest that the degradation of CR by the PANI/Fe0 CNFs
may occur by (i) the cleavage of azo linkage (–N@N–), and (ii)
cleavage of various C–C and C–N bonds of the chromophore
groups.
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Fig. 10 (continued)

4. Conclusions
Polyaniline/Fe0 composite nanoﬁbers were prepared by the
effective supporting of Fe0 nanoparticles onto the PANI nanoﬁbers matrix at room temperature and could be efﬁciently
applied for removal/degradation of CR in aqueous solutions.
Rapid and enhanced removal/degradation of CR was observed
by PANI/Fe0 CNFs compared to their constituents. This was
due to the presence of PANI NFs with high surface area that
could strongly adsorb CR and increased CR concentrations in
the vicinity of the catalytic Fe0 sites. The PANI/Fe0 dosage, initial
dye concentration and the solution pH, had profound inﬂuences
on the removal and degradation of CR. The CR dye could be

more efﬁciently removed in acidic than alkaline solutions. The
degradation kinetics of CR using PANI/Fe0 ﬁtted well to the
pseudo-ﬁrst-order kinetic model. Co-existing CO2
ions signiﬁ3
cantly affected the CR removal efﬁciency of PANI/Fe0 CNFs.
LC–MS analysis of CR degradation products suggested the reductive cleavage of the azo bond to produce 4-amino-1-napthalenesulfonate ions (m/z-221.9) and other aromatic species with all
being adsorbed on the PANI/Fe0 surface at higher dosages. Furthermore, the recycling experiments conﬁrmed considerably
long life time (up to ﬁfth cycle) of the PANI/Fe0 with sustained
reactivity, making them potential candidates for CR removal
from industrial wastewater. After degradation of the dye,
PANI/Fe0 composite NFs could be separated from the catalytic
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673 g/mol (b)

651 g/mol (c)
H

441 g/mol (d)

H2

416 g/mol (e)
325 g/mol (f)
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Scheme 2. Plausible chemical structure of major decomposition species of CR before treatment with PANI/Fe0 CNFs.

reactor by applying an external magnetic ﬁeld. With this simple
pathway, it could be possible to prepare a variety of composite
NFs comprising of conducting polymers and metal nanoparticles
for different type of applications including remediation of
pollutants.
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