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ABSTRACT
This study was focused on the photocatalytic activity of polyaniline (Pani)/iron doped titanium
dioxide (Fe–TiO2) composites for the degradation of methylene blue as a model dye. TiO2 nano-
particles were doped with iron ions (Fe) using the wet impregnation method and the doped
nanoparticles were further combined with Pani via an in situ polymerization method. For compari-
son purposes, Pani composites were also synthesized in the presence undoped TiO2. The photoca-
talyst and the composites were characterized by standard analytical techniques such as FTIR, XRD,
SEM, EDX and UV–Vis spectroscopies. Fe–TiO2 and its composites exhibited enhanced photocata-
lytic activity under ultraviolet light irradiation. Improved photocatalytic activity of Fe–TiO2 was
attributed to the dopant Fe ions hindering the recombination of the photoinduced charge carriers.
Pani/Fe–TiO2 composite with 30wt.% of TiO2 nanoparticles achieved 28% dye removal and the
discoloration rate of methylene blue for the sample was 0.0025min�1. FTIR, XRD, SEM, EDX and
UV–Vis spectroscopies supported the idea that Fe ions integrated into TiO2 crystal structure and
Pani composites were successfully synthesized in the presence of the photocatalyst nanoparticles.
The novelty of this study was to investigate the photocatalytic activity of Pani composites,
containing iron doped TiO2 and to compare their results with that of Pani/TiO2.
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1. Introduction

Organic dyes are utilized in a broad range of industrial
applications like textiles, pharmaceuticals, food products and
cosmetics. The production of these industrial applications
consumes a substantial amount of high quality water and
discharges considerable amounts of highly colored waste-
water, which means that organic dyes are frequently found
in industrial wastewater.[1] Organic dyes are viewed as dan-
gerous to the environment and the living beings in light of
the fact that they can inhibit sunlight penetration into the
water stream, reducing the photosynthetic reactions, and
certain types of organic dyes are very poisonous and even
cancer-causing.[2] Besides, they give color to wastewater,
resulting to esthetic issues.[1] Hence, it is significant to
remove organic dyes from the effluents to ease the water
problems faced by the environment and the human beings.
In the recent years, the efficient removal or degradation of
organic dyes from the wastewater has gained great atten-
tion.[2] The most common techniques used to remove
organic dyes from wastewater are adsorption, sedimentation,
filtration, coagulation, electrocoagulation, which are among
nondestructive techniques, and biodegradation, advanced
oxidation processes (AOP), which are known as destructive
techniques. In majority of the studies based on nondestruc-
tive techniques, organic dyes have been removed from the

wastewater using different kinds of adsorbents. The adsorb-
ents such as clay, activated carbon and zeolite are very
effective in most cases with all types of organic dyes.
However, the adsorbents result new secondary waste follow-
ing the dye removal and this new waste needs to removed
and regenerated using expensive processes.[1] In addition, low
adsorption capacity and selectivity of the current adsorbents
restrict the adsorption technique.[2] On the other hand, the
dye removal takes place through living organisms in biodeg-
radation technique. Although this technique seems to be
effective and successful to remove organic dyes from large
volumes of highly colored wastewater at a low cost, it cannot
be used to treat most textile effluents because of the toxicity
of the most important dyes to the living organisms utilized in
the treatment processes.[1] Also, it is very sensitive to numer-
ous environmental factors such as pH and temperature.[3] For
these situations, it is necessary to progress more effective
treatment techniqeus for the removal of organic dyes. Among
the possible techniques, advanced oxidation processes based
on chemical or catalytic photooxidation have gained a grow-
ing interest. In these processes, very reactive and oxidizing
free radicals are generated from the oxygen and the water pre-
sent in the reaction medium. These radicals are capable of
degrading organic dye molecules completely. Fenton process,
ozonation, sonolysis, electrochemical oxidation, electrical dis-
charges, wet air oxidation and photocatalytic oxidation have
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been accepted as alternatives for the removal organic molecules
from the wastewater using the oxidizing free radicals. Among
the specified processes, semiconductor based photocatalytic oxi-
dation has become an attractive choice because this treatment
process can be performed under ambient conditions and most
of organic pollutants can be completely decomposed to water
and carbon dioxide molecules using appropriate photocatalyst.
In addition, the photocatalyst remains chemically inert during
the photocatalytic reactions and it can be used many times
without loss of photocatalysis property.[1–3]

TiO2, a semiconducting material, is one of the most
studied photocatalyst because it is highly stable both in
acidic and alkaline solutions. It is reusable, nontoxic, inex-
pensive and relatively easy to synthesize. Besides, it exhibits
high photocatalytic activity. TiO2 possesses a wide band gap,
which lies in the UV range between 3.0 eV and 3.2 eV.
Hence, UV light source is needed for the activation of TiO2

photocatalyst in the removal of organic dyes from the waste-
water.[4] TiO2 in nanocrystalline structure is an important
commercial product. Decreasing the crystallite size below
100 nm, TiO2 nanoparticles show a pronounced absorption
of UV light irradiation.[5] When TiO2 nanoparticles are illu-
minated with UV light of energy more than 3 eV, electrons
of the photocatalyst are excited from the valence band to
the conduction band and they leave behind holes in the
valence band.[6] These mobile charge carriers, electrons in
the conduction band and holes in the valence band, are
responsible for the generation of the oxidizing free radicals,
decomposing the target organic molecules through the
reduction and oxidation reactions. The photogenerated elec-
trons migrate to the surface of the photocatalyst nanopar-
ticles and convert surface adsorbed oxygen to the
superoxide radicals. At the same time, the photogenerated
holes migrate to the photocatalyst surface and change sur-
face adsorbed water to the hydroxyl radicals. Organic dye
molecules in contact with the photocatalyst surface can be
decomposed into carbon dioxide and water by means of the
superoxide and the hydroxyl radicals.[4,5]

The photocatalytic activity of TiO2 suffers from the fast
recombination of photogenerated electrons and holes, which
reduces the efficiency of the photocatalytic reactions. Hence,
various efforts have been done to improve the separation
efficiency of photogenerated charge carriers including cou-
pling with conducting polymer and doping with metal.[7]

Doping TiO2 with metal ions has exhibited the efficient
technique to enhance the photocatalytic activity.
Photogenerated electrons can diffuse to the photocatalyst
surface and they can be easily trapped by dopant metal ions.
At the same time, holes are then free to migrate to TiO2

surface. In this way, the reduction and oxidation potential of
the oxidizing free radicals, necessary to decompose the tar-
get organic molecules, can be improved and the recombin-
ation rate of photogenerated charge carriers can be
reduced.[4] Various metal ions such as Nd[8], Zn[9], Mn, Co,
Ni[10], Fe[11], Cu[12], Bi[13] and B[14] have been studied as
dopant with TiO2 to enhance the photocatalytic activity.
Although the photocatalytic activity varies according to the
dopant amount and the character, the studies illustrated that

the efficiency and the selectivity of a photocatalytic reaction
can be enhanced by doping the semiconductor surface with
metal ions.[6] Among various metal ions, iron has not
gained great attention. Iron can be easily oxidized at room
temparture and generate multiform oxides such as FeO and
Fe2O3. The interaction of the specified multiform oxides
(Feþ3$Feþ2) provides additional electrons. Hence, iron as
dopant is favorable to supply additional electrons to the
conduction band of TiO2 nanoparticles.[15] Alternatively,
combining TiO2 with conducting materials, possessing nar-
row band gap, has the potential to reduce the band gap of
the photocatalyst and to suppress the recombination of pho-
togenerated charge carriers. Conducting polymer can shift
the photocatalytic response of TiO2 from UV to visible
region, which allows TiO2 to benefit more from the
sunlight.[4] There are several conducting polymers such as
polyaniline[16], polypyrrole[17], poly(3,4-ethylenedioxythio-
phene)[18], polythiophene[19] and heteropolyacid-chitosan[20],
which have been studied to improve the photocatalytic activ-
ity of TiO2. The recombination of photoinduced charge car-
riers in TiO2 has been suppressed by combining the
photocatalyst with the conducting polymer in composite
structure. Among the conducting polymers, polyaniline is
thermally stable, highly conductive and nontoxic. Besides, it
possesses a high absorption coefficient in the visible region.
Polyaniline can transfer its photoinduced electrons to the
conduction band of TiO2 and it can accept holes from the
valence band of the photocatalyst. This interaction between
polyaniline and TiO2 enhances the photocatalytic activity
through suppressing the recombination of photoinduced
charge carriers. All these properties make poyaniline a suit-
able candidate for the composite application.[16,21]

Although there are intensive studies on the photocatalytic
activity of Pani/TiO2 composites, only a few studies have been
performed on the activity of iron doped TiO2 nanoparticles.
Dipak et al.[22] studied microwave absorption character of
polyaniline composite including iron doped TiO2. In a differ-
ent study, Ren et al.[15] researched photoelectrochemical
responses of iron doped TiO2, coated with polyaniline.
Besides, Li et al.[17] investigated photocatalytic activity of poly-
pyrole composite, containing iron doped TiO2. These studies
revealed that iron doping improved the target properties of
TiO2 positively. As an alternatine to the literature, iron dop-
ing was applied to TiO2 nanoparticles in this study and doped
nanoparticles were immobilized within polyaniline matrix
through synthesizing the conducting polymer in the presence
of the photocatalyst nanoparticles. The photocatalytic activity
of the prepared composites was evaluated and compared with
polyaniline/TiO2 composites by analyzing the photocatalytic
decomposition of a model dye under UV light irradiation.
There is no study in the literature on the photocatalytic activ-
ity of polyaniline composite, including iron doped TiO2.

2. Experimental

2.1. Preparation of Pani/TiO2 composites

Iron nitrate nonahydrate (Fe(NO3)3�9H2O), provided from
Sigma-Aldrich, was used as iron (Fe) source. TiO2
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nanoparticles (anatase, <25nm, 99.7 trace metal basis), from
Sigma-Aldrich, were used as photocatalyst. Aniline hydrochlor-
ide, ammonium peroxydisulfate, acetone and hydrochloric
acid, supplied by Sigma-Aldrich, were used to synthesize the
conducting polymer, polyaniline. TiO2 nanoparticles were
doped with iron though the wet impregnation method in
accordance with the literature.[23,24] For this purpose, appropri-
ate amount of Fe(NO3)3�9H2O was dissolved in 100ml of dis-
tilled water under stirring. Then 2 g of TiO2 was added into
the prepared solution and kept under stirring for 3 hours. The
obtained slurry was rinsed with distilled water and dried at
100 �C for 24hours. Finally, the dried photocatalyst was
ground and calcined at 500 �C for 3 hours. The dopant content
of TiO2 nanoparticles was selected as 1wt.%.[23,24]

Polyaniline (Pani) was synthesized in the presence of iron
doped TiO2 (Fe–TiO2) nanoparticles via an in situ polymer-
ization method. Aniline hydrochloride was dissolved in
100ml of distilled water to provide 0.04M aniline solution.
Various weight ratios of Fe–TiO2 nanoparticles were added
to the 0.04M aniline solution and kept under stirring for
1 hour. At the same time, ammonium peroxydisulfate was
similarly dissolved in 100ml of distilled water to yield
0.05M oxidant solution. The oxidant solution was added to
the aniline solution, including Fe–TiO2 nanoparticles, drop
by drop. Polymerization reaction was completed following
24 hours of stirring. The obtained slurry was rinsed with
0.2M hydrochloric acid solution to provide more uniform
doping of the conducting polymer and then with acetone
for clean-up purposes. Finally, Pani/Fe–TiO2 composite was
dried at 60 �C for 24 hours.[25] Polyaniline composites,
including 10, 20 and 30wt.% Fe–TiO2, were prepared in this
way. For comparison purposes, polyaniline composites were
prepared in the presence of undoped TiO2 nanoparticles in
accordance with the procedure, followed during Pani/
Fe–TiO2 synthesis. Besides, pure polyaniline was also syn-
thesized in the absence of TiO2 and Fe–TiO2 nanoparticles
according to the given procedure.

2.2. Methods of characterization

Fourier transform infrared (FTIR) spectra of TiO2, Fe–TiO2,
pure Pani and Pani/Fe–TiO2 (30wt.%) composite were

recorded by using a Nicolet 380 (Thermo Scientific) spectro-
photometer in the region of 4000–400 cm�1. The morph-
ology of TiO2, Fe–TiO2, Pani/Fe–TiO2 (10wt.% and
30wt.%) and Pani/TiO2 (10wt.% and 30wt.%) was investi-
gated by a field emission scanning electron microscope (FE-
SEM, QUANTA 400F), fitted with an EDX (Energy disper-
sive X-ray) analyzer (JXA-8230 EDX Microanalysis
Instrument). The UV–Vis absorption spectra of TiO2,
Fe–TiO2, pure Pani, Pani/Fe–TiO2 (30wt.%) and Pani/TiO2

(30wt.%) were carried out by a Genesys 10S (Thermo
Scientific) spectrophotometer in the wavelength of
200–800 nm. X-Ray diffraction (XRD) spectra of TiO2,
Fe–TiO2 and Pani/Fe–TiO2 (30wt.%) were recorded over a
2� range from 15� to 70� on X ray diffractometer (Rigaku
Ultima IV), using the Cu Ka radiation (k¼ 1.54Å).

The photocatalytic activity of TiO2, Fe–TiO2, pure Pani,
Pani/Fe–TiO2 (10, 20 and 30wt.%) composites and Pani/
TiO2 (10, 20 and 30wt.%) composites was evaluated by deg-
radation of the model dye, methylene blue, under ultraviolet
light irradiation. In a typical procedure, the wastewater was
prepared from the dispersion of 10mg/L methylene blue
and 1 g/L photocatalyst. The wastewater was held in the
dark for 30minutes to provide adsorption/desorption equi-
librium between the photocatalyst and the dye molecules.
Then the wastewater was irradiated with a 30W UVC lamp
for another 150minutes. Decolorization of methylene blue
in wastewater was monitored by a Genesys 10S UV–VIS
spectrophotometer (Thermo Scientific) at 665 nm. Before
UV–visible spectroscopy, 3ml sample of methylene blue
solution was taken from the wastewater every 30minutes
and the photocatalyst was separated from the solution. The
degradation of methylene blue was assessed by using the
relation of Ct/C0, where C0 and Ct are the concentration of
methylene blue initially and after treatment, respectively.[26]

3. Results and discussion

3.1. FTIR analysis

FTIR spectrum of undoped TiO2 is shown in Figure 1a. The
transmission band between 3300 cm�1 and 3600 cm�1 was
attributed to the bending vibrations of water molecules
adsorbed on TiO2 nanoparticles.[23] In addition, the broad
band in the range of 450 cm�1 to 850 cm�1 was related to
the characteristic Ti–O–Ti stretching vibrations.[24] FTIR
spectrum of Fe–TiO2 also shows the broad transmission
bands of surface adorbed water molecules and Ti–O–Ti
bonds. The transmission band between 450 cm�1 and
850 cm�1 related to the Ti–O–Ti stretching moved towards
the lower wavenumber region due to iron doping (Figure
1b). The intensity of this peak is more than that of the
undoped photocatalyst, which might originate from the Fe-
doping mechanism. By doping TiO2 with iron, the electrons
present in the 3d64s2 level of the transition metal might
absorb the photons, resulting to the increase of the band
intensity.[27] Figure 1c shows FTIR spectrum of pure polya-
niline. The characteristic peak of Pani related to C¼C
stretching vibration of the quinoid rings can be seen at
1573 cm�1. The transmission peak at 1492 cm�1 was related

Figure 1. FTIR spectra of (a) TiO2, (b) Fe–TiO2, (c) Pani and (d) Pani/
Fe–TiO2 (30wt.%).
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to the characteristic C¼C stretching of the benzenoid rings.
In addition, the peak at 1295 cm�1 was corroborated to
C–N stretching of tertiary aromatic amine. The transmission
band in the range of 3200 cm�1 to 3600 cm�1 was attributed
to N-H stretching vibrations of secondary amine.[28] The
peaks at 1133 cm�1 and 800 cm�1 wavenumbers were corro-
borated to the electronic vibration of N quinine and C-H
stretching of the benzenoid rings, respectively.[29] In general,
the spectrum of the Pani/Fe–TiO2 resembles to that of the
pure Pani. The transmission band between 3200 cm�1 and
3600 cm�1 became the most prominent, which was a com-
bined result of O–H vibrations of Fe–TiO2 and N-H vibra-
tions of Pani. Most other peaks for the pure Pani stayed in
Figure 1d with small deviations due to the interaction with
Fe–TiO2 nanoparticles. The peaks for pure Pani at 800,
1133, 1295, 1492 and 1573 cm�1 shifted to 792, 1112, 1286,
1469 and 1554 cm�1, respectively (Figure 1d).

3.2. XRD analysis

The crystal structure of TiO2, Fe–TiO2 and Pani composite,
including 30wt.% Fe–TiO2, were evaluated using X-Ray dif-
fraction. XRD spectra of pure TiO2 and iron doped TiO2

exhibited a series of distinct diffraction peaks, an indicator
of high crystallinity (Figure 2). According to XRD spectra of
TiO2 and Fe–TiO2, anatase seems to be the major phase.[30]

XRD spectrum of Fe–TiO2 did not contain any characteristic
crystalline peak of iron possibly because of the low quantity
of the dopant atom. In addition, the other reason might be
the similarity of the iron ion (Fe3þ) diameter to that of the
titanium ion (Ti4þ) diameter, which might lead to integra-
tion iron ions into TiO2 crystal structure instead of titanium
ions. [24] Figure 2a illustrates the diffraction peaks of
undoped TiO2 at the angles 25.33�, 37.64�, 47.92�, 53.74�,
55.02�, 62.46� and 68.54�, which were attributed to the
(101), (004), (200), (105), (211), (204) and (116) planes,
respectively.[24,27] XRD spectrum of Fe–TiO2 did not exhibit
any change in the tetraganol crystal structure of undoped
TiO2 (Figure 2b). All the XRD peaks agreed with the tetrag-
onal lattice structure. There were only slight changes in pos-
ition and intensity of the peaks with iron doping, which
might be due the substitution of titanium ions by iron ions
in TiO2 crystal lattice.[27] Average crystallite size of TiO2

nanoparticles, calculated using the Debye-Scherrer equation
on the diffraction peak (101), increased from 19 nm to
20 nm with iron doping.[27] For Fe–TiO2, the slight change
in the average crystallite size revealed that the integration of
iron ions into TiO2 crystal did not distort the lattice struc-
ture too much. XRD spectrum of Pani/Fe–TiO2 composite
shows mostly the characteristic diffraction peaks of TiO2

and a weak diffraction peak between 17� and 22�, which
was attributed to the crystalline form of emeraldine salt of
polyaniline (Figure 2c).[31]

3.3. Morphological analyses

The morphology of the samples was evaluated by SEM ana-
lysis. SEM images of TiO2 and Fe–TiO2 illustrate spherical

shaped crystallites with aggregation and the aggregates range
from 30 nm to 300 nm (Figures 3a and 3b). The crystallite
size of the photocatalyst nanoparticles (TiO2 and Fe–TiO2),
calculated by Debye-Scherrer’s equation, was considerably
smaller than the particle size, estimated from SEM images.
According to SEM images, iron doping had no significant
effect on the morphology of the photocatalyst probably due
to low quantity of iron dopant. TiO2 still retained its nano-
sphere structure. SEM images of Pani/TiO2 and Pani/
Fe–TiO2 composites illustrate spherical agglomerate struc-
tures, ranging from 100 nm to 1000 nm (Figures 3c-3f).
Probably, polyaniline encapsulated the photocatalyst nano-
particles to form the composite structure. As the photocata-
lyst content of the composites increased from 10 to 30wt.%,
the agglomerates became smaller probably due to the low
amount of polyaniline encapsulating the photocatalyst nano-
particles. TiO2 and Fe–TiO2 nanoparticles seem to be uni-
formly dispersed in polyaniline matrix. The co-ordination
interaction of the vacant d orbital of titanium atoms with
the lone pair electrons of nitrogen atoms on polyaniline
chains might lead to the uniform dispersion of the photoca-
talyst nanoparticles in polyaniline matrix.[32]

EDX analyses revealed quantitative and qualitative infor-
mation about chemical composition of the samples. Figure 3
exhibits the EDX spectra of the samples and the quantitative
elementel composition of the samples is summarized in
Table S1. The EDX spectrum of Fe–TiO2 proved the pres-
ence of iron ions within TiO2 structure. Fe/TiO2 weight
ratio, obtained by EDX analysis, was comparable to the
experimentel ratio. On the other hand, the EDX spectrum of
Pani/Fe–TiO2 and Pani/TiO2 composites revealed the pres-
ence of the photocatalyst nanoparticles in Pani matrix.

Figure 2. XRD spectra of (a) TiO2, (b) Fe–TiO2 and (c) Pani/Fe–TiO2 (30wt.%).

Table 1. The discoloration rate of methylene blue for TiO2, Fe–TiO2, pure
Pani, Pani/TiO2 composites and Pani/Fe–TiO2 composites.

Sample k (min�1) R2

TiO2 0.0012 0.9338
Fe–TiO2 0.0015 0.9718
Pani 0.0003 0.8512
Pani/TiO2 (10 wt.%) 0.001 0.9571
Pani/TiO2 (20 wt.%) 0.0018 0.9515
Pani/TiO2 (30 wt.%) 0.002 0.948
Pani/Fe–TiO2 (10 wt.%) 0.0014 0.9718
Pani/Fe–TiO2 (20 wt.%) 0.0021 0.8176
Pani/Fe–TiO2 (30 wt.%) 0.0025 0.8169
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Figure 3. SEM images and EDX spectra of (a) TiO2, (b) Fe–TiO2, (c) Pani/Fe–TiO2 (10wt.%), (d) Pani/Fe–TiO2 (30 wt.%), (e) Pani/TiO2 (10 wt.%) and (f) Pani/
TiO2 (30wt.%).
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3.4. UV–Vis spectroscopy

UV–Vis spectroscopy was performed to characterize TiO2,
Fe–TiO2, pure Pani and the composites. According to
Figure 4, TiO2 and Fe–TiO2 absorbed the majority of the
incoming light at around 300 nm. Both samples exhibited a
typical absorption with an intense transition in the UV
region, which was attributed to the intrinsic band gap
absorption of TiO2 electrons from the valence band to the
conduction band.[33] Unlike TiO2 and Fe–TiO2, Pani
absorbed the majority of the incoming light below 500 nm
(Figure 4c). Polyaniline extended the absorption of the pho-
tocatalyst to the visible light region (400 nm–700 nm), which
slightly enhanced the photocalatytic performance of TiO2

within Pani matrix (Figure 4d and e).[34] Since UVC lamp
was used as the light source for the removal of the methy-
lene blue, the improvement in photocatalytic activity

Figure 4. UV–Vis absorbance spectra of (a) Fe–TiO2, (b) TiO2, (c) Pani, (d) Pani/
TiO2 (30wt.%) and (e) Pani/Fe–TiO2 (30wt.%).

Figure 5. Tauc’s plot for (a) Fe–TiO2, (b) TiO2, (c) Pani, (d) Pani/TiO2 (30 wt.%) and (e) Pani/Fe–TiO2 (30 wt.%).
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remained limited. UV–Vis spectrum of pure Pani exhibits a
characteristic absorption band between 250 nm and 350 nm,
which was attributed to p–p� band transition of the benzen-
oid structures.[21] Another characteristic peak of Pani related
to p band-polaron band of protonated Pani can be seen at
440 nm.[21] UV–Vis spectrum of TiO2 is shown in Figure
4b. The broad absorption band at around 320 nm was attrib-
uted to the characteristic Ti–O–Ti stretching vibrations.[21]

Similar to the result in FTIR analysis, the absorption band
related to Ti–O–Ti stretching moved towards the lower
wavelength due to iron doping (Figure 4a). UV–Vis spectra
of the composites resemble to the spectrum of TiO2 and
pure Pani (Figure 4d and e).

The band gap of the samples was estimated through the
Tauc’s plot analysis of UV–Vis data using the following rela-
tion:[35,36]

aht ¼ A ht � Eg
� �1=2 (1)

Where A is a constant, a is the absorption coefficent, Eg is
the band gap and hV is the photon energy. The Tauc’s plot
was drawn between ht vs. (aht)2 and the plot was extrapo-
lated to (aht)2¼0 to estimate the band gap (Figure 5).[35,36]

The band gap values for TiO2, Fe–TiO2, pure Pani, Pani/
TiO2 and Pani/Fe–TiO2 are 2.93 eV, 3.18 eV, 2.30 eV,
2.43 eV and 2.71 eV, respectively. The band gap of TiO2

widened to 3.18 eV with iron doping and approached to the
UVC light region (4.4–12.4 eV), which was significant in
terms of the efficiency of the photocatalytic activity. Hence,
iron doped TiO2 could benefit more from UVC light

irradiation, which led to the enhanced photocatalytic activity
with iron doping. The band gap value of Pani/TiO2 and
Pani/Fe–TiO2 composites varied between the pure polymer
and the photocatalyst. As expected, the band gap of Pani/
Fe–TiO2 was wider than that of Pani/TiO2 due to
iron doping.

3.5. Photocatalytic activity

Figure 6 shows the variation in the UV–visible spectrum of
the dye solution including the samples. Besides, methylene
blue removal using TiO2, Pani, Pani/TiO2 and Pani/Fe–TiO2

systems is illustrated in Figure 7a and b. Pure Pani provided
almost 4% methylene blue degradation after 150minutes of
UV light irradiation. Insignificant removal of methlene blue
achieved with pure Pani can be ascribed to low light har-
vesting efficiency of the conducting polymer.[37] Pure TiO2

exhibited nearly 15% methylene blue degradation in
150minutes. In addition, Pani composites with 10wt.%,
20wt.% and 30wt.% of TiO2 nanoparticles achieved 13%,
21% and 23% methylene blue degradation, respectively, after
150minutes. When compared with pure photocatalyst, Pani/
TiO2 composites exhibited enhanced photocatalytic activity.
Combining the photocatalyst with polyaniline has the poten-
tial to improve the photocatalytic activity through hindering
the recombination of the photoinduced charge carriers.[38]

As a conducting polymer, polyaniline might form transfer
channels for photoinduced holes and electrons, which led to
a reduced rate of recombination of photoinduced charge

Figure 6. The variation in the UV–visible spectrum of the dye solution including (a) Pani, (b) TiO2, (c) Fe–TiO2, (d) Pani/TiO2 (10wt.%), (e) Pani/TiO2 (20wt.%), (f)
Pani/TiO2 (30wt.%), (g) Pani/Fe–TiO2 (10wt.%), (h) Pani/Fe–TiO2 (20 wt.%) and (i) Pani/Fe–TiO2 (30wt.%).
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carriers.[39] The synergic contribution of the conducting
polymer and the photocatalyst nanoparticles improved the
photocatalytic activity of the composites compared to pure
TiO2. Increasing TiO2 content of the composite also
enhanced the photocatalytic activity. In addition to the con-
ducting polymer application, iron doping was applied to the
photocatalyst to suppress the recombination of the photoin-
duced holes and electrons through separating the mobile
charge carriers, which led to an increases in the efficiency of
the photocatalytic activity.[9] Fe–TiO2 nanoparticles exhib-
ited more photocatalytic activity than undoped TiO2.
Fe–TiO2 nanoparticles showed almost 19% dye degradation.
In the same way, Pani/Fe–TiO2 composites showed more
photocatalytic activity than Pani/TiO2 systems at the same
compositions. Pani/Fe–TiO2 composites with 10wt.%,
20wt.% and 30wt.% of TiO2 nanoparticles achieved 20%,
25% and 28% dye removal, respectively, which was attrib-
uted to the dopant Fe ions hindering the recombination of
the photoinduced charge carriers, thereby enhancing the
photocatalytic activity.

The reaction kinetics of photodegradation of methylene
blue over TiO2, Fe–TiO2, pure Pani, Pani/TiO2 composites
and Pani/Fe–TiO2 composites was evaluated using the fol-
lowing pseudo-first order kinetics equation:[40]

ln C0=Ctð Þ ¼ kt (2)

Where C0 and Ct are the concentration of methylene blue
initially and after treatment, t is the time and k is the appar-
ent rate constant, determined from the slope of the plot of
ln(C0/Ct) vs. treatment time t (Figure 8). The discoloration
rate of methylene blue for the samples is illustrated on
Table 1. The rate of discoloration increased when Pani was

combined with TiO2 and Fe–TiO2, respectively. Besides,
iron doping enhanced the discoloration rate of the photoca-
talyst and its composite with Pani. According to high R2 val-
ues close to 1, the reaction kinetics of photodegration of
methylene blue over the samples seems to be fit the pseudo-
first order kinetics model.[39]

4. Conclusions

Fe-doped TiO2 was successfully prepared using the wet
impregnation method and Fe–TiO2 nanoparticles were com-
bined with Pani by in situ polymerization method. XRD pat-
tern of undoped TiO2 and Fe–TiO2 agreed with the
tetragonal lattice structure. XRD spectrum of Fe–TiO2

exhibited slight changes in position and intensity of the
peaks with iron doping. Besides, the crystallite size of TiO2,
calculated by the Debye-Scherrer equation, did not exhibit a
significant change with iron doping. According to SEM ana-
lysis, TiO2 and Fe–TiO2 illustrated spherical shaped crystalli-
tes in aggregate form ranging from 30 nm to 300 nm. Iron
doping had no significant effect on the morphology of TiO2

because of low quantity of iron dopant. Besides, the photo-
catalyst nanoparticles were uniformly dispersed within poly-
aniline matrix. FTIR and EDX analyses proved that iron
ions were integrated into TiO2 crystal structure. In addition,
UV–Vis spectroscopy revealed that iron doping widened the
band gap of the photocatalyst and approached to the UVC
light region. Fe-doped TiO2 and its composites illustrated a
considerable improvement in photocatalytic activity for the
degradation of methylene blue under UV light irradiation,
which was ascribed to iron ions suppressing the recombin-
ation of the photogenerated charge carriers.

Figure 7. Degradation efficiency of methylene blue over (a) Pani, TiO2 and Pani/TiO2 composites, (b) Pani, Fe–TiO2 and Pani/ Fe–TiO2 composites under UV light
irradiation.

Figure 8. Kinetic plot of degradation reaction of methylene blue over (a) Pani, TiO2 and Pani/TiO2 composites, (b) Pani, Fe–TiO2 and Pani/Fe–TiO2 composites under
UV light irradiation.
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