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Summary: Polyaniline (PANI)/Titanium dioxide (TiO2) composites were prepared by
polymerization of aniline in the presence of TiO 2 using inverse emulsion polymerization protocol. In
this method 2-butanol and chloroform were used as dispersing media and the materials were tested
for corrosion protection of stainless steel in Indian Ocean water. The amount of aniline, oxidant
(Benzoyl peroxide), Dodecylbenzenesulphonic acid (DBSA) surfactant and metal oxide (TiO 2) were
varied in the reaction bath for optimum yield. The as-synthesized PANI and PANI-TiO2 composites
were soluble in a number of common organic solvents and characterized with Ultravilot-visivble
(UV-Vis) and Fourier Transform Infra-Red (FT-IR) spectroscopies. The surface morphology,
particle size and crystinality were determined with Scanning Electron Microscopy (SEM) and XRays Diffraction (XRD) analysis. Thermogravimetric analysis (TGA) was employed to determine
thermal stability of the composite. The total mass loss was found to be 58% in PANI as compared to
22% in PANI-TiO2 showing comparatively higher thermal stability of the composites. The
composites were electrochemically active in acidic medium and reduced corrosion rate of steel to
0.9083 mm/ year Indian Ocean water. Finally it was concluded that PANI-TiO2 composites could be
employed as anticorrosive coatings for steel in aggressive corrosive environment

Keywords: PANI-TiO2, Composite, Inverse emulsion polymerization, Corrosion.
Introduction
Polyaniline (PANI) is considered as one of
the most promising member of conducting polymers
family due to high electrical conductivity, ease of
synthesis, remarkable redox properties and good
environmental stability [1-3]. The role of PANI and
its derivatives has been acknowledged in a wide
range of applications such as solar cells [4, 5],
electrochromic devices [6, 7], electromagnetic
interface shielding [8, 9] and rechargeable batteries
[10-12]. However, low process ability, fragile nature
and chemical instability render the applications of
polyaniline [13]. Attempts have been made to
improve mechanical strength, thermal, environmental
and chemical stability of PANI by making its
composites with metals and metal oxides [14, 15].
Mostly synergic effect of PANI composites with
particular metal/metal oxides has been reported for
the enhancement of performance of a specific
property in polyaniline by making silver (PANI/Ag)
[16, 17], polyaniline –gold (PANI/Au) [18, 19],
PANI/TiO2 [20, 21] and PANI/C [22, 23] composites.
The composite of PANI with TiO2 is
appealing for further research because of low cost,
non-toxicity, excellent optical properties and stability
of TiO2 towards photochemical corrosion. TiO2 is an
n-type semiconductor [24] and usually used for the
detection of gases like NO2, H2 and NH3. However,
*
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some of its applications are limited by its wide band
gap. The conduction band of TiO2 matches very well
with the lowest unoccupied molecular orbital
(LUMO) of polyaniline. At the interfaces electric
transport properties such as charge carrier mobility
are expected to increase during chemical interaction
between PANI and TiO2[25] in their composites.
PANI/TiO2 has been used in corrosion protection
coating for steel [26], gas-sensitivity [21], and fuel
cell [20].
Various protocols such as in situ
polymerization [27-28], sol-gel [29] and ultrasonic
irradiation [30] have been reported for the
preparation of PANI/ metal oxide composites. But
the preparation of conducting polymers based
composites via inverse emulsion polymerization,
where monomer, oxidant and protonic acid are mixed
with water and non-polar solvent [31] in the presence
of metal oxide has drawn the attention of many
researchers [32, 33]. Due to physical state of
emulsion system it is easy to control the process and
the product can be used directly without further
separations in many cases [34]. The surface area
available for polymerization reaction is very high in
this method which increases the contact rate among
monomer, dopant and the oxidant. The synthesis of
pristine PANI by inverse emulsion polymerization
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has already been reported. However, to the best of
our knowledge there is no report on the preparation
of PANI/TiO2 composite via inverse emulsion
polymerization.
In this work the synthesis of PANI/TiO2
composite is reported for the first time by inverse
emulsion polymerization pathway. The PANI and
PANI/TiO2 composites were prepared by using
chloroform and 2-butanol as a dispersing medium,
benzoyl peroxide as oxidant, DBSA as surfactant and
water as inorganic medium. The effect of
concentration of aniline, benzoyl peroxide, DBSA
and TiO2 on the % yield was investigated. The assynthesized PANI and PANI-TiO2 composites were
soluble in a number of common organic solvents like
a mixture of toluene and 2-propanol, dimethyl
sulfoxide (DMSO) and chloroform (CHCl3). The
composites were characterized with UV-Vis & FT-IR
spectroscopy, Scanning Electron Microscopy (SEM),
X-Rays Diffraction (XRD) and Thermogravimetric
analysis
(TGA).
The
composites
were
electrochemically active in acidic medium and
applied for corrosion protection of steel in Indian
Ocean water.
Experimental
Materials
Aniline was purchased from Acros and
stored under nitrogen atmosphere in a refrigerator
after vacuum distillation. All other chemicals were
analytical grade and used as received. TiO2 powder
was purchased from BDH with particle size 200-300
nm, 2-butanol (Aldrich), chloroform (Scharlau),
Dodecylbenzenesulphonic acid (Acros), 2-propanol
(Merck), benzoyl peroxide (Merck) and toluene
(Scharlau)
Measurements
For characterization of the composites
Ultraviolet-visible (UV-vis) spectrometer Perkin
Elmer (UK), Fourier Transform Infrared (FTIR)
spectrometer Shimadzu, IRPrestige-21 and Scanning
Electron microscope (SEM) JEOL, JSM-6490 was
used. Thermogravimetric analysis was carried out by
Perkin Elmer, Diamond series (USA) with a heating
rate of 10°/min in N2 atmosphere. Cyclic
voltammograms were recorded with a Gamry
Reference 3000 workstation in a three electrode
setup. For this purpose PANI and PANI-TiO2 was
drop coated on the gold sheet electrode and used as
working electrode after drying. A gold wire and
saturated calomel electrodes were used as counter
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and reference electrodes respectively. Cyclic
voltammograms were recorded in 0.5 M H2SO4
solution in the potential of -0.2 to 0.85V at 50 mV/s
scan rate. Conductivity of the synthesized PANI and
PANI-TiO2 composites was measured with four
probe conductivity setup on pressed pellets with
Jandel RM3000 test unit (UK).
The corrosion protection properties of PANI
and PANI-TiO2 were studied on stainless steel in
Indian Ocean water by using three electrode single
compartment cell. Stainless steel disc, saturated
calomel and platinum electrodes were used as
working, reference and counter electrodes,
respectively. Stainless steel disc was polished against
an abrasive paper and washed with acetone, ethanol
and distilled water to remove any impurities. Samples
were dissolved in mixture of chloroform and 2propanol, coated on stainless steel by drop coating
method and dried at room temperature for 30
minutes.
The
potentiodynamic
current
density/potential curve or Tafel plot was obtained by
using Gamry Reference 3000 workstation. DC105
DC Corrosion software was used to evaluate
corrosion parameters. The tafel curve was
extrapolated and values of corrosion potential (Ecorr),
corrosion current (icorr) and corrosion rate (CR
mm/year) were determined by using GamryEchem
analyst software.
Synthesis
Inverse emulsion polymerization of
monomers was carried out for the preparation PANITiO2 composites with various compositions by
addition of TiO2 particles. In a typical method 0.29
mol of chloroform was taken in a 100 mL round
bottom flask under constant stirring, followed by the
addition of 1.25 mmol of benzoyl peroxide. To the
above solution 0.13 mol of 2-butanol, 3.73 mmol of
DBSA and 1.07 mmol of aniline were added step
wise. 1.017 mmol of titanium dioxide powder
sonicated for 10 min at room temperature in 0.28 mol
of distilled water was then added to the above
mixture for the formation of a milky white emulsion.
The reaction mixture turned green after 5 h
continuous stirring. However, the reaction was
continued for 24 h for maximum conversion of the
reagents into the composites. Finally the organic
phase was separated and washed repeatedly with
acetone and plenty of water. The resulting green film
of the composites was broken in to flakes by the
addition of a very small amount of acetone. For
comparison pristine PANI was also synthesized by
the same method without addition of TiO2 powder.
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Following formula [35] was used for percent yield
calculation.
% Yield =
Results and Discussion
Percent Yield
The concentrations of monomer, oxidant and
TiO2 have marked effect on % yield of the product.
The effect of monomer concentration on the % yield
was studied by varying aniline concentration in the
feed (Fig 1a). No product formation was observed
with very low concentration of aniline (4.3 × 10-4
mol). Step wise increase in the concentration of
aniline resulted in the increase of product formation.
Maximum product formation was observed at 1.09
mmol of aniline. Beyond 1.09 mmol of aniline the
decrease in the product formation is attributed to the
rapid decrease in efficiency of oxidant with the
increase in monomer concentration[ 36].
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The effect of oxidant concentration on the
product formation is depicted in Fig 1b. Maximum
product formation was observed with 1.25 mmol of
benzoyl peroxide. The decrease in the yield beyond
1.25 mmol of benzoyl peroxide may be due to over
oxidation that causes the decomposition of the
polymer chains in the composite[33].
The effect of concentration of DBSA on the
% yield is depicted in Fig.1c. The % yield increases
with the increase in concentration of DBSA upto 3.73
mmol. Beyond this concentration the product
formation decreases which is attributed to the
formation of excessive emulsion particles that
reduces monomer diffusion to the surface of
emulsion particles. As a result the chain growth gets
restricted with reduction in molecular weight. More
oligomers were formed that could be run off quickly
while washing the polymer composite with acetone
[33].

Fig. 1: Effect of a)monomerb)oxidant c) DBSA concentration on % yield and d) UV-Vis spectra of
synthesized composites with different concentration of TiO2.
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Different amounts of TiO2 (Table-1) were
introduced into the reaction vessel for the preparation of
PANI-TiO2 composites. UV-vis spectral results in the
Table-1 and Fig 1d indicate that in the absence of TiO2,
PANI shows two electronic absorption bands at 335 and
640 nm which were blue shifted due to the presence of
metal oxide (TiO2) particles. The different interaction of
TiO2 with PANI decreases the overlapping between lone
pair of nitrogen and π electrons of phenyl ring that
results in changes in the peak positions [37]. The
maximum blue shifting of the peak from 640 to 619 nm
was observed at 1.0017 × 10-3 mol of TiO2. Based on
the above observation it is concluded that maximum
yield of the composite is obtained with 3.73, 1.09, 1.25
and 1.0017 mmol of DBSA, aniline, benzoyl peroxide
and TiO2 respectively.
Table-1: UV-Vis spectral bands of PANI& PANI-TiO2
composites.
S.NO
1.
2.
3.
4.
5.

Conc. of TiO2 (mol)
0
1.25 × 10-3
1.0017 × 10-3
7.5 × 10-4
5.0 × 10-4

Name of Sample
PANI
PANIT1
PANIT2
PANIT3
PANIT4

UV-Vis bands
640,340
625,335
619,335
630,335
640, 335

Solubility
Solubility is an important aspect of conducting
polymers and their composite materials. It is considered
very crucial for application of these fascinating
materials which would otherwise be very difficult to
cast on any substrate for onwards use. The solubility of
PANI-TiO2 was checked in a number of solvents as
depicted in Fig 2 which demonstrates that the composite
prepared in the present study is soluble in chloroform,
2:1 mixture of toluene & 2-propanol and dimethyl
sulfoxide. This is attributed to the incorporation of
DBSA into PANI chain. The solubility is facilitated by
the long alkyl chain of DBSA in common organic
solvents[38].
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UV-Vis Spectroscopy
UV-vis spectroscopy is commonly used to
identify the type of electronic transition as well as the
extent of doping in conducting polymers and their
composites with other materials. UV-vis spectra of
PANI and PANI-TiO2 composite in
Nmethylpyrrolidinone are shown in Fig. 3. The two
bands at 335 and 640 nm in the electronic absorption
spectrum of PANI are associated with π-π* transition
of benzoid rings and n-π*transition of quinoid rings
(polaron transition)[39] respectively. UV-vis
spectrum of PANI-TiO2 composite displays the same
feature as that of PANI. However, the band
associated with n-π*transition is observed at 619 nm.
The spectra of both PANI and its composite with
TiO2 reflect doped nature of the material as already
reported in PANI-DBSA salt. The blue shifting of 21
nm is due to the interaction of TiO2 particles with
PANI, which decreases the degree of orbital
overlapping between the π electrons of the phenyl
rings with loan pair of nitrogen atom. Subsequently
the peaks were shifted as a result of decrease in
conjugation of polyaniline [40]. This also shows the
dedoping of PANI-DBSA salt to some extent because
in the composite some of the DBSA molecules are
replaced by TiO2 particles.

Fig. 3: UV–Vis spectra of (a) PANI-DBSA salt and
(b) PANI-TiO2 composite recorded in Nmethylpyrrolidinone solution
Scanning Electron Microscopy

Fig. 2:

Solution of PANI-TiO2composite in (a)
chloroform, (b) 2:1 mixture of toluene + 2propanol, and(c) DMSO.

Fig. 4 (a-d) shows low and high
magnification scanning electron microscopic (SEM)
images of bulk PANI-DBSA salt and PANI- TiO2
composite. It is observed that both PANI and its
composite exhibit granular morphology. The
appearance of globular or granular morphology is due
to presence of phenazine containing nucleates which
aggregates randomly and start the growth of polymer
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chain in star burst way [41, 42]. The mean particle
size of PANI is about 0.36 µm while that of PANITiO2 is 0.40 µm which shows the insertion of TiO2
into polymer chain. Both PANI and PANI-TiO2
composite have a very porous structure and a lot of
micropores have been observed in the micrographs of
composite. This microporous nature of PANI-TiO2
increases liquid-solid interfacial area for the
extraction and insertion of gas molecules which
makes it a suitable candidate for the gas sensing [43].
X-Rays Diffraction Study
X-Rays Diffraction study (XRD) is widely
employed for the identification of materials. It is a
non-destructive technique and is used for the analysis
of microcrystalline and powder samples. XRD
patterns of PANI-TiO2, TiO2 and PANI are shown in
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Fig 5. The patterns were recorded in a range of 1080º. The PANI powder showed three broad peaks at
2θ angles of 14.44º, 16.77º and 27.85º respectively.
This crystallinity of the material is indicated by the
sharp and well defined peaks [28]. These peaks may
be attributed to the scattering from the perpendicular
periodicity at the interplaner spacing of the PANI
chains28. XRD pattern of pure TiO2 showed peaks
appearing at 25º, 37.75º, 48.23º, 54.06º, 55.43º and
62.61º which are in accordance with literature [25,
44]. Additional diffraction peaks appeared at 2θ
values of 38.9º, 48.23º, 54º, 55.6º and 63.19º for
PANI-TiO2 composite associated with the presence
of TiO2 particles [45]. The appearance of sharp peaks
due to the insertion of TiO2 might have increased the
crystallinity of the resulting composite.

Fig. 4: (a). SEM images of PANI, (b) PANI- TiO2 composite at lowmagnification , (c) SEM images of PANI
and(d) of PANI- TiO2 composite at high magnification.
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Fig. 5: XRD patterns of TiO2, PANI and PANI- TiO2 composite.
FTIR Spectroscopy
FTIR spectra of PANI-TiO2 composite and
PANI are shown in Fig 6. In the FTIR spectrum of
PANI, the C=N and C=C stretching modes for the
quinoid and benzenoid rings are observed at 1576
and 1485 cm-1respectively. The band at 3230 cm-1 is
attributed to N-H stretching mode. The band at 1156
cm-1 is attributed to an in-plane bending vibration of
the C-H bond while the bands at about 1303 and
1236 cm-1 ascribed to C-N stretching mode for the
benzenoid ring. FTIR spectrum of the PANI-TiO2
composite indicated contributions from both PANI
and TiO2. The slight shifting in PANI bands are due
to the interactions with TiO2 particles. For example
the main characteristic peaks for the composite are
observed at 3241, 1553, 1496, 1315, 1236 and 1168
cm-1 respectively. The shifting of peaks to higher
wavenumber in the composite might be attributed to
the strong interaction between the interface of TiO2
particles and PANI46. The shift in the bands of the
composite is due to the hydrogen bonding between

the N–H groups of PANI and surface of TiO2
particles [44].
Thermogravimetric Analysis
Thermal stability of PANI and its
composites are important for their applications under
various thermal conditions. It is observed in Fig 7
that there is a decrease in mass at 200 ˚C which
continues up to 750 C˚ for DBSA doped PANI and
from 400 ºC to 650 ºC for PANI- TiO2 composite. The
release of water molecules from polymer structure is
responsible for the initial loss in mass. The loss in
mass at higher temperature is due to release of acid
dopant from the surface of the polymer chain34. The
total mass loss up to 800 ºC was found to be 58% for
PANI and 22% for PANI- TiO2 composite. The TGA
analysis shows improved. This comparatively better
thermal stability of PANI- TiO2 composite as
compared to PANI is attributed to strong interaction
between PANI and TiO2 interface [44] in the
composite.
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Fig. 6: FTIR spectra of (a) PANI powder and (b) PANI-TiO2 composite.
Cyclic Voltammetry, Conductivity Measurements and
Corrosion Study
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Fig.7:

Thermogravimetric curves of (a) PANI and
(b) PANI-TiO2 composite.

Cyclic voltammetry (CV) is a versatile
technique for studying electrochemical properties of
conducting polymers and other electroactive
materials. CVs were recorded in 0.5M H2SO4
solution in the potential range of -0.20 − 0.90 V at 50
mV/s (Fig. 8). CV curve of PANI shows two anodic
peaks on the forward scan. The first anodic peak at
0.25V indicates leucoemeraldine to emeraldine
conversion while the 2nd peak at 0.66V indicates
further oxidation of emeraldine to pernigraniline. The
two cathodic peaks on the reverse scan at 0.62 and
0.003V are assigned to the reduction of
pernigraniline into emeraldine and further reduction
of emeraldine into leucoemeraldine [47] respectively.
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the conductivity was suppressed with higher
concentration of TiO2 in the polymerization bath.
This is attributed to the blockage of the conductive
sites of PANI due to agglomeration caused by TiO2
higher concentration.
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Fig. 8: CVs of (a) PANI and (b) PANI/TiO2
composite on a gold sheet electrode, in 0.5
M H2SO4 at a scan rate of 50 mV/s.

The corrosion protection properties PANITiO2 were studied on stainless steel in Indian Ocean
water. For the sake of comparison corrosion
protection properties of PANI were also studied. The
Tafel plots of bare, PANI and PANI-TiO2 coated steel
electrodes are shown in the Fig 9. The resulting
calculated values of Ecorr, icorr and CR mm/year are
given in Table-2. The data show that both PANI and
PANI-TiO2 coating cause potential shift and
reduction of icorr and CR mm/year of the steel
indicating corrosion protection ability of both PANI
and the composite. Close observation of Tafel plot
shows that potential shift is greater in PANI as
compared to its composite. But icorr is reduced to a
greater extent in the composite coated electrode as
compared to PANI coated electrode. This in turn
reduced the corrosion rate to 0.9083 mm/year in the
composite coated electrode as compared to 4.007
mm/year in the PANI coated electrode indicating
good anticorrosive properties of the composites.
Elsewhere a corrosion rate of 0.078 mm/year was
reported for the electrochemically prepared PANITiO2 [48] with almost identical corrosion protection
efficiency to that of electrochemically synthesized
PANI. But the corrosion tests were carried out in 3.5
M NaCl solution. But in our work the corrosion tests
were done in complex chemical system of ocean
environment.

Apparently the CV curve of PANI-TiO2
composite reflects different picture as compared to
the CV of PANI but the number of redox pairs is the
same. In the CV of composites the second anodic
peak is shifted by 0.08 V towards higher potential.
This difference of 80 mV arises from the interaction
of TiO2 with PANI chains in the composite which
somehow reduces the rate of oxidation of PANI. This
observation can be correlated with the dedoping of
PANI-DBSA synthesized in the presence of TiO2 as
observed in the UV-Vis spectroscopy (Fig 3).
Conductivity of the synthesized PANI and
PANI-TiO2 composites was measured with four
probe conductivity setup on pressed pellets with
Jandel RM3000 test unit. The addition of small
amount of TiO2 resulted in the increase of PANI
conductivity. The slight increase with smaller
concentration of TiO2 might be attributed to the
extraction of electron from HOMO of TiO2 and
addition into LUMO of PANI because TiO2 in an ntype and PANI is a p-type semiconductor. However,

Fig. 9: The Tafel plots of uncoated, PANI and
PANI-TiO2 coated steel electrodes.
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Table-2: Corrosion parameters of uncoated, PANI and PANI-TiO2 composite coated stainless steel electrodes.
Parameter
Ecorr(mV)
icorr (uA/cm2)
CR (mm/year)

Un coated stainless Steel
-452.0
19.90
9.072

PANI coated Stainless Steel
-207.0
8.770
4.007

Conclusions
Soluble PANI-TiO2 composite were
prepared successfully through inverse emulsion
polymerization method utilizing 2-butanol and
chloroform as dispersion media. The synthesized
composites were soluble in organic solvents like
chloroform, a mixture of toluene and 2-propanol and
DMSO. The characterization of PANI-TiO2
composite indicated chemical interaction between the
inorganic and organic counter parts of the composite
based on UV-Vis and FTIR spectroscopies. Cyclic
voltammetry showed good electrochemical activity of
PANI-TiO2 composite. The conductivity of PANI
was increased with low concentration of TiO2 but
suppressed with higher concentration of TiO2. The
TGA results indicated comparatively higher thermal
stability of the composite when compared with
PANI. The corrosion protection efficiency of PANITiO2 composites in the Indian ocean water was found
to be better than PANI prepared by the same method
as well as electrochemically prepared PANI-TiO2
composites reported in the literature.
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