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A B S T R A C T

We report a sophisticated emulsion polymerization route for the synthesis of polyaniline (PANI) salts. In
this process, the chemical oxidative polymerization of aniline was carried out in the presence of two
dopants i.e., dodecylbenzenesulfonic acid (DBSA) and sulfuric acid (H2SO4). The synthesized PANI salts
were highly soluble in a large number and variety of common organic solvents (so far highest number of
solvents including the less hazardous ethanol) and showed very good conductance. Presumably the
presence of DBSA and sulfuric acid moieties, respectively, contributed toward the improvement in
solubility and conductance. After optimization of the reaction parameters, the obtained polymers were
systematically characterized with cyclic voltammetry, in situ conductance, in situ UV–vis spectroelec-
trochemical and intrinsic viscosity measurements. X-ray diffraction, TGA and SEM were used for further
analysis. The materials showed very good electrochemical and electrochromic reversibility and high
thermal stability (up to 500 �C). Moreover, potentiodynamic measurements revealed that coatings of this
polymer can provide extra ordinary resistance to the steel surfaces particularly against the harsh
corrosive environment of the oceans.
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1. Introduction

Polyaniline and its derivatives are the subject of considerable
research interest around the globe. The versatile technological
applications of this fascinating material in various fields are
broadly associated with its good conducting properties. Depending
upon the mode of synthesis, nature and concentration of dopants
and supporting electrolyte, PANI is collected in different states;
leucoemeraldine, emeraldine base, emeraldine salt or pernigrani-
line. Emeraldine salt is the most promising and the only electrically
conducting form of PANI [1].

Although, PANI is a promising candidate for various technolog-
ical applications such as corrosion protections of metals, recharge-
able batteries, capacitors, actuator and sensors [2], it has the
drawback of poor processability and solubility in commonly used
organic solvents. This limits the applications of PANI to a greater
extent. Literature reveal that the properties of PANI greatly depend
upon the method of synthesis, types of dopants, oxidants and the
solvent system used during its synthesis. For instance, the
processability of PANI was reported to be improved significantly
* Corresponding author. Tel.: +92 91 9216652, 9216701-20; fax: +92 91 9216652.
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by grafting copolymerization of aniline onto a modified surfactant
[3]. Considerable progress has been made by the preparation of
polymer blends and composites [2]. The solubility of PANI was also
reported to be improved considerably by adopting chemical
oxidative polymerization routes for the synthesis of substituted
PANIs or copolymerization of aniline with substituted anilines and
synthesis of PANI by emulsion/inverse emulsion polymerization
techniques [4]. In emulsion/inverse emulsion polymerization
pathways, different types of surfactants are employed. These
surfactants are believed to help in improvement of solubility. At
the same time they also act as dopants.

Dodecylbenzenesulfonic acid (DBSA) has emerged as a promis-
ing dopant and surfactant and is frequently applied in different
protocols for the synthesis of soluble PANI. Some examples are
polymerization in solution [5], emulsion/inverse emulsion poly-
merization [6] and re-doping of emeraldine base (EB-PANI) [7]. The
solubility of PANI, doped with dodecylbenzenesulfonic acid (DBSA)
or camphor sulfonic acid, in chloroform and xylene has been
reported [8]. Yu et al. [9] fabricated a honeycomb-structured film
of PANI–DBSA, which was electroactive and semi-conducting in
the appropriately doped state. Han et al. [10] reported the
synthesis of PANI nanoparticles using DBSA in aqueous DBSA
micellar solution. Earlier a new inverse emulsion polymerization
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Table 1
Composition of various samples of PANI–DBSA–H2SO4 salts. Samples 1–7 were
synthesized with varying amounts of H2SO4. Samples 8–13 were synthesized with
varying amounts of aniline while in samples 14–19 the amount of APS was changed.

S. No H2SO4 (mmol) Aniline (mmol) APS (mmol)

1 3.75 16.42 1.25
2 5.00 16.42 1.25
3 7.50 16.42 1.25
4 12.50 16.42 1.25
5 17.50 16.42 1.25
6 22.50 16.42 1.25
7 25.00 16.42 1.25
8 12.50 1.09 1.25
9 12.50 5.47 1.25

10 12.50 10.95 1.25
11 12.50 16.42 1.25
12 12.50 21.90 1.25
13 12.50 27.38 1.25
14 12.50 16.42 0.25
15 12.50 16.42 0.50
16 12.50 16.42 0.75
17 12.50 16.42 1.00
18 12.50 16.42 1.50
19 12.50 16.42 1.75
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pathway was reported for the synthesis of PANI doped with DBSA
using benzoyl peroxide as the oxidizing agent [11]. It was reported
that the synthesized PANI was soluble in chloroform but did not
show any electrical conductance in aqueous acidic media.

These reports demonstrate that the efforts for enhancing the
solubility of PANI in commonly used solvents via different
approaches always result in the reduction in the conductance of
PANI to different levels [4,12].

Reports are also available on several chemical oxidative
polymerization routes adopted for the synthesis of PANI having
good conductance. But the results are not impressive. Stejskal et al.
[13] studied the effect of various acids on the conductance of PANI.
They observed that among various acids such as sulfuric acid,
hydrochloric acid, sulfonic acid and carboxylic acid, only hydro-
chloric acid and sulfuric acid appreciably enhance the conductance
of PANI. Borole et al. [14] compared the effect of and Cl� anions on
the conductance of PANI. They found highest conductance for
sulfate-doped PANI. However, they did not achieve appreciable
solubility. Rao et al. [15] used benzoyl peroxide as a novel oxidizing
agent for the synthesis of PANI. The PANI salts synthesized by this
pathway showed good conductance but low solubility.

Here we report an emulsion polymerization pathway for the
synthesis of PANI. The beauty of the route arises from the fact that
the synthesized PANI salts were found to be highly soluble and
conducting. To the best of our knowledge there is no report on the
synthesis of PANI, neither via electrochemical polymerization nor
via chemical oxidative polymerization, where the synthesized
PANI is highly soluble in a large number of common organic
solvents and at the same time exhibits good conductance. In this
process dodecylbenzenesulfonic acid (DBSA) and sulfuric acid,
were both used together as dopants, resulting in the formation
PANI–DBSA–H2SO4. The long alkyl chain of DBSA is supposed to
impart solubility to the synthesized polymer in common organic
solvents. The sulfate moiety can provide a good conductive
structure because it may cause less hindrance as compared to
bulky alkyl group of DBSA. The synthesized PANI–DBSA–H2SO4

salts seem to deserve their application in various technologies such
as corrosion protection of metals.

2. Experimental

2.1. Materials and chemicals

All chemicals were of analytical grade. Aniline (Riedel-de Häen)
was distilled under reduced pressure and stored under nitrogen in
a refrigerator. H2SO4 (Riedel-de Häen), chloroform (Scharlau),
DBSA (Aldrich), ammonium persulfate, APS (Riedel-de Häen) were
used as received, Ultrapure water (Millipore) was used for solution
preparation and natural water of Indian and Pacific Oceans was
used for corrosion tests.

2.2. Synthesis of polyaniline

In a typical experiment, 7.47 mmol of DBSA was slowly added to
50 mL of chloroform under constant stirring. Then 16.42 mmol of
aniline was added to this mixture. It was followed by the drop wise
addition of 25 mL of an aqueous solution of sulfuric acid
(12.50 mmol) and 25 mL of an aqueous solution of the oxidant,
APS, (1.25 mmol). Consequently the formation of a milky white
emulsion was observed. The stirring was continued at room
temperature. The content of the round-bottom flask gradually
turned green. After about 24 h, the mixture was transferred in to a
separating flask and kept for 15 min to separate the organic and
aqueous phases. Afterwards, the organic phase was washed
repeatedly with deionized water and added to 50 mL of acetone
in order to precipitate out the polymer. The obtained green
precipitate was filtered under suction and washed with excess of
acetone. It was then kept overnight in an oven at 60 �C for drying.

By following the above mentioned procedure, the amounts of
reactants (i.e., sulfuric acid, aniline and APS) were stepwise
changed in the feed for optimization. Details of the synthesized
samples are listed in Table 1.

2.3. Characterization

Percent yield of PANI was calculated by using the following
formula:

Percentyield ¼ Weightofpolyaniline
Weightofaniline

� 100 (i)

As basically we wanted to observe the effect of the amount of
the H2SO4 on the properties of the resulting polyaniline salts, seven
samples (sample numbers 1–7 in Table 1) were synthesized with
varying amounts of H2SO4. Of these samples, sample number 1
(with 3.75 mmol of H2SO4) sample number 4 (with 12.5 mmol of
H2SO4) and sample number 7 (with 25.00 mmol of H2SO4) were
selected for further studies. The amounts of aniline, APS and DBSA
were kept constant as 16.42 mmol, 1.25 mmol and 7.47 mmol,
respectively. For the sake of convenience and clarity, samples
number 1, 4 and 7 were further labeled as PANI 1, PANI 2 and PANI
3, respectively. These samples demonstrate the lowest, intermedi-
ate and highest amounts of the acid in presently studied range,
while keeping all the other parameters constant.

The following procedure was adopted for the determination of
maximum attainable concentration of the synthesized materials in
a particular solvent (e.g., in chloroform). For this purpose 10 mL of
chloroform was taken and 1 g of the sample was gradually added to
it. When some of the polymer did not dissolve, further 3 mL of
chloroform was added to dissolve it. The solubility was then
calculated in percent weight/volume (w/v%). In this way, the
solubility of the synthesized materials was determined in a variety
of organic solvents as demonstrated in Fig. 2.

Cyclic voltammetry was performed by means of 3000 ZRA
potentiostat/galvanostat Gamry (USA). Cyclic voltammograms
were recorded in a three electrode cell containing 0.5 M H2SO.
PANI dissolved in ethanol was dip-coated onto a gold sheet and it
was used as working electrode. A gold coil and a saturated calomel
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Fig. 1. The influence of synthesis parameters on the percent yield of PANI–DBSA–
H2SO4 salts. (a) amount of oxidant at constant amount of aniline (16.42 mmol),
DBSA (7.47 mmol) and H2SO4 (12.5 mmol); (b) amount of aniline at constant
amount of the oxidant (1.25 mmol), DBSA (7.47 mmol) and H2SO4 (12.5 mmol); (c)
amount of H2SO4 at constant amount of aniline (16.42 mmol), DBSA (7.47 mmol)
and oxidant (1.25 mmol).
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electrode (SCE) served as the counter and reference electrodes,
respectively.

UV–vis spectra of PANI solution in ethanol were recorded with a
PerkinElmer 650 (UK) spectrophotometer. In situ UV–vis spec-
troelectrochemical studies were carried out in a spectroelectro-
chemical cell containing an optically transparent ITO coated glass
as working electrode. A platinum wire and SCE were used,
respectively, as counter and reference electrode. Before each
experiment, the ITO coated glass sheets were degreased with
acetone and rinsed with plenty of ultrapure water. Before each
spectroscopic measurement baseline correction was made with
ITO glass electrodes placed in both instrument channels containing
0.5 M H2SO4 solution. The reference electrode was connected to the
cuvette with a salt bridge. In the reference channel of the
spectrometer an ITO coated glass electrode without polymer
coating was inserted in a quartz cuvette. UV–vis spectra were
collected continuously at different applied potentials for the
respective polymer films, with a PC-driven Shimadzu UV-2101 PC
scanning spectrometer (resolution 0.1 nm, spectra recording time
1 min).

FTIR spectra of PANIs, in KBr pellets, were recorded in the range
400–4000 cm�1 by means of Shimadzu (Japan) spectrometer.

For the study of in situ conductance, the polymer film was drop-
coated on a double-band gold electrode and the resistance at
different applied potentials was measured with a specially
designed electronic circuit described elsewhere [16]. A gold sheet
was used as counter electrode while saturated calomel electrode
was employed as reference electrode. The measurements were
carried out in aqueous H2SO4 in a three electrode cell. Electrode
potential was increased stepwise by 50 mV. The film resistance (Rx)
was calculated from the measured voltage (Ux) and amplification
factor (Fac) by using the following relation:

Rx ¼ 0:01 � Fac
Ux

(ii)

The X-ray diffraction patterns of PANI samples were recorded at
room temperature in the range 1–70� with a continuous scan
speed of 0.05�/s by means of a Rigaku X-Ray diffractometer (Japan)
having copper Ka radiation with a wavelength of 1.5405 Å. Thermal
analysis of the synthesized samples was carried out in N2

atmosphere by using a PerkinElmer thermogravimetric analyzer
(USA) at a heating rate of 10 �C/min.

Viscosities of PANI–DBSA–H2SO4 were determined with the
help of a capillary viscometer. Experiments were carried out at five
gradually diluted concentrations (0.005, 0.004, 0.003, 0.002 and
0.001 g/mL) using ethanol as a solvent. Intrinsic viscosity (h) was
obtained by linear extrapolation of the line of specific viscosity
divided by the concentration (hsp/c) vs. concentration (c) and the
line of the natural logarithm of relative viscosity divided by
concentration (ln hrel/c) vs. concentration (c) to the same intercept
at zero concentration [17].

Morphological features and size of the particles were analyzed
with a scanning electron microscope [JSM-5910, JEOL]. In every
case, the sample was made by mounting a little amount of the
given powder on an aluminum stub using double-coated
conducting carbon adhesive tape. Samples were coated with gold
using auto fine coater [JEOL, JFC-1600] for the duration of 30 s. The
working distance was kept 10 mm from the sample to electron gun
tip and the accelerating voltage was adjusted to 15 kV.

2.4. Corrosion test

The corrosion protection performance of PANI–DBSA–H2SO4

salt was studied in natural water of the Indian and Pacific Oceans.
The experiments were performed in a single compartment 3-
electrode cell. Steel discs (stainless steel and mild steel) were used
as working electrodes. Saturated calomel electrode (SCE) and gold
electrodes were used as reference and counter electrodes,
respectively. Before coating with the polymer, steel was polished
with abrasive paper and rinsed with mixture of acetone and
ethanol and finally with distilled water. The polymer dissolved in
ethanol, was drop coated on to the steel electrode. Potentiody-
namic polarization measurements were performed by scanning
the potential from �250 mV to +250 mV and vice versa (cathodic/
anodic plots).

The potentiodynamic current density–potential curve (Tafel
plot) was recorded by means of 3000 ZRA potentiostat/galvanostat
Gamry (USA) with DC105 DC Corrosion Techniques Software
running on a personal computer. The obtained data was analyzed
by Gamry Echem Analyst software in order to extract the values of
corrosion potential (Ecor), corrosion current (icor) and corrosion rate
(CR mm/year) of steel electrodes. The software established Tafel
slopes for anodic and cathodic reactions and extrapolated back to
the point where the anodic and cathodic reaction rates (i.e.,
currents) were equivalent. The current density at that point was
noted as the corrosion current density (icor) and the potential at
which it falls was recorded as the corrosion potential (Ecor).

3. Results and discussion

3.1. Effect of reaction parameters on yield

PANI–DBSA–H2SO4, were prepared by emulsion polymerization
of aniline using ammonium persulfate as an oxidant. The reaction
parameters were optimized systematically by varying the amounts
of oxidant, monomer and acid, respectively, in the feed. Fig. 1a



Fig. 2. Solutions of PANI–DBSA–H2SO4 in (a) tetrahydrofuran, 9.1% w/v, (b) m-cresol, 7% w/v, (c) dimethylsulfoxide, 8.2% w/v, (d) N-methyl-2-pyrrolidone, 8.2% w/v, (e)
dimethylformamide, 8% w/v, (f) 2-propanol, 6.5% w/v, (g) ethanol, 6.5% w/v, (h) chloroform, 7.6% w/v, (i) 1,2-dichloroethane, 7.1% w/v, and (j) mixture of toluene and 2-
propanol, 8.6% w/v, (k) xylene, 5%w/v, (l) toluene, 4.5% w/v. (The values show maximum attainable concentration of PANI 1 in the respective solvent), (m) glass substrate
coated with PANI 1 film.
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shows the effect of oxidant amount on the yield of PANI–DBSA–
H2SO4.

It is evident from Fig.1(a) that the yield of the product increases
with the increase in the amount of the oxidant in the range of
0.25 to 1.25 mmol. Further increase in the amount of the oxidant
shows a retarding effect on the polymer yield. This can be
attributed to the overoxidation of radical cations responsible for
both the decrease in growth rate and the chain length of polymer.
However, low polymer yield at lower concentration of the oxidant
might be due to the decrease in concentration of radical cations
[18]. Fig. 1(b) demonstrates that polymer yield increases progres-
sively with the amount of aniline and the yield is maximum at
10.95 mmol in the presently studied range. The initial increase in
the percent yield is quite expected. However, the drop in the yield
beyond 10.95 mmol may be envisaged as due to the lowering in
oxidant’s efficiency to oxidize relatively greater amount of
monomers with constant initiator amount [19].
Fig. 1(c) depicts the role of amount of acid on the polymer yield.
The yield increases with the increase in the amount of acid from
3.75 to 12.5 mmol but decreases with further increase. Ayad and
Sheneshin [20] have observed such trend during the synthesis of
polyaniline. They suggested that with the increase in acid amount,
the electrostatic repulsion inside PANI chain and between similarly
charged units of the chain increases. It promotes the extended
conformation of chain and thus the yield increases [20]. At higher
amount of acid, the PANI chain undergoes hydrolysis causing the
yield of PANI salts to decrease [21].

3.2. Solubility

After successful synthesis of PANI–DBSA–H2SO4, the solubility
of these materials was tested and determined in various organic
solvents. These include the commonly used polar solvents such as
tetrahydrofuran (THF), m-cresol, dimethyl sulfoxide (DMSO), N-
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methyl-2-pyrrolidone (NMP), dimethylformamide (DMF), 2-prop-
anol, ethanol and non polar solvents like chloroform, 1,2-
dichloroethane, xylene, toluene. Chemical nature of all these
organic solvent is quite different from one another. It is a matter of
fact that the solubility of PANI can be affected by the interactions
among PANI chains, the associated counter ions and the solvent.
Therefore, differences in the values of maximum attainable
concentration of PANI–DBSA–H2SO4 in the mentioned organic
solvents were expected. Fig. 2 exemplifies the saturated solutions
of PANI 1, along with maximum attainable concentrations of the
polymer, in the organic solvents used in this study. The PANI–
DBSA–H2SO4 readily dissolved in the polar solvents. Perhaps the
polar organic solvents enable an effective interaction with PANI
chains through protonation or the formation of H��bonds with
amine or imine nitrogen [22]. It was revealed previously that such
kind of rapid dissolution of PANI in the polar organic solvent will
only be possible if a good PANI-acid molar ratio exist in the
synthesized sample [22]. Therefore, it can be assumed that the
easy dissolution of PANI–DBSA–H2SO4 in the polar organic
solvents, in the present study, is a result of the fine protonation
of the synthesized PANI sample.

As presented in Fig. 2, PANI–DBSA–H2SO4 also showed
appreciable solubility in non polar organic solvents such as 1,2-
dichloroethane, toluene and xylene. In this case, the negative
charged sulfonate group of DBSA is expected to interact with the
positively charged backbone of the PANI through coulombic
attraction and provides a hydrophobic side chain (dodecyl group)
for compatibility with non-polar organic solvents. The dopant
molecules present in the PANI chains may provide space for
penetration of solvent molecules inside the chain and induces its
solubility in non polar solvents [23].

However, chloroform showed different behavior for dissolution
of PANI–DBSA–H2SO4. Unlike above mentioned non polar solvents,
the synthesized salts readily dissolved in it. The reason may lies in
the fact that in chloroform (CHCl3), the carbon atom is bound to
one hydrogen atom and three electronegative atoms (Cl). Due to
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the difference in the electronegativities of the atoms, the hydrogen
atom is believed to form hydrogen bond with PANI, like other polar
solvent, and thus enhances its solubility in chloroform.

The solubility of PANI–DBSA–H2SO4was also tested a mixture of
two solvents containing a polar solvent (for example 2-propanol)
and a non polar solvent (such as toluene). The maximum attainable
solubility of the synthesized PANI was higher than the one
obtained for 2-propanol and toluene alone (Fig. 2). This can be
explained on the bases of complementary effects of the two
solvents. 2-propanol has two kinds of groups i.e., a polar (OH)
group and a non-polar (alkyl) group. When it is mixed with toluene
(a non-polar solvent), the non-polar part of 2-propanol can readily
interacts with toluene and form a sizeable non-polar group [22].
Such mixture of solvents can be expected to communicate in two
fashions with PANI–DBSA–H2SO4. Its polar part forms H-bond with
the protonated PANI whereas its fairly large non-polar part easily
interacts with the non-polar alkyl chain of DBSA [22].

Thus, these interactions may lead to the enhancement of
solubility of the polymer. These observations are important
because the properties of a casted film of PANI from a solution
are determined by the interactions between the PANI chains, the
associated counterion and type of solvent. And so these
interactions can easily be tuned by selecting appropriate types
of solvents. The synthesized PANI–DBSA–H2SO4 can effectively be
coated on a metallic or glass substrate. For instance, PANI film
coated on a glass substrate is given in Fig. 2 (m). The clear visibility
of the text (PANI–DBSA–H2SO4) behind the film confirms the good
quality and transparency of the material.

3.3. Cyclic voltammetry

Electrochemical behavior of the synthesized PANI–DBSA–
H2SO4was investigated with cyclic voltammetry. Cyclic voltammo-
grams (CVs) were recorded by cycling the potential between
ESCE� 0.20 and 0.9 V at a scan rate of 50 mV/s (Fig. 3). The products,
prepared with different amounts of acid (H2SO4) in the
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polymerization bath, appeared to show very consistent electro-
chemical behavior.

All the samples show two redox pairs. The first oxidation peak
around ESCE = 0.15 V corresponds to the conversion of leucoemer-
aldine to emeraldine and the second peak around ESCE = 0.60 V
corresponds to further transformation of emeraldine into perni-
graniline. Mostly a third redox pair, in between the above
mentioned redox pairs, is reported to observe in the CV of
chemically or electrochemically synthesized PANI [11]. This pair is
believed to be associated with the presence of hydrolysis/
degradation or overoxidation products incorporated in the
polymer chain during the process of synthesis. Such a redox pair
is missing in the CVs in Fig. 3. This indicates that the synthesized
PANI salts were collected in a very pure form.

CVs of PANI 1 were recorded in the potential range of ESCE –

0.20 to 0.90 V at various scan rates ranging from 0.01 to 0.10 V/s and
are displayed in Fig. 4(a). The shape reveals that the polymer
exhibits good electroactivity. The redox peak current increases
with the scan rate whereas peak potentials remain constant.
Generally, the electrode processes are either diffusion or kineti-
cally controlled. In the present study the currents of first anodic
peaks are proportional to the square root of scan rate (Fig. 4(b))
which indicates that the electrochemical processes at the polymer-
coated electrode surface is diffusion-controlled [24]. At all these
scan rates the polymer seems to be quite stable and shows no signs
of degradation.

3.4. In situ conductance measurements

Resistance values of PANI–DBSA–H2SO4 salts were measured in
anodic and cathodic sweeps in the potential range of ESCE = � 0.2 to
0.8 V. The plots of resistance (log Rx) vs. applied potential for PANI
1 and PANI 2 are displayed in Fig. 5. It shows that as the applied
potential increases, log Rx remains unchanged up to ESCE = 0.1 V
until the offset of first oxidation peak in CV (inset) appears at
potential around ESCE = 0.15 V, where log Rx values starts to
decrease. Further increase in the potential causes a sharp decrease
in resistance until the offset of 2nd oxidation peak in the CV is
reached at potential around ESCE = 0.6 V, where resistance begins to
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increase again. Thus PANI-–DBSA–H2SO4 is conductive in the
potential range of ESCE = 0.15 to 0.6 V. When the potential sweep
direction is reversed from ESCE = 0.8 to � 0.2 V, an almost identical
behavior can be observed. However, the minimum resistance
during the cathodic sweep is higher than in the anodic sweep [25].
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Fig. 7. In situ electronic absorption spectra of PANI 1, PANI 2 and PANI 3 recorded in
anodic direction ESCE = � 0.20 to 0.90 V.
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This finding is also supported by UV–vis spectroscopy and XRD
study as discussed in the following sections.

Generally, it is reported that in the presence of large molecules
(surfactants as dopant), PANI shows low conductance [12,11]. In
the present case HSO�

4 moieties are supposed to enhance electrical
conductance of the material as the minimum resistance is 0.56 V
for PANI 2 and 0.20 V for PANI 1. These values are indeed very good
and are comparable with those of electrochemically synthesized
polyaniline [26]. Hence, the polyaniline salts synthesized in the
present study not only show very good solubility in most of the
common organic solvents but also exhibit very good conductance
in aqueous electrolytic media. Both of these properties are of high
value for determining the importance of a material in various
technologies.

3.5. UV–vis spectroscopy and in situ UV–vis spectroelectrochemistry

Fig. 6 shows the UV–vis spectra of PANI 1, PANI 2 and PANI 3. All
samples show three characteristic absorption bands at 322–
342 nm, 400–435 nm and 760–832 nm. The first band arises from
p–p* transition within benzoid (B) ring of the polymer backbone,
the second and third absorption bands are due to the polaron–p*
(quinoid Q ring) and p–polaron transition (exciton), respectively
[27]. The second and third peaks are related to the doping level and
formation of polaron which support the formation of emeraldine
salt form of PANI [28].

The appearance of the well defined band in the red region
suggests the formation of PANI samples with good conjugation
length. The weakened steric hindrance between dopant and PANI
chain might be a cause of it [29]. The variation of peak intensity and
wavelengths can be related to degree of doping, conjugation length
of polyaniline chain and solubility of polyaniline in a solvent [29].

Detailed spectroelectrochemical investigations were carried
out with thin PANI films dip coated onto the surface of an indium-
doped tin oxide (ITO) coated glass electrode. Fig. 7 shows the
absorption spectra of PANI 1 film on ITO glass electrode at stepwise
increased electrode potentials from ESCE = – 0.20 to 0.90 V. The
main feature in the spectra are essentially the same as reported
earlier [30] for electrochemically synthesized PANI, where three
absorption peaks, which depend both in magnitude and position
on potential, can be distinguished. The absorption around
l = 315 nm is caused by the p ! p* electronic transition of benzoid
rings and is characteristic of the leucoemeraldine form of PANI.
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Fig. 6. UV–vis spectra of PANI-DBSA-HSO4 salts recorded in ethanol (0.01 g/mL).
The samples were synthesized using different amounts of H2SO4.
The decrease in intensity of this band with increasing potential
indicates diminished concentration of the reduced sites because of
their transformation into oxidized sites. The absorbance band
located at about l = 420 nm also shows sensitivity to potential
variations. It increases with potential up to ESCE = 0.40 V and then
decreases with further potential increase. This is close to the
behavior of an intermediate species identified as radical cation or
polaron formed during electrooxidation of the leucoemeraldine
state of PANI [31]. The band most sensitive to the potential change
is the low-energy polaron band. On one side the absorbance of this
band increases continuously with the progressive increase of
potential. On the other side it exhibits hipsochromic shift with the
potential increase. This may be due to incorporation of more and
more sulfate ions with increasing potential resulting in the
formation of a compact coil structure [11]. The blue shift is more
conspicuous at potentials above ESCE = 0.70 V. This is usually
attributed to the transformation of emeraldine into the completely
oxidized pernigraniline state. This is confirmed by disappearance
of the other polaron band at l = 430 nm at potentials beyond
ESCE = 0.70 V. In case of PANI 2 and PANI 3 the absorbance of this
band decreases by increasing the potential from ESCE = � 0.20 to �
0.1 V. Beyond this potential the absorbance of this band increases
with the potential increase. PANI exists in its leucoemeraldine form
in the potential range of ESCE = � 0.20 to � 0.1 V. The increase of
absorbance at ESCE = � 0.1 V might be indicative of the conversion of
leucoemeraldine into the emeraldine salt form of PANI. Clearly, we
observed an isosbestic point with PANI 2 at l = 360 nm in between
the bands at l = 315 nm and 420 nm which is normally attributed to
a one step transformation from emeraldine to pernigraniline [11].
With PANI 3 two isosbestic points were obtained: the first between
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l = 315 nm and 420 nm as with PANI 2 and the second at about
l = 570 nm between the bands at l = 420 nm and 800 nm. Similar
trends were also observed by Albuquerque et al. [32] which they
assigned to the interconversion of three states of PANI i.e.,
leucoemeraldine, emeraldine and pernigraniline.

In order to check electrochromic reversibility of the polymer
film, electronic absorption spectra were also recorded in cathodic
direction (Fig. 8). The plots of absorbance and wavelength of low
energy polaron band vs. applied potential are given in Fig. 9. These
figures indicate that PANI films have very good electrochromic
reversibility.

3.6. FT-IR spectroscopy

Fig. 10 represents FT-IR spectra of PANI salts and the
corresponding bands along with their assignment are given in
Table 2. PANI 1 and PANI 3 show almost the same spectral behavior
whereas the bands for PANI 2 appear at lower wave numbers. The
shift of the peaks observed with PANI 1 and PANI 3 illustrates a
more intimate interaction between the polymers and dopant [33].
In case of PANI 1 and PANI 3 the main characteristic peaks observed
at 1581 and 1505 cm�1 are attributed to quinoid and benzoid units
respectively [34,35]. The band at 1310 cm�1 is attributed to C��N
stretching of PANI backbone [34]. However, as discussed above,
these characteristic bands for PANI 2, appearing at 1470 and
1580 cm�1, are due to benzoid and quinoid stretching, respectively
[36]. The band at 1303 cm�1 indicates C��N stretching vibration of
the backbone of PANI [37].

Beside these peaks, some peaks are observed at the same
position for all the samples: The peak at about 1140 cm�1 is due to
the plane vibration of Q¼NH+��B and B��N+H��B which is formed
during protonation and is considered to be a measure of electron
delocalization in PANI chain and thus a characteristic peak related
to PANI conductance [38]. The peak at 1150 cm�1 is assigned to
electronic or vibrational band of nitrogen quinone [39]. The bands
at about 510 cm�1 observed in all spectra can be assigned to the
absorption of the sulfonate anion of DBSA [40]. Furthermore, all
the spectra clearly indicate that all PANI samples contained
hydrogen sulfate counterions showing a band at 613 cm�1 [41]. All
these well defined peaks confirmed that both DBSA and hydrogen
sulfate moieties are properly incorporated in the PANI chain.
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Fig. 8. In situ electronic absorption spectra of PANI–DBSA–H2SO4 salts recorded in
cathodic direction ESCE = 0.90 to � 0.20 V.
3.7. X-ray diffraction

Fig. 11 shows the influence of increasing acidity in the feed on
the X-ray patterns of PANI–DBSA–H2SO4. All the patterns show a
well-defined peak centered at 2u = 25�. This peak is assigned to the
van der Waals distance between stacks of phenylene rings [42].
However, additional peaks at 2u = 19–36� observed for PANI
1 indicate that the overall crystallinity of this sample is higher
as compared to other samples [43]. Better crystallinity of PANI
1 can be attributed to its well organized and regular structure.
Hence, the increase in crystallinity of PANI 1 is expected to increase
its conductance [44]. This statement is supported by conductance
measurements discussed earlier.

3.8. Thermogravimetric analysis

Thermal stability of a polymer is very important for its
technological applications. The use of conducting polymers in
industry is limited due to their undesirable properties such as loss
of dopant and decomposition at high temperature. Moreover, due
to the loss of conductance at high temperature, their use in
electronic devices, solid sate batteries, chemical sensors, electro-
magnetic shielding, anticorrosion coatings etc, has been restricted
[45]. In the present study thermal degradation of PANI was
monitored through thermogravimetry. The results are presented in
Fig. 12.

The polyaniline salts synthesized at room temperature showed
three main weight loss stages [6]. The first weight loss at about
260 �C is associated with the loss of moisture. PANI always shows
high moisture loss because it is highly hygroscopic in nature and
some moisture still remains even after vacuum drying [44]. The
second weight loss in the range 260–500 �C is attributed to
degradation of the dopant. The slow and somewhat gradual weight
loss which is observed at temperature higher than 500 �C is due to
the structural decomposition of the PANI backbone [6]. All PANI
samples did not destroy completely. A possible reason might be the
fact that in nitrogen atmosphere carbonization of polymer takes
place leaving a marked residue [6]. The results indicate that PANI–
DBSA–H2SO4 synthesized in the present work is thermally more
stable as compared to those reported in literature [46,47,48].
Generally, the surfactants exhibit a low thermal stability; however,
in the present case the results indicate that the percentage of
surfactant in the final conducting product is low enough. This does
not affect the overall thermal stability of the product. These highly
thermally stable polymers can be effectively used in various
technological applications where working at an elevated temper-
ature is required.

3.9. Intrinsic viscosity

The viscosity behavior of macromolecular substances in
solution is one of the most frequently used approaches for
characterization. Intrinsic viscosities of PANI–DBSA–H2SO4 salts
(Table 3) show an appreciable change in the intrinsic viscosity of
the polymers with increasing amount of the acid in the feed.
However, with further increasing the amount of acid both yield and
intrinsic viscosity decrease possibly due to high acidity-accelerat-
ed degradation of the PANI chain [18]. The intrinsic viscosity values
in Table 3 illustrate that the polymers have highest intrinsic
viscosity than any other intrinsic viscosity values reported for
PANI, and hence indicate highest molecular weight of the materials
as compared with the reported literature [17,18].
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3.10. Morphology of PANI–DBSA–H2SO4

Scanning electron micrographs of PANI–DBSA–H2SO4 synthe-
sized with different amounts of the acid (Fig. 13) show granular
morphology for PANI 1 and PANI 2. However, for PANI 3 the
granular morphology changes to block shape which might be
attributed to the change in micellar shape [27]. The morphology of
PANI depends upon the method of synthesis and solvent or
medium [49]. Shreepathi and Holze [11] studied the influence of
the amount of DBSA in the feed on morphology of PANI in an
inverse emulsion polymerization pathway. They found that PANI–
DBSA exhibits fibrillar and porous network morphology. Han et al.



Table 2
Band assignments of FT-IR spectra of PANI–DBSA–H2SO4 salts. Assignments are
based on Ref. [33–41].

Band position, Wave number (cm�1) Band assignment

PANI 1 PANI 2 PANI 3

1581 1581 1580 Quinoid stretching
1505 1505 1470 Benzoid stretching
1310 1310 1303 C��N stretching
1140 1140 1140 Vibration of Q¼NH+��B and B��N+H��B
1150 1150 1150 Nitrogen quinone
510 510 510 Sulfonate anion of DBSA
613 613 613 Hydrogen sulfate
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Fig. 12. Thermogravimetric curves recorded for PANI 1, PANI 2 and PANI 3, as
indicated.
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[27] reported one step reverse micelle polymerization of PANI–
DBSA which showed spherical morphology. In the present study
the granular morphology of the PANI–DBSA–H2SO4 can be due to
the polymerization of aniline in the presence of strong acid (H2SO4)
[50,51]. It is assumed that in strongly acidic medium the induction
period of polymerization is short. Thus the available time is not
sufficient for the organization of phenazine nucleates, consequent-
ly resulting in the granular morphology of PANI [52]. All the
micrographs show very good porosity which is considered suitable
for immobilization of bio-components and can be used in
biosensors.

3.11. Corrosion protection performance of PANI–DBSA–H2SO4

As a matter of fact, for the very long time, corrosion of steel is a
serious problem throughout the world. Corrosion of steel
structures in the marine environment is a major problem than
inland. Steel is recognized as the premium material for marine
applications where it is used for its excellent corrosion resistance,
luster, strength and stiffness. The applications include coastal
handrails, housings for equipment, ladders, lamp posts, submerged
items (pipelines and grills for oil, sewage and water), risers for oil
platforms, grills, heat exchangers for ships and coastal power
plants, equipment attached to hulls of boats and ships etc., The
deterioration of these kinds of structures is very costly and
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Fig. 11. X-ray diffraction patterns of PAN
dangerous for environment. Steel substrates are more prone to
corrosion in a marine environment than inland due to galvanic cell
formation and erosion of products.

Various anti-corrosive pigments such as zinc phosphate,
chromates and lead compounds can be used in paint systems to
control corrosion [53]. However, these pigments should be
eliminated from environment due to their severe toxicological
properties [53]. Moreover, these corrosion inhibiting coatings onto
steel object are not a complete solution because these coatings are
subjected to scratches, cracks and chips which again expose the
metal to the corrosive environment. Even very small pinhole size
discontinuities in a coating can be problematic. It has been found
that the effects of corrosion at discrete locations (due to chips and
scratches) are harsher because the corrosive elements are
concentrated at the point of exposure [54]. Accordingly,
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Table 3
Change of intrinsic viscosity with change in the acid concentration.

Sample Intrinsic viscosity h/ mL/g

PANI 1 198
PANI 2 212
PANI 3 109
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conventional corrosion inhibiting coatings are not satisfactory for
corrosion protection of steel objects. Therefore, environment
friendly and effective corrosion inhibitors are required.

Polyaniline salts exhibiting interesting redox properties offer
good alternative. These materials are well adhesive and form a
passive oxide layer showing tolerance for scratches and pin holes
unless accidentally or intentionally made with a sharp tool. Several
reports indicate a beneficial corrosion protection of steel alloys by
PANI in different corrosion environments such as saline water [55],
acids [56], concrete [57] and sand [58]. These studies suggested
PANI as a potential corrosion inhibiting material. However, most of
the studies have been carried out in the electrolyte solutions
prepared in laboratory. To the best of our knowledge, there is no
report on its practical applicability for marine/ocean environment
which is a complex chemical system and more aggressive corrosive
environment than the laboratory prepared electrolytes. It pos-
sesses salinity, various minor ions, complex biological activity and
has access dissolved oxygen, and pollutants [59]. The PANI
synthesized in the present work was tested for the corrosion
protection of various grades of steel. For this purpose the
experiments were performed in the natural water of Oceans.
The coatings showed excellent corrosion protection efficiency for
steel.

The representative Tafel plots of uncoated and PANI 1 coated
steel electrodes in natural water of the Oceans are shown in Fig. 14.
The corresponding values of Ecor, icor, CR and protection efficiency
are summarized in Tables 4 and 5. The PANI 1 coated electrodes
showed a remarkable potential shift and reduction icor and CR
values as compared to uncoated steels. The positive shift of
Fig. 13. Scanning electron micrographs of
corrosion potential and reduction in the icor of the coated steel
implies that these polymer coatings can provide a best protection
to stainless and mild steel against corrosion in the waters of ocean.
The better performance might be attributed to the high solubility,
good electrical conductance and redox reversibility of the
synthesized PANI salts.

Tables 4 and 5 show some differences in the values of all
parameters (Ecor, icor and CR) calculated for two kinds of PANI
1 coated steels in two different kinds of water (water from Indian
and Pacific Oceans). In the water of the Indian Ocean the Ecor shift
after coating is small (ESCE = 0.15 V) for stainless steel, and it is large
(ESCE = 0.4 V) for mild steel. In case of water of the Pacific Ocean the
Ecor shift for the stainless steel is also small (ESCE = 0.19 V) and for
the mild steel it is large (ESCE = 0.2 V).

Likewise, the value of icor show a strong decrease both for
coated stainless steel and mild steel in water of the Indian Ocean.
While for water of the Pacific Ocean the difference in the values of
icor of uncoated and coated steels is not so high.

Similarly, variations can be observed in the values of corrosion
rate (CR) calculated for all these systems. The CR greatly decreases
by a factor of 16.6 mm/year for coated stainless steel as compared
to uncoated stainless steel, whereas it shows a shift of 23.2 mm/
year for coated mild steel in water of the Indian Ocean. In the water
of the Pacific Ocean a shift of 14.85 mm/year in CR can be observed
for coated stainless steel and 15.52 mm/year for mild steel.

The pronounced shift in the values of above mentioned parameters
and different behaviors of steels in the waters of Indian and Pacific
Oceans can be explained on the basis of various factors. Generally,
in a particular experiment, the values of Ecor shift, icor and CR can be
expected to affect by the nature of coating, type of substrate, and
type and concentration of the electrolyte used. It is an established
fact that, when used as a coating on a substrate, the adequate
oxidizing power of PANI allow it to readily form passivating iron
oxide layer on the steel surface. This mechanism can be explained
with the help of the following equations:
 (a) PANI 1 (b) PANI 2 and (c) PANI 3.



Fig. 14. Tafel plots recorded for PANI 1 coated (a) stainless steel and (b) mild steel electrode in the water of Indian Ocean and (c) stainless steel and (d) mild steel electrodes in
water of Pacific Ocean.

Table 4
Ecor,icor and CR values calculated from the Tafel plots recorded for PANI 1 coated steel electrodes in the water of Indian Ocean.

Parameter Uncoated stainless steel Coated stainless steel Uncoated mild steel Coated mild steel

Ecor (V) �0.201 �0.051 �1.201 �0.799
icor (mA/cm2) 38.70 2.26 19.64 5.10
CR (mm/year) 17.68 1.03 30.13 6.89

Table 5
Ecor, icor and CR values calculated from the Tafel plots recorded for PANI 1 coated steel electrodes in the water of Pacific Ocean.

Parameter Uncoated stainless steel Coated stainless steel Uncoated mild steel Coated mild steel

Ecor (V) �0.206 �0.012 �0.205 �0.004
icor (mA/cm2) 26.50 3.43 22.20 5.73
CR (mm/year) 15.95 1.10 18.14 2.62
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(a)4 2Fe (s) ! 2Fe2+ + 4e

(b)5 2Fe2+! 2Fe3+ + 2e

(c)ES + 4e ! LE
(d)0.5O2 + H2O + 2e ! 2OH�

(e)6 2Fe3+ + 6OH�! Fe2O3 + 3H2O

(f)LE + 2H2O + O2! ES + 4OH�
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The above equations demonstrate that iron (Fe) can readily be
oxidized to Fe2+ (Eq. (a)) and subsequently to Fe+3 (Eq. (b)). During
this process PANI, in the emeraldine salt (ES) form, merely reduces
to its leucoemeraldine (LE) form by accepting the electrons
generated during the oxidation of iron (Eq. (c)) [60]. Meanwhile,
these electrons can also combine with the dissolved oxygen in the
aqueous medium to form OH� ions (Eq. (d)). These OH� ions
further react with Fe+3 ions to form Fe2O3 (Eq. (e)). Thus the
resultant Fe2O3 layer serves as a passivating layer on the steel
surface. Additionally, the dissolved oxygen in the aqueous medium
re-oxidizes LE back to ES (Eq. (f)) to regenerate the electron
accepting ability of PANI [1]. This last oxidation step manifests that
in the passivating process, PANI acts in the catalytic fashion. And so
PANI with good electrochemical activity can provide good
protection. However, in the present case the observed differences
in values in Tables 4 and 5 can not be explicitly related with
difference in the corrosion protection behavior of PANI as the same
sample of PANI (i.e., PANI 1) was used in all the systems.

The second parameter that can be taken in consideration to be
responsible for the differences in the values in Tables 4 and 5 is the
nature of steel as a substrate. In this study, two types of steels
(stainless steel and mild steel) were employed as a substrate. The
difference in the values of corrosion parameters for the two types
of steels can be related to their different metallography. It is a
matter of fact that a protective coating on the steel substrate can
acts as a physical barrier to the diffusion of corrosive media across
it, and thus prevents corrosion of the underlying substrate. Thus,
the firm adhesion of a coating at the steel surface is a crucial factor.
The weak adherence of the coating on steel surface may allow the
corrosive medium to access the surface of the steel substrate and
breakdown its passivation. This process produces corrosion
products that further affect the adherence of the coating onto
the steel substrate. This type of miscarriage cannot be recovered by
the dissolved oxygen in electrolyte (or possible redox property of
PANI, if used as a coating) [61]. We observed during our
experiments that PANI 1 coating on mild steel surface gives much
adherent film than its coating on stainless steel surface. Therefore,
the corrosion protection performance the PANI 1 was better for
mild steel in comparison with its corrosion protection performance
for stainless steel in the waters of both of the Oceans.

It can also be observed that the same sample of PANI (PANI 1)
offer different corrosion protection to mild and stainless steel in
the water of Indian and Pacific Ocean. This can be attributed to the
difference in the composition of the waters of Indian and Pacific
Oceans. Although in oceanography, salinity (concentration of
dissolved salts) is a fundamental property of the water of an Ocean
[62], yet it is not uniform even in the same ocean. The content of
different ions may be different at different places. In general terms,
these ions of the dissolved salts play an important role in corrosion
protection by covering the steel surface with insoluble products
and enhance passivation of the surface [60,63].

7. Conclusions

Processable PANI–DBSA–H2SO4 salts with high solubility and
electrical conductance were successfully prepared by emulsion
polymerization of aniline in the presence of DBSA and H2SO4. In
addition, these salts were thermally stable up to 500 �C. The yield
of the polymer was found to be strongly dependent on the
polymerization conditions such as amounts of acid, oxidant and
monomer. Cyclic voltammetry confirmed the good electroactivity
and purity of the synthesized PANI salts. FTIR, UV–vis spectroscopy
and X-ray diffraction results support the formation of PANI salts
doped with DBSA and H2SO4. In conclusion, we have developed a
novel and simple approach for the chemical oxidative polymeri-
zation of aniline based on the use of two dopants (DBSA and
sulfuric acid) together for the synthesis of highly soluble,
conducting and thermally stable PANI salts. These salts can
effectively be used in various technologies where these qualities
are required. Polarization measurements revealed that coatings of
these PANI salts can provide excellent resistance to various grades
of steel surfaces against harsh corrosive environment of the
oceans.
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