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ABSTRACT: Polyaniline (PANI) was synthesized by
chemical oxidative polymerization of aniline (ANI) in the
presence of alumina (Al,O;) particles. The polymerization of
ANI occurred preferentially on the surfaces of the particles,
resulting core-shell structured alumina—polyaniline (Al,O5-
PANI) particles. Morphology examination showed that with
decreasing of the weight ratio of Al,O;/ANI in the reac-
tants, the thickness of the PANI layer increased and changed
from an even surface morphology to a particulate morphol-
ogy. UV-vis and Fourier transformed infrared (FTIR) spec-
tra indicated that there is no chemical interaction between
the PANI layer and the Al,O; surfaces. The PANI layer

adhered well to the particles and can be used as anticorro-
sive fillers for polymer coatings. Enhanced corrosion protec-
tion performance was achieved for the emeraldine base (EB)
form of PANI deposited Al,O; particles (Al,O5-EB) filled
epoxy coating on carbon steel in 3.0 wt % aqueous NaCl
solution. The particles demonstrate both excellent corrosion
protection performance and lower cost, which will be of
great importance in practical applications. © 2006 Wiley Peri-
odicals, Inc. ] Appl Polym Sci 101: 4372-4377, 2006
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INTRODUCTION

Polyaniline (PANI) has received considerable atten-
tion and become one of the most extensively studied
intrinsically conducting polymers because of its easy
synthesis, tunable conductivity, controllable chemi-
cal/physical properties, good environmental stability,
and numerous potential applications, such as sensors,"
corrosion protection,® electromagnetic interference
shielding,3 and so on. The chemical oxidative poly-
merization of PANI is more feasible for production of
PANI on a large scale in comparison with the electro-
chemical oxidative polymerization. However, the
great potential of the as-prepared PANI is masked by
its serious disadvantages of intractability, i.e., insolu-
bility and infusibility, as well as poor mechanical
property. To address this, many attempts, such as
structural modification of PANI by ring or N-substi-
tution, doping PANI with functionalized protonic ac-
ids, blend of PANI with conventional polymers,””
etc., have been made to improve the processability of
PANI. Among these attempts, preparation of PANI
composites or blends is considered one of the most
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promising ways from an industrial point of view in
that both the electrical and redox properties of the
PANI guest and the mechanical properties of the in-
sulating host matrix is combined in the composites or
blends.®

Tremendous PANI-based composites or blends
have been prepared with various methods and sug-
gested for a variety of applications as reviewed by
Anand et al.® in 1998. Besides the common polymer/
PANI composites, the preparation, as well as applica-
tions, of more and more novel PANI-based compos-
ites or blends was reported in recent years. For exam-
ple, PANI/carbon nanotube composites, mostly
prepared by in situ polymerization,”™'! exhibited
greatly improved conductivity, thermal stability, and
mechanical properties in comparison with the pure
PANI, and can be used in electrorheological applica-
tion,'? sensors,'® organic electronics,'* actuators,'® and
capacitors.'® Synthesis of PANI composites with inor-
ganic materials like CeO,,'” TiO,,'® nano SiO,,"
V,05,% and metals like P** and Au®** were also inten-
sively studied, and the composites can be used as
high-conducting materials, sensors, catalysts, micro-
wave absorbing materials, and so on.

Corrosion of metals, especially iron-based materials,
has long been an important problem, which brings
tremendous economic losses in excess of 100 billion
dollars annually world wide.*® Covering the metal
surfaces with polymeric or polymers-based coatings
were considered one of the most facile and popular
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methods for corrosion protection of metallic materi-
als.** Generally, the corrosion protection mechanism
can be either a physicochemical one (barrier), or an
electrochemical one (inhibition or cathodic protec-
tion), or both of them and others,® according to the
fillers used in the coatings. Among these, the inhibi-
tive metal oxides, such as chromate or molybdate, are
deemed as effective corrosion inhibitors. However,
their potential environmental and health concerns
have necessitated the need to identify environmental
friendly candidates with similar effectiveness.® PANI
is one of the promising candidates and has been ex-
tensively studied in both the doped and the dedoped
states since the earliest work by DeBerry.?” Aside from
the improving of the protective performance, to low
the prices of the materials is also an important issue,
especially from an industrial point of view. Therefore,
PANI-coated alumina (Al,O;) composite particles
were prepared by in situ polymerization in this study
and suggested for metallic corrosion protection. UV-
vis spectroscopy, Fourier transformed infrared (FTIR)
spectroscopy, scanning electronic microscopy (SEM),
four-probe conductivity measurement, and corrosion
protection potential measurement were employed to
characterize the structure and properties of the com-
posite particles and their epoxy-based composite coat-
ings.

EXPERIMENTAL
Materials

Aniline (ANI), ammonium persulfate (APS), dimeth-
ylformamide (DMF), and methyl isobutyl ketone
(MIBK) were analytical grade from Xi’an Chemical
Reagent Factory. ANI was doubly distilled in the pres-
ence of zinc (Zn) powder and stored in dark. The
Al,O; powders were purchased from Nanjing High
Technology Nano Co. The bisphenol-A epoxy resin
(epoxy value: 0.51 mol/100 g) and the aromatic curing
agent (T-31) were from Wuxi Resin Factory. All other
reagents were used as received.

In situ preparation of Al,O;-PANI composite
particles

Typically, 0.93 g of ANI was first dissolved in 100 mL
of hydrochloride acid (1 mol/dm?) and the solution
was brought to 20°C. Al,O; powders were then added
in the solution and stirred vigorously for 20 min (Ta-
ble I). 2.28 g of APS in 70 mL hydrochloride acid was
added dropwise into the milk white colored disper-
sion to initiate the polymerization and finished in
about 30 min. The reaction was completed 5 h after the
dispersion turned green. The product was collected on
a Biichner funnel, and the cake was washed several
times with deionized water until the filtrate became

TABLE 1
Ratio of Reactant and Conductivity of the Composite
Particles
Weight ratio of Conductivity
Samples Al,O5/ANI (S/cm)
A 5 0.17
B 10 0.05
C 20 0.02
D 40 -
E 60 -
F 80 —

colorless. Part of the cake was dried at ambient tem-
perature to obtain the conductive PANI-coated Al,O;
powder, which is denoted as Al,O;-PANI/HCl.The
rest of the cake was further treated with 5.0 wt %
ammonia water for 0.5 h and then washed to neutral-
ity with deionized water. After dried in vacuum
(40°C), the nonconductive emeraldine base (EB) form
of PANI-coated Al,O; powders were obtained and is
denoted as Al,O5;-EB.

Preparation of the Al,O;-EB containing coatings

20 g of the Al,O4-EB powders and 10 g of the epoxy
resin were added to 30 g of MIBK and mechanically
mixed for 30 min. The blue colored dispersion ob-
tained was then thoroughly mixed with 4 g of T-31
and brushed on the surface of prepolished carbon steel
plates (100 mm X 20 mm X 1 mm) to form coatings
after cured.

Characterization

UV-vis spectra were recorded between 270 and 1000
nm using quartz cuvettes on a U-2001UV /Vis spectro-
photometer (Hitachi). Solutions for subsequent spec-
troscopic studies were prepared by dissolving 0.2 g of
Al,O5-EB powders in 20 mL DMF, which also served
as the reference. FTIR spectra were recorded on a
spectrophotometer Spectrum GX (PerkinElmer). Solid
specimens were prepared by mixing their powders
with KBr and then pressed into round pellets. Electri-
cal conductivity measurements of the Al,O;-PANI/
HCI powders were performed on pressed pellets em-
ploying the standard four-probe technique with a
5785 digital multimeter (Suzhou Telecommunication
Factory, China). SEM images of the composite parti-
cles were obtained using a JSM-6460 scanning electron
microscope (JEOL). Corrosion potential of the coated
carbon steel in 3.0 wt % aqueous NaCl solution was
measured using a conventional three-electrode elec-
trochemical cell, which contains a platinum counter
electrode and a saturated Ag/AgCl reference elec-
trode on a DJS-292 potentiostat (Leici Instrument Fac-
tory, Shanghai, China) at room temperature.



4374

RESULTS AND DISCUSSION
Polymerization

With dropwise addition of the APS solution into the
Al,O; powders containing dispersions, the color of all
the dispersions changed from the initial milk white to
green, then dark green, indicating the formation of
PANI. With increasing of the weight ratio of Al,O5/
ANI from 5 to 80, the time needed for the color change
from milk white to green increased from ca. 5 min to
ca. 70 min. Even at weight ratio of Al,O;/ANI of 80,
all the Al,O; powders were coated with PANI, indi-
cating that ANI was preferentially polymerized at the
surfaces of the powders [Fig. 1(a)]. This phenomena
has been reported previously”®* on various sub-
strates. The initially formed oligoaniline cation radi-
cals would be adsorbed on the insulating surfaces, as
well as interstices, and the coupling reaction and fur-
ther polymerization would begin from these nucle-
ation sites, instead of from the bulk system, leading to
the preferentially formed adherent PANI layer on the
surfaces. If more ANI is presented, the secondary nu-
cleation would occur on the produced PANI layers,
resulting then thick layers with particulate appear-
ances (Fig. 1)

Morphology

Morphology examination showed that, at higher
weight ratios of Al,O;/ANI, the round-shaped Al,O;
particles with few PANI adhered are observed [Fig.
1(a)], indicating also the preferentially polymerization
of ANI on the surfaces of the Al,O; particles, while at
lower weight ratios, Al,O5 particles with thicker PANI
layer and adhered PANI particles are observed [Fig.
1(d—f)], which is resulted from the secondary nucle-
ation effect of the primary formed PANI layers as
mentioned earlier. No peel off the PANI layers was
observed for all the samples, indicating the good ad-
hesion of the PANI layer on the Al,O; particles, which
is of great importance in applications of the compos-
ites particles. The exact thickness of the EB layer was
hard to measure due to the distributed diameters of
the coated and uncoated particles, and can be only
roughly judged by the SEM images (Fig. 1). The for-
mation evolution of the PANI-coated Al,O; particles
is, then, schematically shown in Figure 2, with differ-
ent weight ratios of Al,O;/ANL

Conductivity

Only the conductivities of the Al,O5;-PANI/HCI sam-
ples prepared with weight ratio of Al,O5;/ANI less
than 20 were determined (Table I). The lower conduc-
tivities, as compared with the bulk PANI/HCl sample,
were resulted from the few conductive paths formed
in the testing pellets. For the samples prepared with
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higher weight ratios, the pellets used for four-point
probe conductivity measurement cannot be obtained
owing to the thin PANI layer of the composite parti-
cles, which can be roughly judged from the SEM im-
ages (Fig. 1), and no conductivity is measured then.
All the AL,O;-PANI composite particles showed
higher yield of ~80% than that of the pure PANI
prepared under the similar conditions, which was
~75%, owing to the beneficial effect of the alumina
particles, and other insulating particles for initiating
the polymerization as mentioned in literature.***

Spectroscopy

The EB layers on the surfaces of the Al,O; particles
would be dissolved by put the composite particles in
DMF, and the UV-vis spectra recorded on the solu-
tions were shown in Figure 3. There are two absorp-
tion bands appeared in the spectra of the samples. The
first absorption band with maximum at ca.320 nm is
often assigned to the m—=* transition in the benzenoid
structure and the second band at ca.630 nm is ascribed
to exciton formation in the quinonoid rings.*® The
intensities of the bands were associated with the con-
centration of the EB solutions. The higher the concen-
tration, the higher is the intensity of the bands. Similar
results were obtained from the FTIR analysis (Fig. 4).
With decreasing of the weight ratio of Al,O;/ANI, the
intensities of the characteristic bands for EB molecules
grow stronger. The bands of 1593 and 1506 cm ™' are
corresponding to the quinoid and benzenoid ring-
stretching modes of EB molecules. The bands at 1510,
1580, and 1608 cm ™' are assignable to the aromatic
C=cC stretch; and an 820 cm~! band to an aromatic
C—H out-of-plane bending, while the bands fell in the
range of 400-600 cm ' are related with the AlOj
particles. Note that there is no significant interaction
between the PANI molecules and the Al,O; particles
as revealed from the FTIR results; it is assumed that
the good adhesion of the EB layer on the Al,O; parti-
cles was of physicochemical nature.

Corrosion protection

For preparing a PANI protective coating or a PANI
containing protective coating on metal surfaces, the
electrodeposition and the solution cast approaches
were widely employed.*! The shortcoming of the elec-
trodeposition approach is its scalability. For instance,
some large objects like bridges components cannot be
coated in this approach, while for the solution cast
approach, the cost of the as-prepared coating is high
owing to the extremely low solubility of PANI in few
organic solvents. Thereby, the composite coating pre-
pared by blending the PANI with the polymer matrix
was considered one of the feasible ways for metallic
corrosion protection, especially from the industrial
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Figure 1 SEM images of the Al,O5-PANI composite particles prepared with weight ratios of Al,O5/ANI of (a) 80, (b) 60, (c)
40, (d) 20, (e) 10, and (f) 5.

point of view, and excellent performance has been  ions containing neutral solution. Corrosion potential
obtained.*** In our case, epoxy coating containing the ~ of the composite coating coated coupons show no
Al,O5-EB particles performed very well in chloride  significant decrease during the 3 months of measure-
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Figure 2 Schematic representation of the formation of
Al,O3-PANI particles with decreasing of the weight ratio of
AlL,O,/ANI in the reactants.

ment and remains in the positive potential ranges,
which is resulted basically from good barrier effect of
the core-shell structured Al,O;-EB particles, while for
the controlled coupons, which were coated with pure
epoxy without use of the composite particles, red/
brown corrosion product was observed only after 2
weeks and the coupons were greatly corroded after 2
months, corroborating also the good barrier effect of
the composite particles. After 3 month’s immersion,
the carbon steel surfaces render the sliver-white color
after peeling off the composite particles filled coating,
indicating the surfaces were greatly passivated®;
while for the control coupons, the steel was seriously
corroded after peeling off the epoxy coating. On the
basis of the corrosion protection mechanisms put for-
ward by Fahlman et al.** and Schauer et al.> for EB, it
is considered that the greatly improved corrosion pro-
tection performance of the composite coating was de-
rived from both the good barrier effect of the compos-
ite coating and the passivation capability of EB. First,
the diffusion of the corrosive ions from the immersing
solution to the metal surfaces was effectively hindered
by the composite particles filled in the epoxy coating,
which is evidenced by the remaining positive corro-
sion potentials of the coupons after 3 months” immer-
sion; Second, the metal surfaces were greatly passi-
vated as suggested by the surface color, which will
render more effective corrosion protection perfor-
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Figure 3 UV-vis spectra of the Al,O;-EB particles.
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Figure 4 FTIR spectra of the Al,O5-EB particles.

mance. The cost of the coating can be greatly lowered
owing to the employing of the alumina particles in
comparison with the previous studies,**> which will
be of great importance in practical applications of the
materials.

CONCLUSIONS

PANI was preferentially formed on the surfaces of the
Al, O3 particles during chemical oxidative polymeriza-
tion of ANI in the presence of the particles, resulting
core-shell structured composite particles. The thick-
ness of the PANI layer increased with decreasing of
the weight ratio of Al,O;/ANI in the reactants, and
changed from an even surface morphology to a par-
ticulate morphology. Although no chemical interac-
tion was observed by spectroscopic analysis, the PANI
layer adhered well to the surfaces of the particles. The
corrosion protection performance of the epoxy coating
was greatly enhanced by use of the Al,O5-EB particles
as fillers, and the cost was lowered by using of the
alumina particles, which is of great importance in
practical applications.
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