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ABSTRACT

This short review discusses recent research regarding conductive polymeric blends containing polyaniline (PANI). Conducting PANI was reviewed in
view of their properties to be used as a conducting component in several polymer matrix composites. Conductive PANI blends shows promise since the
discovery of conducting polymers itself. These composite materials have introduced practical applications in various fields, including electromagnetic
shielding and microwave absorption, static electricity dissipation, conducting membrane materials, conductive paint coatings and sensor materials.
Highlights were made on PANI containing composites of polyethylene, polyamides, rubbers and elastomers, including other conventional
thermoplastics and thermosets. Their electrical properties (percolation threshold and resistivity), blends preparation, drawbacks and potential usage were

discussed in detail.
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1. INTRODUCTION

Polyaniline (PANI) is one of the most interesting
conducting polymers due to its low cost, good
processability, environmental stability, unique active
conduction mechanism [1] and reversible control of
conductivity both by charge-transfer doping and
protonation [2]. PANI can exist in a number of different
oxidation states. It can exist as the fully oxidized
pernigraniline via protoemaraldine to the fully reduced
leucoemaraldine. The 50% oxidized polymer had been
termed emaraldine [3]. PANI becomes conducting when the
emaraldine base (EB) form is protonated and charge
carriers are generated. The protonated emaraldine salt (ES)
has conductivity many orders of magnitude higher than that
of common polymers but lower than that of typical metals.
Generally, ES and EB forms of PANI can be interchanged
by doping and dedoping with acid and base [4] and the
conductivity of PANI can be controlled, ranging from 10™
to 10° Sem™ [5]. Efforts have shifted to their use as
conducting polymer composites or blends with common
polymers. This trend has been driven by the need to replace
traditional inorganic conducting fillers and to improve the
processibility of conducting polymers, along with their
mechanical properties and stability.

These composite materials have introduced
conducting polymers to practical applications in different
fields, including electromagnetic shielding and microwave
absorption [6], static electricity dissipation [7], heating
elements (clothing, wall papers, etc.) [8], conducting
membrane materials [9], paint coatings for anticorrosion
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protection [10], and sensor materials [11]. This short review
will survey the results of studies of the PANI blended
composites to elucidate the application and feasibility of
each method. Emphasis was made on composites of PANI
with conventional polymers.

2. PREPARATION METHODS

The choice of the best method to produce composites
with specified characteristics remains an unresolved
problem. The problem arises because the processing
method may significantly determine the properties of the
manufactured composite materials. Known methods to
produce PANI containing composites may be essentially
reduced to two distinct groups: (1) synthetic methods based
on aniline polymerization in the presence of or inside a
matrix polymer, and (2) blending methods to mix a
previously prepared PANI with a matrix polymer. The
synthetic direction is probably preferable if it is necessary
to produce inexpensive conducting composites, due to use
of inexpensive aniline instead of more expensive PANI, or
when there is a need to form composites which have
conductivity only in a thin surface layer. Good
homogeneity and a low percolation threshold characterize
these composites. On the other hand, blending methods
sometimes seem to be more technological desirable from
the standpoint of large-scale production, particularly in the
case of melt procession techniques. Blending methods will
be probably become very practicable when techniques to
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produce inexpensive, nano-sized PANI are well developed.
By synthetic methods it can be described as
e Dispersion polymerization of aniline in the
presence of a matrix polymer in a disperse or
continuous phase of a dispersion [12];
e Chemical in situ polymerization of aniline in a
matrix or in a solution with a matrix polymer [12];
e Electrochemical polymerization of aniline in a
matrix covering an anode [13];
Polymer grafting to a PANI surface [14];
Copolymerization of aniline with other monomers
resulting in the formation of soluble aniline
copolymers, which can be considered as a
composite polymer [15].

Meanwhile blending method includes

e Solution blending soluble matrix polymers and
substituted PANI [16];

e Solution blending soluble matrix polymers and
PANI doped by functionalized protonic acids
(counterion-induced processibility) [17] ;

e Solution blending undoped PANI with polymers
soluble in amide or acidic solvents [18] ;

e Dry blending followed by melt processing
(mechanical mixing of doped PANI with
thermoplastic polymer, then molded in a hot press
or extruder) [19];

3. CONDUCTIVE POLYMER BLENDS OF PANI
3.1 Polyethylene and Polypropylene

Ultra high molecular weight (UHMW) polyethylene
and PANI blends were prepared by using mixture of m-
cresol and decaline that form films. The reported threshold
was at 1 wt% with conductivity up to 10° S/cm. However,
the integrity of the tensile strength of the blend was
drastically lost (from 3.3 to 0.5 MPa) after 10wt% of PANI.
The elongation at break reduced as expected with a phase
separation of PANI at 10wt% [20]. Chipara et al., 2003 [21]
prepared blends of PANI and low density polyethylene
(LDPE) by dispersing the PANI powders in a roll mill at 80
°C. The percolation was broad (up to 40 wt% PANI). This
result reflects the usual difficulties related with the mixing
of the components by mechanical methods. This was due to
the antioxidant character of PANI and amplified by the fact
that during the mechanical mixing of components, a high
concentration of free radicals is produced. The tensile
strength dropped to nearly 40% with 40 wt% PANI,
similarly can be said to elongation at break. The behavior is
governed by the poor adhesion between the PANI particles
and the polymeric matrix. It was described that a
preferential location of PANI chains in PE crystalline
domains occurred as shown in Figure 1.

Another work on LDPE/PANI blend [22] described
the use of gallic acid ester (Figure 2) as a compatibilizer

between PANI and LDPE in pursue of lowering the
percolation threshold by the use of extrusion. The
compatibilizers interaction with LDPE is facilitated by the
presence of alkyl substituents while the polar part interacts
through H bonding with PANI. This gave rise to the
existence of double percolation (PANI in compatibilizer and
PANI in LDPE), which had been mention theoretically
earlier by Knackstedt et al., 1996 [23] that would reduced
the overall percolation. The percolation was achieved at
3wt% of PANI.

Fig. 1. Schematic representation of percolation in PE/PANI
composites [21]
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Fig. 2. General formula of gallic acid ester

Polypropylene  (PP)/PANI  blended film by
dissolution of xylene with dodecyl benzene sulfonic acid
(DBSA) [24] revealed a microscopic distinct PANI phase
with interconnected structure (20 wt%) at the matrix surface
as observed by optical microscope. The conductivity
increases from 10™* Scm™ at 5 wt% PANI to 10 Scm™ at
15 wt% PANI. No percolation was observed. The storage
moduli of the matrix host decreased with temperature
without any dramatic loss below 20 wt%. Fryczkowski et
al., 2006 [25] prepared solid state protonation of PANI by
phenylophosphonic acid (PPA) followed by thermal
pressing with PP. Lauryl gallate was used as to increase its
miscibility. The optimum PPA content was recorded at 13.5
wit%, while the optimum lauryl gallate was at 10 wt%. The
highest conductivity was found for the blend in which the
smallest crystallites of PP were formed. Apparently, small
crystallites favour the development of conductive pathways
in crystalline host blends.

[75]



Razak et al. / Malaysian Journal of Fundamental and Applied Sciences Vol.9, No.2 (2013) 74-80

3.2 Polyamide

Polyamide 6 (PA6)/PANI blend film had been
prepared by using formic acid. The formic acid acts as
solvent and protonating medium. Formic acid, being a
rather weak acid, is not a very good protonating agent for
PANI (tendency to deprotonate). Additional dopant was
used in the PAG/PANI in formic acid solution to exchange
with the formic acid doped PANI. The use of additional
dopant exhibits no phase separation and significant
deprotonation [26]. Similarly, blend of PA6/PANI showed a
maximum conductivity up to 0.2 Sem™ at 50 wt% of PANI.
The conductivity of the film increased after being stretched
to varying degrees [27]. PA6 film filled with aniline
monomer could be polymerized by immersion in dopant and
oxidant solution to produce PAG6/PANI film. The
conductivity of the blend decays at elevated temperatures in
air, more pronounced at 150°C and higher. The
polymerization of PANI within the PA6 suggested that
variation of crystal transition of PA6 exists with presence of
PANI [28]. The same group later on described a reduction
of doping ability of PANI by the existence of hydrogen
bond between the PANI and PAG. It has been found that the
thermal cross-linking reaction of PANI (quinoid ring and
imine group) could be reversibly by chemical doping and
dedoping process [29]. An in situ prepared camphor
sulfonic acid (CSA) doped PAG6/PANI blend showed a
better dispersion within the matrix. The in situ blend had
higher conductivity compared to samples prepared by
physical blending at 10 wt%. At higher PANI content (10
wt%), the in situ blend showed lower conductivity due to
the greater influence of the formic acid medium.
Furthermore, the use of formic acid in the in situ synthesis
resulted in a loss of electroactivity of the blend [30].
Another form of nylon, polyamide 6, 6 (PA 6,6) which in
fibrous form had been solution blended with PANI by in
situ polymerization of PANI. The PANI particles were
dispersed homogenously throughout the fibrous matrix
surfaces. No coating formation was observed. The
conductivity was highest at 20 wt% of aniline which around
102 Scm™[31]. Zhang et al., 2001 prepared PA12/PANI
blend fibers by wet spinning in concentrated acid solution.
The author revealed that the crystal structure of the PA12 is
not disrupted, and that there is no mixing on a molecular
level between the two components. The PANI resides
mainly in the inter-spherulitic region of the nylon host. The
percolation threshold of the fibers was about 5 wt% and the
conductivity was from 10 to 10 S/cm with different PANI
fraction from 3 to 16 wt%. Increasing draw ratio of the
fibers seemed led to higher conductivity [32]. A work on
PA11/PANI has shown that 5 wt% of PANI suggested
narrower inter-planner spacing between the PA11l chains
compared to 1 wt% of PANI. As the concentration of PANI
is increased (5 wt% PANI), the complex is formed between
the PA11 and PANI (PANI co-ordination with oxygen of
the amide group) which further pushed the chains of PA11
so that the amide group goes out of plane as to form a
tightly bound hydrogen bonds [33].

3.3 Poly (vinyl alcohol),
(methylmethacrylate)

Polycarbonate, Poly

Poly(vinyl alcohol) (PVA) is a well-known water
soluble polymer with high transparency, very good
flexibility and wide commercial availability. It was shown
that PVA could act as an efficient steric stabilizer for the
synthesis of PANI in stable aqueous solution/dispersion
form [34]. The composite shows satisfactory storage
stability with good film forming. The blend exhibits
significant EMI shielding capability and potential for
sensing moisture and methanol vapour. Another method to
produce stable PVA/PANI composite is by a unique method
of aniline polymerization in the presence of DBSA, through
an anilinium-DBSA complex [35]. PANI-DBSA polymer
blends were obtained by mixing an aqueous PANI-DBSA
dispersion with an aqueous emulsion of the matrix polymer,
followed by water evaporation. These blends exhibit
electrical conductivity at a very low PANI-DBSA content
(0.5 wt.%). The hydrophobic tails of free and bonded DBSA
molecules are arranged in a way that they all turn to each
other, while the hydrophilic groups of the free DBSA turn
to the aqueous phase Figure 3.
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Fig. 3. A schematic model of aqueous dispersions of
polyaniline with DBSA [35].

Mirmohseni et al., 2003 [36] meanwhile produced a
stable PVA/PANI  composite film by chemical
polymerization of aniline in media containing PVA.
Oxidation of aniline resulted in a stable water based
polyaniline dispersion, which can be cast to form a
mechanically robust film. The electrical conductivity of the
films increased with increasing amount of polyaniline to a
high value of 2.5 Scm-'. Cyclic voltammograms revealed
that the composite materials are electroactive.
Polycarbonate (PC)/PANI-DBSA composite was prepared
by an inverted emulsion polymerization in which DBSA
played both roles of surfactant and dopant [37]. Fourier
transform infrared spectroscopy for the composite showed
the existence of hydrogen bonding between PANI and PC
which caused the increase of glass transition temperature
with PANI content. Moreover, the electrical conductivity
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increased around the glass transition temperature because
the PANI chains contacted more frequently and facilitated
the electron transfer through the hydrogen bonding between
PANI and PC. In addition, it was proved by mechanical
property that tensile strength of the composite decreased
with PANI content because PANI functioned as a defect in
PC matrix and the tensile modulus continuously increased
because PANI had a higher rigidity of molecules. A
conducting composite using PANI and PC was prepared by
a blending method [38]. Chloroform was used as a solvent
in the blending. The PANI was protonated using DBSA. A
sulfonic group was introduced into the structure of the PC in
order to enhance the coulombic interaction between each
phase of the composite. The electrical conductivity
increased to 7.5 Scm™ with the amount of PANI complex
protonated with DBSA having a long alkyl chain. The
sulfonation effect not only lowers the percolation threshold
in the composite, but also increases the electrical
conductivity and mechanical properties.
Poly(methylmethacrylate) (PMMA) has been reported to
have excellent optical properties such as very good
transparency in the visible region and fairly good
photoluminescence emission. It has been reported that
PMMAJ/PANI composite using bulk polymerized PMMA
significantly improves the mechanical strength and
processibility of PANI [39]. It is observed that the
photoluminescence intensity increases with increase in the
PMMA content in the composite, possibly due to greater
chances of exciton formation and subsequent radiative
decay to the ground state. The DC electrical conductivity of
these composites falling in the high semi conducting region
(0.044-0.3725  S/cm)  coupled  with  the high
photoluminescence emission intensity highlights the
prospects of application of these composites as emissive
layers in polymer light emitting devices. PANI was blended
with conventional industrial PMMA thermoplastics in order
to obtain an electrically conductive polymer blend with
adequate  mechanical properties.  Processing  these
polyblends into foams yields a porous conductive material
that exhibits immense application potential such as dynamic
separation media and low-density electrostatic discharge
protection. Such method was reported by using two phase
batch foaming setup [40].

3.4  Rubbers and Elastomers

Conventional electrically conductive elastomers
usually contain graphite, coarse carbon black or powdered
metals [41]. Blends of poly(butadiene-co-acrylonitrile)
elastomer (NBR) and DBSA-doped PANI have been
prepared by solution mixing by the use of chloroform.
Blends prepared using NBR with 48 wt% acrylonitrile
(ACN) had the lowest percolation thresholds with the
lowest level of phase separation. The conductivity of the
blend was up to 102 Scm™ [42]. Similar blend of PANI and
NBR showed better conductivity by using in situ emulsion
polymerization instead of mechanical mixing (roll milling)
at the same wt% of PANI [43]. PANI blended with

ethylene-propylene-diene (EPDM) rubber was prepared by
three doping method 1) grinding in mortar, 2) solution
mixing and 3) reactive processing (doping during
mechanical mixing). All three methods showed formation of
networks which inhibits the EPDM’s solubilisation.
Samples prepared by reactive mixing showed higher tensile
strength than the other two methods. Meanwhile, the
percolation thresholds were achieved at 30 wt%
independent of the doping method [44]. Thermal
degradation of solvent casted EPDM/PANI blend showed
two stages of degradation. Whereby, the second step was
described as the degradation of bound dopant of PANI and
the elastomer [45]. Polystyrene-block-poly(ethylene-ran-
butylene)-block-polystyrene (SEBS) and PANI blend was
prepared by solution casting using toluene and in situ
method. The percolation threshold occurred at 20 wt% for
both methods (solution and in situ, 17.2 and 18.7 Scm™,
respectively.). The in situ blend had higher conductivity
than the solution casting as it reached its percolation and
above [46]. Blend of PANI, EPDM and organoclay
prepared by an internal mixer revealed PANI aggregates
throughout the elastomer matrix. The blend exhibit
conductivity in the range of 10° Scm™ for 40 wt% PANI
and microwave attenuation values of 80% in the frequency
range of 8-12 GHz [47].

3.5 Epoxies

The first conductive epoxy (EP)/PANI composite
was prepared by mechanical mixing of doped PANI with
the EP resin [48]. It was shown that that the PANI
percolated in EP at 10 vol.% with conductivity ranges from
10°® to 10 Scm™. It was first demonstrated the possibility
of curing EP resin with PANI-sulfate (doping by the sulfate
ion of APS (ammonium presulfate)). For a 1:1 ratio of
PANI to PANI-sulfate, the EP resin could be cured in 4.5
min at temperature around 180 °C [49]. Paste-like PANI-
DBSA (with excess DBSA) has been demonstrated to
improve the dispersion of the PANI in EP. PANI paste
exhibits lower percolation threshold in EP resin than PANI
powder. This was mainly owing to the existence of excess
DBSA in the paste, which acts as a plasticizer, thus much
better dispersion was obtained. However it was found out
that excess of DBSA retards the curing reaction of resin and
hardener. Figure 4 shows the scanning electron microscope
(SEM) images of the EP with 60 wt.% of PANI paste [50].

Oligomeric  PANI  exhibited much  better
compatibility with EP resin compared to the high molecular
weight PANI. The EP/PANI composites film (0.1 mm
thick) showed a very low threshold PANI for electrical
conduction with conductivity in the range of 10 to 102
Scm™. The transmission electron microscope (TEM)
morphology (Figure 5) showed fine microscopic dispersion
of oligomeric PANI. Furthermore tensile strength of the
EP/PANI film reduced substantially compared to the neat
EP film [51].

It has been shown that the electrical conductivity of
EP/PANI composites increased with the addition of PANI
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(doped with DBSA), reaching a value higher than 107 Scm’
! with 10 wt.% of PANI [52]. In term of the composites
mechanical properties, the flexural strength and modulus
were not significantly affected by the addition of up to 7
wt.% of PANI. However, the presence of 10 wt.% in the
blends leads to an abrupt decrease in the values of those two
properties (70 MPa and 2 GPa, for flexural strength and
modulus respectively). It was described that the type of
hardeners used to cure EP plays a crucial role to obtain a
conductive EP/PANI composites [53]. The alkaline type
hardeners (amine and imidazole) showed very low
conductivity, close to that of neat EP, even at high PANI
concentration. It was explained that dedoping of ES to EB
occurred during the mixing of EP with alkaline type
hardeners due to basic character of the curing agents.
Meanwhile the acidic type curing agent (BFs-complex
catalytic and anhydride) seemed to support the conductive
features of PANI in the EP resin. Anhydride curing revealed
lower conductivity despite of its acidic character which was
related to its curing action in the presence of PANI. It was
found later on that region rich with PANI were formed in
the EP matrix at concentrations of PANI above the
threshold (5 wt.%) and might affects the curing reactions as
seen in Figure 6 [54].

Fig. 4. SEM micrograph of EP with 60 wt.% PANI paste [50].

Fig. 5. TEM micrograph of EP with 1 phr of oligomeric PANI
[51].

5%, PANI =7 pm—
Fig. 6. SEM image of the PANI-DBSA-rich regions (indicated
by arrows) [54].

The EP resin could be cured by PANI nanorods
within liquid crystalline epoxy matrix [55]. This can be
owed to the amine functional group that reacts with epoxide
through nucleophilic addition mainly justified by the effect
of PANI loading on the heat of cure. The maximum
conductivity was 10 Scm™ at 20 wt.% of PANI. Also it is
possible to prepare EP composites containing doubly doped
PANI (DBSA and p-toulene sulfonic acid (p-TSA)). The
maximum conductivity was obtained at 10° Scm™ at 7.5
wt% of PANI and decreased at higher loading, due to
dedoping of PANI caused by the anhydride curing agent
[56]. PANI doped with DBSA could act as co curing agent
for EP even in the presence of more reactive aliphatic amine
hardeners [57]. The highest conductivity was 10® Scm™ at
30 wt.% PANI loading. This low value was attributed to the
dedoping caused by the aminic curing agent. Reduction of
the hardener meanwhile increased the conductivity up 10
Scm™ at 10 wt.% of PANI loading, mainly by reducing the
deprotonation process. Another interesting strategy to
prepare EP/PANI is by one step in situ polymerization. The
aniline monomer would be polymerized within the resin to
obtain more homogeneous conducting composites with
more PANI loading. For example, the preparation of
EP/PANI composites by in situ polymerization of
protonated aniline salt monomer (aniline-CSA) within EP
prepolymer. After curing with anhydride, this blend
displayed a conductivity value around 10°® Scm™ at 25 wt.%
of PANI-CSA [58].

PANI structure; nanowires, nanofibers and particles
played significant role in the EP matrix [59]. It showed that
the conductive EP composite containing PANI nanowires
had the lowest percolation threshold by comparison of that
containing PANI particles or nanofibers. Different
percolation thresholds of the EP/PANI composites indicate
that the electrical conductivity depends strongly on the
morphology of PANI. All the three types of EP/PANI
composite show conductivity around 10 Scm™ at 15 wt.%
loading. Depiction of the percolation condition is shown in
Figure 7. A more recent study [60] showed that PANI
nanoflakes percolated at 1.7 vol.% in EP matrix reaching
maximum conductivity of 10 Scm™.
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(a) (b) (c)

Fig. 7. Schematic representation of EP composites
containing PANI with different morphologies. (a) Particles,
(b) fibers, and (c) wires [60].

A new method for fabricating EP/PANI has been
reported [61] using an absorption-transferring process,
without involvement of solvent. Diglycidyl ether of
bisphenol-A (DGEBA) was first modified to DGEBA-
aniline prepolymers. PANI nanoparticles were absorbed on
the surfaces of the DGEBA-aniline droplets and diffused
through the absorption-transferring process due to their high
degree of attraction in water phase. The absorption of PANI
component was suggested to react further with the epoxide
group of DGEBA-aniline (curing). The output showed an
outstanding value where the conductivity reached as high as
0.1 Sem™, while the percolation threshold was at 28 wt.%.
A comparison between physical mixtures (hand dispersed in
mortar) and in situ prepared composites revealed a lower
percolation threshold for the latter [62]. The in situ
composites achieved conductivity around 102 Scm™ after
the percolation being reached. The tensile strength of the
composite decreased with increasing PANI, with reduction
up to 30 % (7 wt.% loaded composite) compared to neat EP.
A simple approach of introducing PANI nanowires doped
with formic acid into EP was described [63]. The resulting
conductive composites obtained better mechanical stability
compared to that of EP/PANI-DBSA composites.
Elastomeric EP/PANI using in situ method was also being
investigated [64]. The polymerization was performed in
swelled hydrophilic EP networks, in aqueous acidic
condition containing oxidant and aniline. The method
revealed PANI nanoparticles formation in the networks.

It has been described that the introduction of PANI
reduces the mechanical properties of EP resin [62, 52].
Efforts are being made to reduce the mechanical
deterioration of EP/PANI blend by reinforcing the
composites with the incorporation of reinforcement fibers.
Attempt to overcome this predicament is by reinforcing the
EP/PANI blend with short carbon fibers and it was found
out that the flexural modulus improved but minimally [65].
The reinforcing effect of the fibers were stable up to 7 wt.%
of PANI. Another effort [66] was by incorporating the EP
with PANI coated glass fiber. The tensile strength increased
up to 27 MPa (neat EP = 35 MPa) compared to EP/PANI
(10 MPa). On the other hand 20 wt.% of PANI coated glass
fiber was needed for percolation to occur. It was reported
that the mechanical deterioration of EP/PANI blend could
be limited by using natural fiber as the reinforcement, with
the aid of suitable dopant [67]. EP composites containing
PANI coated carbon nanotubes (CNTs) achieved
percolation at 1 wt.% [68]. The reported tensile strength (at

1 wt%) loading was 61 % higher than neat epoxy.
Meanwhile the strength decreased as the loading increased
above 1 wt%. Similar trend was observed for the flexural
properties. Also it was shown that functionalized magnetite
nanoparticle was able to increase the tensile strength of EP
filled with PANI reaching values slightly higher than that of
neat EP [69]. It was suggested that the magnetite induced
stiff interfacial layer with the matrix which hardened the EP
deformation mechanism.

4, CONCLUSION

The utilization of PANI as conducting fillers in a
polymeric system depends on many factors. The potential
uses of such blends are in the areas of electronic
components, coatings and structural bodies.
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