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Abstract

Polyolefins, such as polyethylene (PE), are highly flammable and electrically

insulative, limiting their applicability. The study explored the flame-retardancy

and electrical conductivity of PE/polyaniline (PE/PANI) nanocomposites con-

taining undoped PANI, PANI doped, and co-doped with various acids and PANI

modified with a double layered hydroxide or ammonium polyphosphate (APP).

The nanocomposites were synthesized through in situ chemical oxidative poly-

merization of aniline and compression molding. Flame retardancy was evalu-

ated using UL 94 tests and cone calorimetry. All nanocomposites, except the

de-doped PANI nanocomposite, attained a UL 94 V2 rating. Cone calorimeter

results showed that PANI doped with H3PO4 reduced the peak heat release rate

by 20% compared to neat PE, whereas co-doping PANI with H3PO4 and phytic

acid reduced it by 31%. The nanocomposites exhibited volume resistivity for suit-

able for electrotactic dissipation applications but showed marginally reduced

mechanical properties. This study demonstrates the potential to develop electro-

static dissipative and flame-retardant PE nanocomposites incorporating PANI.

Highlights

• PE/PANI nanocomposites were synthesized.

• PANI doped with H3PO4 reduced the peak HRR by 20%.

• Co-doping PANI with H3PO4 and phytic acid further reduced peak HRR.

• Nanocomposites attained a UL 94 V2 rating.

• PE/PANI nanocomposites were electrostatic dissipative.
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1 | INTRODUCTION

Polyethylene (PE) is the most widely used commodity
polymer due its desirable properties, such as ease
of processability, low cost, flexibility, toughness at

ambient temperatures, good chemical resistance, and
non-toxicity.1,2 However, similar to other polyolefins,
PE is a hydrocarbon that lacks charge carriers such
as ions or free electrons, which restricts their
mobility.3
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Consequently, polyolefins including PE, are highly
flammable and non-electrically conductive, with volume
resistivity values that range from 1015 to 1022 Ω cm.4 PE
has a low limiting oxygen index (LOI), a high heat of
combustion and high a heat release rate (HRR), which
contributes to its tendency to burn easily, drip while
burning and leave no residual char. It thus leads to rapid
flame spread.1,2

The high flammability and low electrical conductivity
of PE limits its applications. For instance, underground
mining applications such as sheathing, piping, and cas-
ings require plastics materials with low flammability to
reduce fire hazards and electrical conductivity to prevent
static charge build-up. Static charges can be incendiary
by being ignition sources and causing explosions or fires.
To meet stringent fire safety standards, PE used in these
applications is often incorporated with flame-retardant
additives and antistatic agents.1

A variety of flame retardants have been developed to
enhance the flame-retardant performance of polyethene.
Despite their effectiveness, halogenated flame retardants
are no longer widely used due to their tendency to cor-
rode processing equipment, and emit toxic gases during
fires as well as environmental concerns. Consequently,
there has been a shift towards halogen free flame retar-
dants such as metal hydroxides, phosphorus, and
nitrogen-based flame retardants and intumescent flame
retardants (IFRs).1,2,5

However, the aforementioned flame retardants have
significant limitations when used in PE. For example,
metal hydroxides, such as magnesium and aluminium
hydroxide, impart flame retardancy in PE at high con-
tents (> 40 wt.%). This leads to deterioration in mechani-
cal, physical, and rheological properties, as well as the
processability of the PE.1,2,6 Phosphorus-based flame
retardants include red phosphorus, phosphines, phos-
phine oxides, phosphonium compounds, phosphonates,
phosphites, phosphinates, and phosphates.6 While effec-
tive, phosphorus-based flame retardants easily absorb
water, generate excessive amounts of smoke and volatiles
during processing, limiting their applications. Despite
these drawbacks, phosphorus-based flame retardants are
often combined other flame retardants, to achieve a syn-
ergetic effect.2

Nitrogen-based flame retardants can function in the
vapor phase by releasing non-flammable gases such as
NH3 and N2, which dilute the combustion process.7

While they are less effective than halogen-based flame
retardants, they are relatively non-toxic, produce low
smoke emissions during fires and they are environmen-
tally friendly. Common nitrogen-based flame retardants
include melamine, triazine, urea (phosphate), and guani-
dine based compounds.6 Additionally, nitrogen-based

flame retardants can synergistically enhance the flame
retardancy of phosphorus-based flame retardants.7,8

IFRs swell when exposed to fire or heat, forming a
carbonaceous, porous char that acts as a barrier to heat,
oxygen and the other pyrolysis products.6 IFRs primarily
function through a condensed phase mechanism to
impart flame retardancy. IFRs consist of an acid, a car-
bonizing or char foaming agent and a foaming agent.
Their advantages include high flame-resistance effi-
ciency, anti-dripping properties, non-toxicity, and envi-
ronmental friendliness. IFRs are among the most
effective flame retardants for PE.2 However, recent stud-
ies on IFRs have focused on addressing their exudation
and water solubility challenges, as well as enhancing
the mechanical properties of polymers incorporated
with IFRs.6

Due to growing environmental and health concerns,
there is a push for safer and greener flame retardants.
Stricter regulations are also driving these efforts. As a
result, more research is focused on developing flame
retardants that are less harmful to people and the
environment.7

Polyaniline (PANI) is a widely studied intrinsically
conducting polymer due to its relatively lost cost, ease of
synthesis, good chemical stability, good processability,
and tuneable electrical conductivity. Its conductivity
arises from the conjugated π-electron system in its struc-
ture.9 Depending on its oxidation state, PANI contains
nitrogen in the form of amines or imines sandwiched in-
between benzenoid and quinoid rings.

PANI exhibits two major limitations; it cannot be pro-
cessed by conventional polymer melting processing tech-
niques such as extrusion, and it exhibits poor mechanical
properties. Consequently, PANI is often blended with
other polymers to fabricate conductive blends and
composites.10–12 However, there have been limited stud-
ies on the flame retardancy of PANI.7,13

Zarrintaj et al.7 suggested that PANI, due to its nitro-
gen content, has the potential to be an effective flame
retardant with electroactive properties. They emphasized
that careful selection of a dopant for PANI was necessary
in utilizing it as a flame retardant. The thermal degrada-
tion of PANI could produce gaseous products such as
COx, NOx, and H2O, together with vaporized dopant mol-
ecules or degraded products and dopants. Additionally,
PANI could act as a potential char precursor.7 However,
there have been a few studies in which PANI was utilized
as a flame retardant for polymers.

For instance, Bhat et al.14 observed that PANI coated
cotton fabrics had improved ignition resistance compared
to neat cotton. Stejskal et al.15 found that cellulose fibers
coated with PANI produced solid carbonaceous
by-products that functioned as a barrier to oxygen,
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enhancing the flame retardancy of the cellulose fibers.
Salgaonkar and Jayaram16 studied polyester fabric grafted
with PANI and observed that the PANI increased the
LOI of the fabrics and produced a high char yield. Zhang
et al.17 fabricated electrically conductive and flame-
retardant epoxy/PANI nanocomposites. They found that
the PANI reduced the HRR of the epoxy and also
enhanced char formation. In this study it was also
observed that the PANI nanofibre particles produced
lower peak heat release rates (pHRRs) compared to the
PANI nanospherical particles. This was attributed to the
higher surface areas of the PANI nanofibres.

In the few studies that have been conducted with
PANI as a flame retardant, the choice of dopant had a
significant effect. This was apparent in the study by Wu
et al.13 in which they investigated the flame retardancy
and conductivity of PANI-deposited paper composites
doped with phosphoric acid (H3PO4), hydrochloric acid
(HCl), and sulfuric acid (H2SO4). They found that H3PO4

was the best dopant with respect to enhancing flame
retardancy in terms of the LOI values, whereas H2SO4

imparted the best conductivity values. However, the
study also showed that co-doping of the PANI with equi-
molar mixtures of either H3PO4 and H2SO4 or H3PO4

and HCl produced optimum enhanced conductivity and
flame-retardant properties of the composite. Yu et al.8

also obtained excellent flame retardancy with respect to
combustion ratios and LOI values of polyester fabrics
coated with in situ polymerized polyaniline co-doped
with HCl and H3PO4. The modified polyester fabrics also
exhibited excellent electrical conductivity of up to
17.8 S/cm. The study by Yu et al.8 revealed that the oxi-
dant (ammonium persulfate)/aniline ratio had an effect
on both the flame retardancy and electrical conductivity.
Mao et al.18 utilized p-toluene sulfonic acid (PTSA) and
sulfosalicylic acid (SSA) as dopants, in preparing
polyaniline-deposited functional cellulosic paper. The
SSA doped polyaniline-deposited functional cellulosic
paper had better conductivity and LOI values, compared
to the PTSA doped one.

Recently, several studies have focused on using PANI
as a flame retardant for epoxy resins (EPs). For example,
Zhong et al.,19 enhanced PANI's flame retardancy by dop-
ing it with phytic acid and copper ions, forming a den-
dritic structure that improved dispersion and resulted in
an epoxy composite coating with superior fire resistance,
lower smoke density, and high carbon residue. Chen
et al.,20 demonstrated that PANI-graphitized carbon
nitride nanosheets doped amino trimethyl phosphonic
acid provided better flame retardancy, while those doped
with phytic acid significantly enhanced fire safety when
used as a synergist for IFRs. Additionally, Dong et al.,21

showed that PANI-coupled graphitic carbon nitride

hybrids significantly improved the flame retardancy and
waterproof properties of EP composites when combined
with APP.

PANI has not been widely explored as a flame-
retardant additive for polyolefins such as PE. However,
there has been a few recent studies that investigated its
flame retardancy in vinyl polymers such as polymethyl
methacrylate and polystyrene. Zhan et al.,22,23 demon-
strated the effectiveness of phosphorus-containing
PANI as an electroconductive and flame-retardant addi-
tive for polymethyl methacrylate. Zhang et al.,24

focused on PANI-montmorillonite nanocomposites
modified with sodium dodecyl benzene sulphonate and
1,5-naphthalene disulfonic acid to enhance the flame
retardancy of polystyrene. Their findings showed that
these modifications significantly improved fire safety
and thermal stability. In particular, the 1,5-naphthalene
disulfonic acid-modified nanocomposite demonstrated
the best flame retardancy performance due to its 3D
network structure that reduced heat release and smoke
production.

The studies reviewed showed that the choice of the
doping acid had an effect on the flame retarding effect
and electrical conductivity. APP is frequently used in
IFR systems as an acid source and as a blowing agent.25

APP could thus possibly make an effective IFR system
for PE with PANI, with PANI functioning as a char
precursor.7 There is also the possibility of APP and
PANI combining synergistically as nitrogen based
flame retardants are known to synergistically enhance
the flame retardancy of phosphorus-based flame
retardants.7,8 LDHs have previously been considered as
flame retardants for PE.26 Furthermore, Huang et al.27

observed that wood impregnated with LDH-PANI
nanofibrous aerogels had enhanced thermal insulation
compared native wood.

Flame retardant, melt processible polymers with good
mechanical properties are essential for various applica-
tions, including in the mining industry. The study aimed
to assess the potential of PANI as a dual flame retardant
and electrostatic dissipative additive for PE.

The objectives included synthesizing PE/PANI nano-
composites with 5 wt.% undoped PANI, PANI doped, and
co-doped with various acids and PANI doped and modi-
fied with a double layered hydroxide (LDH) or APP. The
nanocomposites were produced via in situ polymeriza-
tion of aniline in the presence of polyethylene. After-
ward, the nanocomposites were compression-molded
into test specimens and their flame retardancy was evalu-
ated using Underwriters Laboratory (UL) 94 tests and
cone calorimetry. Structural and morphological was done
through scanning electron microscopy (SEM) and
Fourier-transform infrared spectroscopy (FTIR), while

ADISA ET AL. 3

 15480585, 0, D
ow

nloaded from
 https://4spepublications.onlinelibrary.w

iley.com
/doi/10.1002/vnl.22174 by C

ouncil For Scientific &
 Industrial R

esearch (C
sir), W

iley O
nline L

ibrary on [03/03/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



thermal properties were assessed using differential scan-
ning calorimetry (DSC) and thermogravimetric analysis
(TGA). The study also evaluated the mechanical proper-
ties of the injection-molded PE/PANI nanocomposites
using tensile tests. Additionally, the electrical conductiv-
ity of the nanocomposites was determined to assess their
effectiveness for electrostatic dissipation applications.

2 | MATERIALS AND
METHODOLOGY

2.1 | Materials

Analytical grade aniline, ammonium persulfate (APS),
phosphoric acid (H3PO4), phytic acid, ammonia (NH3),
dodecylbenzenesulfonic acid (DBSA), magnesium chlo-
ride (MgCl2), sodium dodecylbenzenesulfonate (SDBS),
aluminium chloride (AlCl₃), and urea were purchased
from Merck Life Sciences (Pty) Ltd. South Africa. Linear
low-density PE was grade HR3950 (MFI 5 g/10 min
at 190�C/2.16 kg) obtained from Sasol Polymers,
South Africa, and APP (Exolit AP 766) was supplied by
Clariant International Ltd. Turkey. All chemicals were
used without further purification and all solutions
were prepared with distilled water.

2.2 | Methods

PE/PANI nanocomposites with the compositions pre-
sented in Table 1 were prepared through in situ chemical
oxidative polymerization of aniline in the presence of
PE. The polymerization followed the scheme proposed by
Stejskal et al.28 The nanocomposites contained 5 wt.%

PANI. It was assumed that the formed PANI was
completely protonated, with the PANI nitrogen atoms
associated with counter anions from the acid dopant/co-
dopant. In the co-doped PANI, equal amounts of each co-
dopant were presumed. This allowed for calculating the
repeat unit molecular weights of PANI-dopant and
PANI-co-dopants, enabling the theoretical mass of PANI
to be determined. Table 2 lists the reagents used in the
polymerization.

2.2.1 | PE/PANI nanocomposites containing
5 wt. PANI doped with H3PO4: PE/PANI(PPA)

The PE/PANI nanocomposites containing 5 wt.% PANI
doped with H3PO4 were prepared by dissolving 15.5 mL
(0.161 mol) of aniline in 1 M H3PO4 in a beaker to
150 mL by mixing with an electronic stirrer. A 45.005 g
(0.201 mol) of APS was also dissolved in 1 M H3PO4 to
200 mL in a beaker by mixing with an electronic stirrer.
Mixing was stopped in the APS solution when it became
colorless. Two hundred and eighty five of PE powder
were then added to the aniline solution and mixed vigor-
ously until all the powder was fully immersed. The APS
solution was then rapidly added to the aniline solution
containing the immersed PE powder under vigorous
mixing. The mixing was stopped when the mixture
had turned blue; indicating the formation of the interme-
diate pernigranaline.29 The mixture was subsequently
immersed in an ice bath for 3 h to allow complete poly-
merization. The resulting PE/PANI(PPA) nanocomposite
green precipitate was collected on a filter paper, vacuum
filtered, and washed with three portions of 100 mL dis-
tilled water. To obtain the nanocomposite product in
powder form, it was rinsed with acetone after washing

TABLE 1 PE/PANI nanocomposites formulations.

Composition (wt.%)

Formulations PE
PANI
(De-doped)

PANI
(PPA)a

PANI
(PPA/DBSA)

PANI
(PPA/PA)b

PANI
(PPA)-APP

PANI
(PPA)-LDH

PE 100 95 95 95 95 90 90

PE/PANI(De-doped) - 5 - - - - -

PE/PANI(PPA) - - 5 - - 5 5

PE/PANI(PPA/DBSA) - - - 5 - - -

PE/PANI(PPA/PA) - - - - 5 - -

PE/PANI(PPA)-APP - - - - - 5 -

PE/PANI(PPA)-LDH - - - - - - 5

Abbreviations: APS, ammonium persulfate; DBSA, dodecylbenzenesulfonic acid; LDH, double layered hydroxide; PANI, polyaniline; PE, polyethylene.
aPPA: phosphoric acid.
bPA: phytic acid.

4 ADISA ET AL.
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with water.30 The nanocomposite was then first air dried,
and subsequently dried in an oven at 80�C for 12 h before
further processing and analysis.

2.2.2 | PE/PANI nanocomposites containing
5 wt. PANI co-doped with either H3PO4 and
DBSA: PE/PANI(PPA/DBSA) or H3PO4
and phytic acid: PE/PANI(PPA/PA)

The PE/PANI nanocomposites containing 5 wt.% PANI
co-doped with either H3PO4 and DBSA that is, PE/PANI
(PPA/DBSA) or H3PO4 and phytic acid that is, PE/PANI
(PPA/PA) were prepared by dissolving 15.5 mL
(0.161 mol) of aniline in an equimolar mixture of the rele-
vant acids that is, either 1 M H3PO4 and 1 M DBSA or
1 M H3PO4 and 1 M phytic acid in a beaker to 150 mL. A
45.005 g (0.201 mol) of APS were also dissolved in the
equimolar mixture of the relevant acids that is, either
1 M H3PO4 and 1 M DBSA or 1 M H3PO4 and 1 M phytic
acid in a beaker to 200 mL in a beaker by mixing with an
electronic stirrer. Two hundred and eighty five of PE pow-
der were then added to the aniline solution and mixed vig-
orously until all the powder was fully immersed. In situ
chemical oxidative polymerization of the aniline was then
allowed to proceed as described in the section above.

2.2.3 | PE/PANI nanocomposites containing
5 wt. de-doped PANI: PE/PANI(De-doped)

The PE/PANI nanocomposite containing 5 wt.% PANI
doped with H3PO4 was immersed in 5% NH3 solution for
2 h. The PE/PANI nanocomposite powder changed from
green to dark blue purple as soon as the NH3 solution

was poured over the powder. The PE/PANI(De-doped)
nanocomposite powder was subsequently collected on a
filter paper, vacuum filtered and washed with three por-
tions of 100 mL distilled water. It was then dried in air
and subsequently in an oven for 12 h at 80�C.

2.2.4 | Synthesis and modification of the
layered double hydroxide

The layered double hydroxide (LDH) used in this study
was synthesized using the urea hydrolysis method.26 An
aqueous solution of Al3+ and Mg2+ with a molar fraction
of Al3+/(Al3+ + Mg2+) equal to 0.33 was prepared by dis-
solving 2.225 g of AlCl3 and 3.15 g of MgCl2 in 100 mL
distilled water. A 9.79 g of solid urea was added until the
molar fraction urea/(Al3+ + Mg2+) reached 3.3. The solu-
tion was heated at 90–100�C for 36 h. The reaction was
stopped by quenching in a water bath at room tempera-
ture after the reaction time had lapsed. The white LDH
precipitate was then filtered, washed with distilled water
and dried in an oven at 60�C for 12 h. Fifteen gram of the
LDH was then dispersed in 25 mL of 0.15 M SDBS and
stirred for about 24 h at 25�C. The modified solid was
separated by repeated washing and centrifugation and
subsequently dried at 60�C until the weight was constant.

2.2.5 | PE/PANI nanocomposites containing
5 wt. PANI doped with H3PO4 and modified
with either the LDH: PE/PANI(PPA)-LDH or
APP:PE/PANI(PPA)-APP

PE/PANI(PPA)-LDH and PE/PANI(PPA)-APP nanocom-
posites were prepared by dissolving 15.5 mL (0.161 mol)

TABLE 2 Amounts of reagents used in the in situ chemical oxidative polymerization of aniline in the presence of PE.

Formulations
PANI
(wt.%)

PANI-Acid
dopant/PANI-
Acid co-dopant
molecular wt.
(mol/g)

Aniline
(mL)

Aniline
(mol)

APS
(mol)

APS
(g)

PANI
(mol)

PANI
(g) PE

APP
(g)

LDH
(g)

PE 0 - - - - - - - 300 - -

PE/PANI(De-doped) 5 344 - - - - - 15 285 - -

PE/PANI(PPA)a 5 558 15.300 0.161 0.202 46.005 0.027 15 285 - -

PE/PANI(PPA/DBSA) 5 786 15.297 0.161 0.202 54.995 0.019 15 285 - -

PE/PANI(PPA/PA)b 5 1120 15.296 0.161 0.202 45.993 0.013 15 285 - -

PE/PANI(PPA)-APP 5 558 15.300 0.161 0.202 46.005 0.027 15 285 15 -

PE/PANI(PPA)-LDH 5 558 15.300 0.161 0.202 46.005 0.027 15 285 - 15

Abbreviations: APS, ammonium persulfate; DBSA, dodecylbenzenesulfonic acid; LDH, double layered hydroxide; PANI, polyaniline; PE, polyethylene.
aPPA: phosphoric acid.
bPA: phytic acid.
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of aniline in 1 M H3PO4 in a beaker to 150 mL by mixing
with an electronic stirrer. A 45.005 g (0.201 mol) of APS
was also dissolved in 1 M H3PO4 to 200 mL in a beaker
by mixing with an electronic stirrer. Mixing was stopped
in the APS solution when it became colorless. A 270 g of
PE powder and 15 g of either APP or the LDH were then
added to the aniline solution and mixed vigorously until
all the powder was fully immersed. The APS solution was
then rapidly added to the aniline solution containing the
immersed PE powder and either the APP or the LDH
under vigorous mixing. In situ chemical oxidative poly-
merization of the aniline was then allowed to proceed as
described in the section above.

2.2.6 | Compression molding

PE/PANI nanocomposites sheets where compression
molded using a heated press. The press was preheated to
160�C. The PE/PANI nanocomposite powder was then
sandwiched in-between Teflon™ sheets inside a mold.
The nanocomposites were pressed at 160�C and 15 MPa
for 30 min. The molded sheets where then allowed to
cool to room temperature at the same pressure of 15 MPa
to prevent shrinkage. The molded sheets were subse-
quently cut into 100 � 100 � 3 mm3 specimens for cone
calorimeter tests and 124 � 13 � 3 mm3 specimens for
the Underwriters Laboratories UL-94 tests.

2.2.7 | Injection molding

Tensile tests specimens were injection molded using a
TMC 30 (TMC Technology Corp., Taiwan, Republic of
China). The parameters used for injection molding are
given in Table 3.

2.3 | Characterization

The thermal stability of the neat PE and the PE/PANI
nanocomposites was evaluated using TGA. The analysis
was performed using a Perkin Elmer TGA 4000 instru-
ment at a heating rate of 10�C/min from 40 to 800�C
under nitrogen with a flow rate of 20 mL/min. Sample
weight was maintained at 10 ± 0.5 mg.

The melting and crystallization behavior of the nano-
composites was studied through DSC using a Perkin
Elmer DSC6000. The DSC thermograms were recorded
from 40 to 220�C on second heating and cooling. The
heating and cooling rate was kept constant at 10�C/min.

The functional groups on the nanocomposites were
studied through Fourier transform infrared (FTIR)

spectroscopy. A Perkin-Elmer Spectrum 2 FTIR spec-
trometer with an attenuated total reflectance (ATR)
accessory was used to record the IR spectra of the neat
PE and the PE/PANI nanocomposites in the IR absor-
bance region of 3500–450 cm�1, using 32 scans and a res-
olution of 4 cm�1, for each sample.

A Zeiss high resolution scanning electron microscope
equipped with an Inlens detector was utilized to study
the morphology of the nanocomposites, using an acceler-
ation voltage of 5 kV and a working distance of 5 mm.
The samples for were sputtered with a thin layer of Au,
prior to analysis. Elemental compositions of the nano-
composites were analyzed using an Oxford Aztec energy
dispersive x-ray spectroscopy (EDX) detector coupled to
the SEM.

The mechanical properties of the nanocomposites were
evaluated through tensile tests using a Lloyds RX universal
testing machine equipped with a 5 kN load cell. Testing
was conducted at a crosshead speed of 50 mm/min, adher-
ing to the ASTM D638-14 standard. The tests utilized
injection-molded dumbbell-shaped specimens with a gauge
length of 50 mm, a thickness of 3.75 mm and width of
10 mm. An average of three specimens was tested.

The flammability of the nanocomposites was studied
through vertical burn tests and cone calorimetry. The
Vertical burning tests were conducted on a vertical burn
instrument according to the UL 94:2001 standard. The
dimensions of the specimens were 125 � 13 � 3 mm3. In
this test, the specimens were clamped in a vertical posi-
tion and ignited with a 20 mm blue flame held at a 45�

angle, 10 cm away from the bottom end of the specimen.
Cotton balls were placed 30 cm below the bottom of the
specimen to catch any flaming particles that might drip
from the test surface.

A Fire Testing Technology Dual Cone Calorimeter
was used to conduct fire tests on the nanocomposites in
accordance with the ISO 5660-1:2002 standard, using
specimens with dimensions of 100 � 100 � 3.0 mm3. The
rear of the specimen sheets was wrapped in aluminium
foil, and the front of the specimens was exposed

TABLE 3 Injection molding parameters for tensile test

specimens.

Parameter Set Value

Temperature profile 180–200�C

Back pressure 10 bar

Injection pressure 95 bar

Cooling time 60 s

Mold temperature 25–35�C

Cycle time 160 s

6 ADISA ET AL.
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horizontally to an external radiant heat flux of 35 kW/
m2. A retainer grid was placed on top of the samples to
prevent them from expanding and touching the spark
igniter. At least two tests were performed for each sam-
ple, with the average results reported.

A Major Tech MT1877 industrial multimeter was
employed to measure the resistance R (Ω) of the nano-
composites. The volume resistivity of the nanocomposites
(σ) was then determined using the Equation:

σ¼RA=L, ð1Þ

where L (0.3 cm) was the distance between the two plati-
num probes and A (4.8 cm2) was the cross-sectional area
of the samples. Two measurements were done for each
sample and the average reported.

3 | RESULTS AND DISCUSSIONS

3.1 | Structural properties of the
nanocomposites

3.1.1 | Fourier transform infrared
spectroscopy

The FTIR spectra of the neat PE and the various
PE/PANI nanocomposites prepared in the study are pre-
sented in Figure 1. The FTIR spectra in Figure 1 shows
the characteristic IR absorption peaks exhibited by PE at
wavenumbers 2916, 2848, and 1463–1472 cm�1 which
are ascribed to the C H asymmetric stretching, symmet-
ric stretching, and bending vibrations of CH2 groups,
respectively. The peaks occurring in the IR region 719–
730 cm�1 are assigned to the distinctive C C rocking
vibration exhibited by long chains of methylene groups.31

The characteristic IR absorption peaks of PE identified
above are also discernible in the IR spectra of the
PE/PANI nanocomposites in Figure 1, with varying
degrees of intensity.

FTIR was used to confirm the successful synthesis of
the PANI in the present of the PE. Several of the charac-
teristic IR adsorption bands exhibited by PANI were
apparent in the FTIR spectra of the nanocomposites
shown in Figure 1. The broad band centred at around
3250 cm�1 was assigned to the H bonded N H stretching.
The IR broad bands between ca. 1360 and 1500 cm�1 were
ascribed to the benzenoid (N B N) structures in PANI
(where B denotes the benzenoid moieties in the PANI
chains), whereas the broad band between ca. 1500 and
1900 cm�1 was assigned to the ring stretching of the
quinoid (N Q N) structures in PANI, (where Q denotes
quinoid moieties in the PANI chains).32,33 The emeraldine

base form of the PANI (the de-doped PANI) exhibited a
sharper IR absorption band at ca. 1600 cm�1, indicting the
presence of the quinoid structures in this PANI form due
to de-doping. The band at ca. 1200 cm�1, was due to the
C N stretching of aromatic amines in PANI.33 The bands
around ca.1000 cm�1 were assigned to the vibrational
modes of B H+ Q or B NH+ B. These bands result
from the doping reactions of PANI and reflect the
interaction between the PANI polymer chain and the
dopants.34,35

All the nanocomposites containing the doped PANI
exhibited characteristic bands assigned to the phosphate
counter ion, (PO4)

3�, around 500 cm�1. This band is due
to the deformation in the plane of the O P O bond.36 In
the spectrum of the PE/PANI nanocomposite with the
PANI co-doped with phosphoric acid and DSBA,
the characteristic IR absorption band of the sulfonic
group ( SO3H) was observed at ca. 1040 cm�1.37 Phytic
acid shares its characteristic IR absorption band with
phosphoric acid at around 500 cm�1,38 hence FTIR could
not be used to independently confirm the presence of the
counter ions derived from phytic acid, on the PANI struc-
ture of the nanocomposites co-doped with phosphoric
acid and phytic acid, PE/PANI(PPA-PA). The FTIR

FIGURE 1 FTIR spectra of the neat PE, nanocomposites of PE

and; PANI doped with H3PO4: PE/PANI(PPA); PANI doped with

H3PO4 and modified with APP: PE/PANI(PPA)-APP; PANI doped

with H3PO4 and modified with the LDH: PE/PANI(PPA)-LDH;

PANI co-doped with H3PO4 and DBSA: PE/PANI(PPA-DBSA);

PANI co-doped with H3PO4 and phytic acid: PE/PANI(PPA-PA);

de-doped polyaniline: PE/PANI(De-doped). APP, ammonium

polyphosphate; DBSA, dodecylbenzenesulfonic acid; FTIR, Fourier

transform infrared; LDH, double layered hydroxide; PANI,

polyaniline; PE, polyethylene.
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results show that PANI was successfully synthesized in
the presence of the PE.

3.1.2 | Scanning electron microscopy and
energy dispersive x-ray analysis

Figure 2 shows the SEM micrographs of the neat PE
and the PE/PANI nanocomposites at a magnification of
20,000�. Figure 2 shows a relatively smooth surface
for the neat PE. The SEM results revealed that the
PANI nanoparticles in the nanocomposite containing

PANI doped with phosphoric acid were agglomerated
on the PE surfaces. The morphology of the PANI nano-
particles was not apparent, as the particles appeared to
be covered by another material. It was inferred that
this material covering the PANI nanoparticles might
have been residual phosphoric acid, which was not
completely washed off in the synthesis of the nanocom-
posites. However, in the micrograph of the nanocompo-
site containing de-doped PANI, the morphology of the
nanoparticles was more discernible; they were com-
posed of agglomerated, short nanosized rods. It is
known that the morphology of the PANI nanoparticles

FIGURE 2 SEM micrographs of the

neat PE, nanocomposites of PE and; PANI

doped with H3PO4: PE/PANI(PPA); PANI

doped with H3PO4 and modified with

APP: PE/PANI(PPA)-APP; PANI doped

with H3PO4 and modified with the LDH:

PE/PANI(PPA)-LDH; PANI co-doped with

H3PO4 and DBSA: PE/PANI(PPA-DBSA);

PANI co-doped with H3PO4 and phytic

acid: PE/PANI(PPA-PA); de-doped

polyaniline: PE/PANI(De-doped). APP,

ammonium polyphosphate; DBSA,

dodecylbenzenesulfonic acid; LDH, double

layered hydroxide; PANI, polyaniline; PE,

polyethylene; SEM, scanning electron

microscopy.
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depends on their preparation method and conditions,
with agglomerated nanospheres typically obtained when
chemical oxidative polymerization of aniline is con-
ducted in strongly acid media.28,39

In the nanocomposites of containing PANI co-doped
with either phosphoric acid and phytic acid or with
phosphoric and DBSA, the PANI nanoparticles where
not apparent in the micrographs in Figure 2. This could
again be attributed to the occurrence of residual acid on
the PE surfaces after the synthesis of the PANI in the
presence of the PE. The PANI nanoparticles in the
nanocomposites containing PANI doped with phospho-
ric acid and modified with APP showed a similar
morphology to those containing PANI doped with phos-
phoric acid, exhibiting a granular morphology agglom-
erated on the PE surfaces. However, the PANI
nanoparticles in the nanocomposites containing PANI
doped with phosphoric acid and modified with the
LDH showed fibrillar morphology, although the nanofi-
bres were also apparently coated on their surfaces. The
fibrillar morphology is desirable in the synthesis of con-
ductive PANI nanocomposites as high PANI aspect
ratios enable the percolation threshold to be reached at
lower PANI contents.

Table 4 shows the elemental compositions of the
PE/PANI nanocomposites determined by EDX analysis.
The EDX results in Table 4 exhibited significant varia-
tion, possibly due to inadequate dispersion being attained
in the synthesis of the nanocomposites. The nanocompo-
site containing de-doped PANI was not expected to show
the presence of the elements O, P, and S. However, the
results in Table 4 show that these were present in this
composite. The presence of O and P in this nanocompo-
site could have been due to incomplete de-doping of the
phosphate counter ions or poor washing off of the
residual H3PO4 used in the synthesis of nanocomposites.
Stejskal et al.28 previously showed that sulfuric acid

emanating from proton formation during the decomposi-
tion of the APS oxidant also participated in the proton-
ation of the PANI, hence the presence of the S in all the
nanocomposites. However, the EDX results in Table 4
show that all the nanocomposites contained significantly
high levels of P and O, which could have been in the
form phosphate counter ions attached to the PANI struc-
ture or residual H3PO4.

The results in Table 4 also show that the nanocompo-
site, which contained PANI co-doped with phosphoric
acid and DBSA had a relatively high content of S, due to
the presence of the sulfonate counter ion as a dopant.
The nanocomposite containing PANI doped with phos-
phoric acid and modified with the LDH also exhibited a
relatively high content of S due to the use of SDBS in the
synthesis and modification of the LDH. The EDX results
in Table 4 also confirmed the presence of Mg and Al in
the nanocomposites that had PANI doped with phospho-
ric acid and modified with the LDH.

3.2 | Thermal properties

3.2.1 | Differential scanning calorimetry

Figure 3 shows the DSC thermographs of the PE/PANI
nanocomposites. Figure 3 shows that incorporating PANI
into the nanocomposites did not significantly influence
the melting and crystallization temperatures of the PE,
no apparent changes were observed in the melting and
crystallization temperatures.

3.2.2 | Thermogravimetric analysis

TGA was used to analyze the thermal stability of the
PE/PANI nanocomposites. Figure 4 shows the TGA

TABLE 4 Elemental compositions of polyethylene (PE)/polyaniline (PANI) nanocomposites determined by EDX analysis.

Element (at. %)

Formulation C N O Mg Al P S

PE/PANI(De-doped) 80 ± 10 4 ± 5 11 ± 3 - - 3 ± 4 2 ± 3

PE/PANI(PPA)a 51 ± 24 7 ± 1 32 ± 13 - - 8 ± 6 5 ± 4

PE/PANI(PPA/DBSA) 39 ± 8 6 ± 3 35 ± 5 - - 7 ± 1 13 ± 2

PE/PANI(PPA/PA)b 40 ± 17 3 ± 2 36 ± 12 - - 15 ± 7 7 ± 4

PE/PANI(PPA)-APP 49 ± 20 5 ± 4 33 ± 13 - - 8 ± 6 5 ± 3

PE/PANI(PPA)-LDH 55 ± 21 5 ± 4 33 ± 12 0.22 ± 0 0.46 ± 0.21 10 ± 14 16 ± 27

Abbreviations: EDX, energy dispersive x-ray; DBSA, dodecylbenzenesulfonic acid; LDH, double layered hydroxide.
aPPA: phosphoric acid.
bPA: phytic acid.
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curves obtained for the neat PE and the PE/PANI nano-
composites. The TGA results showed that the neat PE
had an onset degradation temperature of ca. 300�C. The

neat PE experienced a mass loss of almost 99% by
the time it reached 500�C, producing a negligible char
residue of only 1%. The nanocomposite containing de-
doped PANI experienced a slight weight loss at about
100�C, attributed to the loss of moisture. Between
ca. 150 and 400�C this nanocomposite underwent a
mass loss of about 5%, whereas the main degradation
step occurred between ca. 400 and 500�C. It is interest-
ing to note that the thermal degradation of this nano-
composite yielded a 5% residual mass (char), similar to
the theoretical weight content of the PANI in the
nanocomposite.

The nanocomposites, which contained PANI doped
and co-doped with the various acids exhibited initial
slight mass losses at temperatures below 150�C, due
to moisture loss. At about 250�C, these nanocompo-
sites experienced a second degradation step that is
attributed to the degradation of the dopants. The
nanocomposite, which contained PANI co-doped with
phosphoric acid and DBSA exhibited the largest
weight loss in this step of about 25%, whereas the
nanocomposite that had PANI doped with phosphoric
acid and modified with APP exhibited the least weight
loss in this step of about 8%. The main degradation
steps for these nanocomposites commenced at about
400�C, ending at around 425�C. Figure 4 also shows
that all the nanocomposites synthesized with the
doped PANI produced residual char yields of at least
10%, with the nanocomposite containing the PANI co-
doped with phosphoric acid and phytic acid producing
the largest amount of residual char upon thermal deg-
radation (18%).

FIGURE 3 DSC thermographs of the neat PE, nanocomposites of PE and; PANI doped with H3PO4: PE/PANI(PPA); PANI doped with

H3PO4 and modified with APP: PE/PANI(PPA)-APP; PANI doped with H3PO4 and modified with the LDH: PE/PANI(PPA)-LDH; PANI co-

doped with H3PO4 and DBSA: PE/PANI(PPA-DBSA); PANI co-doped with H3PO4 and phytic acid: PE/PANI(PPA-PA); de-doped

polyaniline: PE/PANI(De-doped). APP, ammonium polyphosphate; DBSA, dodecylbenzenesulfonic acid; DSC, differential scanning

calorimetry; LDH, double layered hydroxide; PANI, polyaniline; PE, polyethylene.

FIGURE 4 TGA curves of the neat PE, nanocomposites of PE

and; PANI doped with H3PO4: PE/PANI(PPA); PANI doped with

H3PO4 and modified with APP: PE/PANI(PPA)-APP; PANI doped

with H3PO4 and modified with the LDH: PE/PANI(PPA)-LDH; PANI

co-doped with H3PO4 and DBSA: PE/PANI(PPA-DBSA); PANI co-

doped with H3PO4 and phytic acid: PE/PANI(PPA-PA); de-doped

polyaniline: PE/PANI(De-doped). APP, ammonium polyphosphate;

DBSA, dodecylbenzenesulfonic acid; LDH, double layered hydroxide;

PANI, polyaniline; PE, polyethylene; TGA, thermogravimetric analysis.
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3.3 | Fire tests

3.3.1 | UL 94 flammability tests

Table 5 presents the UL 94 vertical flammability test
results for the PE/PANI nanocomposites. In this test, the
time during which the nanocomposites samples contin-
ued to burn after the ignition source was removed was
recorded. Additionally, it was noted whether the nano-
composites dripped and ignited a wad of cotton placed
below the sample holder.40 During the tests, the neat PE
burned violently and melted heavily. The melting that
easily ignited the cotton wad. The neat PE could thus not
be assigned a UL 94 rating, similar to prior studies.41 The
nanocomposite containing de-doped PANI could also not
be assigned a UL 94 rating. All its specimens burned up
to the clamp, all specimens dripped and ignited the cot-
ton wad. However, the results in Table 5 show that all
the nanocomposites containing doped, co-doped, and
modified PANI achieved a UL 94 V2 rating. These nano-
composites extinguished in less than half the time com-
pared to neat PE and did not burn up to the clamp. This
indicates that the doped, co-doped, and modified PANI
imparted a flame-retardant effect to the PE.

The flammability of the PE/PANI nanocomposites
was further investigated through cone calorimetry.
Figure 5 and Table 6 show the typical HRR curves and a
summary of the cone calorimeter data for the combustion
of neat PE and PE/PANI nanocomposites. During the
cone calorimeter tests, the neat PE samples melted pro-
gressively when exposed to the radiant heat flux, before
volatising and igniting. Some of the molten PE material
flowed out of the aluminium foil containment. We previ-
ously reported similar challenges when testing the linear
low density form of PE.42 Therefore, the data for the neat
PE is questionable. For example, PE was expected to

exhibit a shorter ignition time (tig), and a higher pHRR.
Hence, some of the cone calorimeter test results for PE
such as the total heat released (tHR), and the maximum
average rate of heat emission (MARHE) might have been
negatively impacted by this observation. The tHR and
MARHE results for the nanocomposites are also reported
in Table 6.

TABLE 5 UL 94 flammability tests

data for the nanocomposites.

Formulations UL-94 Rating

Ignition
of cotton
wadding

Total after-
flame
time (s)

Burning
up to the
clamp

PE No rating Yes 120 ± 7 Yes

PE/PANI(De-doped) No rating Yes 114 ± 7 Yes

PE/PANI(PPA)a V2 Yes 55 ± 2 No

PE/PANI(PPA/DBSA) V2 Yes 45 ± 5 No

PE/PANI(PPA/PA)b V2 Yes 52 ± 7 No

PE/PANI(PPA)-APP V2 Yes 56 ± 3 No

PE/PANI(PPA)-LDH V2 Yes 54 ± 9 No

Abbreviations: APP, ammonium polyphosphate; DBSA, dodecylbenzenesulfonic acid; LDH, double layered
hydroxide; PANI, polyaniline; PE, polyethylene.
aPPA: phosphoric acid.
bPA: phytic acid.

FIGURE 5 Heat release rate (HRR) curves of the neat PE,

nanocomposites of PE and; PANI doped with H3PO4: PE/PANI

(PPA); PANI doped with H3PO4 and modified with APP: PE/PANI

(PPA)-APP; PANI doped with H3PO4 and modified with the LDH:

PE/PANI(PPA)-LDH; PANI co-doped with H3PO4 and DBSA:

PE/PANI(PPA-DBSA); PANI co-doped with H3PO4 and phytic acid:

PE/PANI(PPA-PA); de-doped polyaniline: PE/PANI(De-doped).

APP, ammonium polyphosphate; DBSA, dodecylbenzenesulfonic

acid; LDH, double layered hydroxide; PANI, polyaniline; PE,

polyethylene.
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Nevertheless, ignition resistance in the form of either
higher piloted ignition temperatures or longer times to
ignition (tig), and low pHRR are regarded as the key
parameters to preventing fire growth. Ignition controls
the flame spread and fire growth, whereas the pHRR con-
trols the flame spread.43 The results presented in Figure 5
and Table 6 show that the neat PE exhibited a relatively
long tig of 69 s compared to the ignitions times of the
PE/PANI nanocomposites which were less than 55 s,
indicating that the nanocomposites exhibited lesser igni-
tion resistance compared to the neat PE.

However, the neat PE had a significantly high pHRR,
which reached up to 702 kW/m2 (Figure 5), compared to
the PE/PANI nanocomposites, signifying that combus-
tion of the PE/PANI nanocomposites was less likely to
result in fire growth and flame spread, compared to the
neat PE. The results in Table 6 also show that co-doping
of the PANI yielded the best flame retardancy effect with
respect to the pHRR, similar to observations in other
studies.8,13 The nanocomposite containing the PANI co-
doped with phosphoric acid and phytic acid exhibited the
best performance with the lowest pHRR of 392 kW/m2 of
all the nanocomposites, whereas the nanocomposite con-
taining PANI doped with phosphoric acid had a pHRR of
459 kW/m2.

It has been argued that the HRR is the single most
important parameter in characterizing flammability and
the attendant fire hazards posed by materials.44,45 In cone
calorimetry, the HRR is determined by oxygen

consumption calorimetry.45 The burning behavior of dif-
ferent types of materials can be elucidated from their
HRR versus time curves.45 The HRR curve for the neat
PE shown in Figure 4 indicates that it is a thermally thin
material, characterized by a sharp peak in its HRR. The
shape of the HRR curve shows that the material is pyro-
lysed at the same time and does not form a char. This
observation correlates with the TGA results in Figure 4.

The broad shape of the HRR curves of the nanocom-
posites presented in Figure 4 show that the nanocompo-
sites where thermally thick charring (residue-forming)45

materials in agreement with the TGA results presented
and Figure 4. However, the HRR curves of the nanocom-
posites containing the doped and co-doped PANI exhib-
ited two HRR peaks. The initial HRR peak is usually
observed before charring, and the second peak occurs
due to the produced char cracking or due to an increase
in effective pyrolysis.45 Therefore, the char formed
through the combustion of the nanocomposites contain-
ing the doped PANI might not have been efficient at pre-
venting further pyrolysis of the nanocomposites into
gaseous fuel.

Table 5 further shows that all the PE/PANI nanocom-
posites exhibited shorter times to flame out compared to
the neat PE, indicating that the PE sustained a flame for
longer periods compared to the nanocomposites.

Several indices that are utilized to interpret cone calo-
rimeter data in the assessment of the hazards posed due
to fire developing from combustion of the materials being

TABLE 6 Cone calorimetry fire tests data of the PE/PANI nanocomposites showing the time to ignition (tign), time to flame out

(tflame_out), peak heat release rate (pHRR), time to peak heat release rate (tpHRR), total heat released (tHR), maximum average rate of heat

emission (MARHE), fire growth rate (FIGRA), Petrella fire growth index (pHRR/tign), and the fire performance index (FPI), and flame

retardancy index (FRI).

Nanocomposite formulations

Parameter Units PEa
PE/PANI
(PPA)b

PE/PANI
(De-doped)

PE/PANI
(PPA/DBSA)

PE/PANI
(PPA/PA)c

PE/PANI
(PPA)-APP

PE/PANI
(PPA)-LDH

tign s 69 ± 26 55 ± 7 30 ± 1 37 ± 4 51 ± 16 45 ± 6 28 ± 16

tflame_out s 1205 ± 172 634 ± 2 683 ± 171 660 ± 115 766 ± 10 524 ± 3 553 ± 102

pHRR kW/m2 571 ± 160 459 ± 17 614 ± 40 480 ± 8 392 ± 60 529 ± 38 575 ± 10

tpHRR s 173 ± 35 143 ± 4 150 ± 0 133 ± 4 115 ± 14 2.30 ± 7 225 ± 0

tHR MJ/m2 62.5 ± 9.3 103.3 ± 1.8 114.7 ± 3.4 100.8 ± 0.7 100.7 ± 1.4 96.7 ± 1.3 103.4 ± 6.0

MARHE kW/m2 161.6 ± 4.0 247.8 ± 6.1 353.7 ± 13 301.4 ± 12 200.7 ± 20 314.5 ± 0.3 346.4 ± 0.8

FIGRA kW/m2 3.28 ± 0.25 3.22 ± 0.04 4.09 ± 0.27 3.62 ± 0.03 3.41 ± 0.02 2.30 ± 7.1 2.56 ± 0.04

pHRR/tign kW/m2s 8.6 ± 0.9 8.4 ± 1.4 20.8 ± 0.9 13.1 ± 1.7 8.0 ± 1.6 11.9 ± 2.3 24.4 ± 13.9

FPI m2s/kW 0.119 ± 0.02 0.120 ± 0.02 0.048 ± 0.00 0.077 ± 0.01 0.127 ± 0.02 0.086 ± 0.02 0.049 ± 0.03

FRI - - 0.60 0.22 0.40 0.66 0.46 0.24

aThe neat PE cone calorimeter results are suspect as the samples melted and dripped during the tests.
bPPA: phosphoric acid.
cPA: phytic acid.
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 15480585, 0, D
ow

nloaded from
 https://4spepublications.onlinelibrary.w

iley.com
/doi/10.1002/vnl.22174 by C

ouncil For Scientific &
 Industrial R

esearch (C
sir), W

iley O
nline L

ibrary on [03/03/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



tested are also presented in Table 6. The fire growth rate
(FIGRA) estimates the rate of fire spread and the size of
the fire.45,46 The FIGRA is defined as the maximum quo-
tient of HRR(t)/t where HRR is the heat release rate as a
function of time up to time t and divided by t. FIGRA is
usually given by Equation (2) as:

FIGRA¼ pHRR=time to pHRR: ð2Þ

Lower FIGRA values indicate a decreased likelihood
of material igniting and developing into a fire. Table 6
shows that the nanocomposites containing the PANI
doped with phosphoric acid, PANI doped with phospho-
ric acid and modified with APP, and PANI doped with
phosphoric acid and modified with the LDH, had lower
FIGRA values compared to that of the neat PE. This indi-
cates the effectives of the PANI in these particular formu-
lations as a flame retardant for PE.

The fire growth index (pHRR/tig) proposed by
Petrella47 is an alternative estimator of the flame
spread to FIGRA. Table 6 also shows that the nano-
composites containing PANI doped with phosphoric
acid and the nanocomposites containing PANI co-
doped with phosphoric acid and phytic acid had rela-
tively lower fire growth indices compared to the neat
PE. Thus, with respect to this fire growth index, which
estimates the flame spread, the PANI doped with
phosphoric acid and the PANI co-doped with phos-
phoric acid and phytic acid were the most effective
flame retardants for PE.

Table 6 also shows the fire performance index (FPI)
of the neat PE and the PE/PANI nanocomposites. The
FPI is defined as the ratio of the time to ignition to
the PHRR (tig/pHRR). A lower FPI indicates an acceler-
ated flashover event, meaning materials with lower FPI
values generally pose higher fire risks.48 Table 6 shows
that the nanocomposites that contained PANI doped with
phosphoric acid and the nanocomposite that contained
PANI co-doped with phosphoric acid and phytic acid had
higher FPIs compared to the neat PE, whereas all the
other nanocomposites had lower FPIs compared to
the neat PE. Thus, with respect to the FPI, the nanocom-
posite that contained PANI co-doped with phosphoric
acid and phytic acid was the most effective flame retar-
dants for PE, followed by the nanocomposite that con-
tained PANI doped with phosphoric acid.

The flame retardancy index (FRI) is a dimensionless
index used to evaluate the flammability performance of
polymers. Proposed by Vahabi et al.,49 the FRI provides a
quantitative assessment of the effectiveness of flame
retardants in polymers. The FRI considers various factors
such as the time to ignition, HRR, and total heat evolved
during combustion. The FRI is determined as49:

Flame retardancy index FRIð Þ

¼
THR� pHRR

tig

� �h i
Neat Polymer

THR� pHRR
tig

� �h i
Neat Polymer

, ð3Þ

where THR, pHRR, tig are the total heat released,
PHRR and time to ignition respectively. According to
the classification by Vahabi et al.,49 composites with a
FRI less than 1 (FRI <1) exhibit poor flame retardancy
characteristics. Composites with FRI values between
1 and 10 (1 < FRI < 10) indicate good flame retardancy
performance, while FRI values ranging between 10
and 100 (10 < FRI < 100) suggest excellent flame
retardancy.

The FRI values of the PANI nanocomposites synthe-
sized in this study are presented in Table 6. According to
the classification by Vahabi et al.,49 all the nanocompo-
sites synthesized in this study exhibited poor flame-
retardant properties, with FRI values less than 1. This
suggests that the PANI alone was insufficient as a flame
retardant for PE or requires further modification to be
enhance its flame-retardant properties.50

The HRR curves for the PE/PANI nanocomposites
in Figure 5 show that the nanocomposites formed a
char during combustion, but it was not very coherent,
contributing to their poor flame-retardant performance.
However, nanocomposites where PANI was doped with
phosphoric acid and PANI co-doped with phosphoric
acid and phytic acid demonstrated relatively higher FRI
values compared to the others. This indicates that these
particular nanocomposites exhibited the best flame-
retardant performance, consistent with the other results
from the study.

Theoretically, PANI can function as a flame retardant
in the vapor phase by thermally degrading into non-
flammable gases such as COx, NOx, H2O, vaporized dop-
ant molecules or degraded products and dopants. These
can dilute the combustible gases from the matrix poly-
mer. PANI could also enable the formation of a char that
acts as a barrier to heat, oxygen and other pyrolysis prod-
ucts, thereby imparting flame retardancy through a con-
densed phase mechanism.6,7 The TGA results and HRR
curves of the PE/PANI nanocomposites suggest that
PANI doped with phosphoric acid and PANI co-doped
with phosphoric acid and phytic acid are effective flame
retardants for PE. This effectiveness is attributed to their
ability to form a char during combustion, thus operating
through a condensed phase mechanism. However, the
double peaks observed in their HRR curves are evidence
of the formed char not being a very effective barrier in
blocking the heat from further pyrolysing the PE polymer
into volatile fuel.
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The improved flame retardancy performance of the
PE/PANI nanocomposites containing PANI doped with
phosphoric acid and also particularly the PANI co-doped
with phosphoric acid and phytic acid could also have
been due to the well-known phosphorus nitrogen flame
retardancy synergy.7,8 Counter ions (phytate anions)
emanating from phytic acid as a dopant contain more
phosphorus atoms, compared to counter ions (phosphate
anions) emanating from phosphoric acid.

3.4 | Volume resistivity

Electrical conductivity in PANI arises from the formation
of polaron structures due to doping.7 The volume resistiv-
ity values of the PE/PANI nanocomposites synthesized in
this study are presented in Table 7. The volume resistivi-
ties of the neat PE and the nanocomposite containing the
de-doped PANI could not be determined, as their resis-
tance was beyond the limits of the instrument used.
However, the volume resistivity of polymers is known to
range from 1015 to 1022 Ω cm, with PE at the higher end.4

The results in Table 7 show that the nanocomposite con-
taining the PANI co-doped with phosphoric acid and
phytic acid exhibited the lowest volume resistivity at
4 � 108 Ω cm. Nevertheless, the volume resistivity results
in Table 7 show that all the PE/PANI nanocomposites
synthesized with doped PANI exhibited volume resistiv-
ity values sufficiently low enough (<1011 Ω cm) for fabri-
cating electrostatic dissipative packing materials.51,52

3.5 | Mechanical properties

The tensile mechanical properties of the PE/PANI nano-
composites are presented in Table 8. The results in

Table 8 indicate that all the PE/PANI nanocomposites
exhibited reduced tensile strength compared to the neat
PE. However, the reduction in tensile strength was lim-
ited to 9% for the best-performing PE/PANI nanocompo-
site in terms of flame retardancy, specifically the
nanocomposite containing PANI doped with phosphoric
acid and phytic acid.

The SEM results presented earlier showed that the
PANI nanoparticles in the nanocomposites were agglom-
erated, indicating poor dispersion. This might have
impacted on the tensile properties, particularly the tensile
strength of the nanocomposites. As the PANI is stiffer
than PE, it was expected that the PE/PANI nanocompo-
sites would exhibit Young's moduli greater than that of
the neat PE. However, only the PE nanocomposite
containing the de-doped PANI and the nanocomposite
containing PANI co-doped with phosphoric acid and
DBSA exhibited Young's moduli values higher than that
of the neat PE at 208 and 214 MPa, respectively. Again,
this observation was attributed to poor dispersion of the
PANI nanoparticles in the nanocomposites. The elonga-
tion at break results of the nanocomposites indicate that
the PE/PANI nanocomposites retained useful ductility.
For instance, the best-performing PE/PANI nanocompo-
site in terms of flame retardancy, the nanocomposite,
which contained PANI doped with phosphoric acid and
phytic acid, had an elongation to break of 557%, which
was only 23% less than that of the neat PE.

4 | CONCLUSIONS

This study investigated the flame retardancy and electri-
cal conductivity of PE nanocomposites reinforced with

TABLE 7 Electrical polyethylene (PE)/polyaniline (PANI)

nanocomposites.

Formulations Resistivity (Ω cm)

PE -

PE/PANI(De-doped) -

PE/PANI(PPA)a 4.04 � 109

PE/PANI(PPA/DBSA) 3.02 � 109

PE/PANI(PPA/PA)b 4.00 � 108

PE/PANI(PPA)-APP 3.19 � 109

PE/PANI(PPA)-LDH 1.03 � 10�9

Abbreviations: APP, ammonium polyphosphate; DBSA,
dodecylbenzenesulfonic acid; LDH, double layered hydroxide.
aPPA: phosphoric acid.
bPA: phytic acid.

TABLE 8 Tensile mechanical properties of the polyethylene

(PE)/polyaniline (PANI) nanocomposites.

Formulations

Tensile
strength,
MPa

Young's
modulus,
MPa

Elongation
at, break, %

PE 16.2 ± 0.5 195 ± 15 726 ± 113

PE/PANI(De-doped) 14.5 ± 0.7 208 ± 19 648 ± 223

PE/PANI(PPA)a 13.3 ± 0.1 151 ± 3 501 ± 264

PE/PANI(PPA/DBSA) 15.1 ± 0.1 214 ± 7 437 ± 72

PE/PANI(PPA/PA)b 15.1 ± 0.1 180 ± 8 557 ± 327

PE/PANI(PPA)-APP 12.8 ± 0.4 181 ± 41 662 ± 140

PE/PANI(PPA)-LDH 15.2 ± 0.0 181 ± 19 293 ± 0

Abbreviations: APP, ammonium polyphosphate; DBSA,
dodecylbenzenesulfonic acid; LDH, double layered hydroxide.
aPPA: phosphoric acid.
bPA: phytic acid.
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polyaniline (PANI) doped, co-doped with various acids
and modified with a layered double hydroxide (LDH) or
with APP. The successful in situ synthesis of PANI in the
presence of PE was confirmed through FTIR, while SEM
revealed that the PANI formed short, nanosized rods.
TGA demonstrated that the nanocomposites produced a
char upon degradation, with the PANI co-doped with
phosphoric acid and phytic acid yielding the highest char
residue (�20%).

In flammability tests, all nanocomposites attained a V2
rating, and cone calorimeter data showed that incorporat-
ing the doped PANI into PE significantly reduced the
pHRR. The nanocomposite with PANI co-doped with
phosphoric and phytic acid exhibiting the lowest pHRR
(392 kW/m2). However, the HRR curve indicated that the
char formed was not effective enough to prevent further
pyrolysis. This composite also had the lowest fire growth
index and the highest FPI, demonstrating superior flame-
retardant behavior. Although all the nanocomposites had
FRI values less than 1, indicting overall poor flame retar-
dancy performance, the PE/PANI nanocomposite with the
PANI co-doped with phosphoric and phytic acid exhibited
the highest FRI, confirming its relative flame retardancy.

Additionally, the volume resistivity of the nanocom-
posites (108–109 Ω�cm) suggested suitability for electro-
static dissipation (ESD) applications. Mechanically, the
PE/PANI nanocomposites retained relatively good tensile
properties with minimal deterioration due to PANI incor-
poration. In conclusion, the study highlighted PANI's
potential as a flame-retardant additive for PE that
also imparts electrostatic dissipation while preserving
mechanical integrity. Further work is recommended to
enhance the coherence and barrier properties of the char
formed during combustion.
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Sapurina I. Polyaniline prepared in the presence of various
acids: a conductivity study. Polym Int. 2004;53:294-300. doi:10.
1002/pi.1406

29. Stejskal J, Kratochvíl P, Jenkins AD. The formation of polyani-
line and the nature of its structures. Polymer. 1996;37:367-369.
doi:10.1016/0032-3861(96)81113-X

30. Stejskal J, Gilbert RJP. Polyaniline. Preparation of a conducting
polymer (IUPAC technical report). Pure Appl Chem. 2002;74:
857-867. doi:10.1351/pac200274050857

31. Alkan Ü, Kılıç M, Karabul Y, Yamak HB, Okutan M, _Içelli O.
Electrical and mechanical properties of LDPE/PANI compos-
ites. J Nanoelectron Optoelectron. 2016;11:343-348. doi:10.1166/
jno.2016.1889

32. Kang ET, Neoh KG, Tan KL. Polyaniline: a polymer with many
interesting intrinsic redox states. Prog Polym Sci. 1998;23:277-
324. doi:10.1016/S0079-6700(97)00030-0

33. John A, Mahadeva SK, Kim J. The preparation, characteriza-
tion and actuation behavior of polyaniline and cellulose
blended electro-active paper. Smart Mater Struct. 2010;19:
045011. doi:10.1088/0964-1726/19/4/045011

34. Babazadeh MA. A direct one-pot method for synthesis of polya-
niline doped with dodecyl benzene sulphonic acid in aqueous
medium and study of its thermal properties. Iran Polym J.
2007;16:389-396.

35. Benaouda SN, Chaker H, Abidallah F, et al. Heterogeneous
photocatalytic degradation of anionic dye on polyaniline/mi-
crocrystalline cellulose composite. J Porous Mater. 2023;30:327-
341. doi:10.1007/s10934-022-01342-x

36. Campos PV, Albuquerque ARL, Angélica RS, Paz SPA. FTIR
spectral signatures of amazon inorganic phosphates: igneous,
weathering, and biogenetic origin. Spectrochim Acta A Mol Bio-
mol Spectrosc. 2021;251:119476. doi:10.1016/j.saa.2021.119476

37. Chen C-H, Wang J-M, Chen W-Y. Conductive Polyaniline
doped with dodecyl benzene sulfonic acid: synthesis, character-
ization, and antistatic application. Polymers. 2020;12:2970. doi:
10.3390/polym12122970

38. Wang X, Zhang Y, Shi Y, Zeng X, Tang R, Wei L. Conducting
polyaniline/poly(acrylic acid)/phytic acid multifunctional
binders for Si anodes in lithium ion batteries. Ionics. 2019;25:
5323-5331. doi:10.1007/s11581-019-03122-1

39. Stejskal J, Sapurina I, Trchov�a M. Polyaniline nanostructures
and the role of aniline oligomers in their formation. Prog
Polym Sci. 2010;35:1420-1481. doi:10.1016/j.progpolymsci.
2010.07.006

40. Underwriters Laboratories. UL Standard for Safety for Test for
Flammability of Plastic Materials for Parts in Devices and Appli-
ances, UL 94. Underwriters laboratoris Inc.; 2021.

41. Chen J, Wang J, Ni A, Chen H, Shen P. Synthesis of a novel
phosphorous-nitrogen based charring agent and its application

16 ADISA ET AL.

 15480585, 0, D
ow

nloaded from
 https://4spepublications.onlinelibrary.w

iley.com
/doi/10.1002/vnl.22174 by C

ouncil For Scientific &
 Industrial R

esearch (C
sir), W

iley O
nline L

ibrary on [03/03/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

info:doi/10.1080/00914030213032
info:doi/10.1080/00914030213032
info:doi/10.1177/096739110601400
info:doi/10.1016/j.carbpol.2012.09.032
info:doi/10.1016/j.carbpol.2012.09.032
info:doi/10.1177/0040517504074002
info:doi/10.1177/0040517504074002
info:doi/10.1002/app.22144
info:doi/10.1002/app.20689
info:doi/10.1021/am302563w
info:doi/10.1007/s10570-013-0122-1
info:doi/10.1016/j.colsurfa.2023.131635
info:doi/10.1016/j.colsurfa.2023.131635
info:doi/10.1002/marc.202300071
info:doi/10.1016/j.polymdegradstab.2022.109879
info:doi/10.1016/j.polymdegradstab.2022.109879
info:doi/10.1002/pat.5205
info:doi/10.1002/pat.5205
info:doi/10.1016/j.cej.2022.137642
info:doi/10.1016/j.synthmet.2016.10.009
info:doi/10.1016/j.synthmet.2016.10.009
info:doi/10.1016/j.firesaf.2022.103649
info:doi/10.1021/acsanm.3c00195
info:doi/10.1002/pi.1406
info:doi/10.1002/pi.1406
info:doi/10.1016/0032-3861(96)81113-X
info:doi/10.1351/pac200274050857
info:doi/10.1166/jno.2016.1889
info:doi/10.1166/jno.2016.1889
info:doi/10.1016/S0079-6700(97)00030-0
info:doi/10.1088/0964-1726/19/4/045011
info:doi/10.1007/s10934-022-01342-x
info:doi/10.1016/j.saa.2021.119476
info:doi/10.3390/polym12122970
info:doi/10.1007/s11581-019-03122-1
info:doi/10.1016/j.progpolymsci.2010.07.006
info:doi/10.1016/j.progpolymsci.2010.07.006


in flame-retardant HDPE/IFR composites. Polymers. 2019;11:
1062. doi:10.3390/polym11061062

42. Mhike W, Ferreira IVW, Li J, Stoliarov SI, Focke WW. Flame
retarding effect of graphite in rotationally molded polyethyle-
ne/graphite composites. J Appl Polym Sci. 2015;132:132. doi:10.
1002/app.41472

43. Hull TR. 11—challenges in fire testing: reaction to fire tests
and assessment of fire toxicity. In: Horrocks AR, Price D, eds.
Advances in Fire Retardant Materials. Woodhead Publishing;
2008:255-290. doi:10.1533/9781845694701.2.255

44. Babrauskas V, Peacock RD. Heat release rate: the single most
important variable in fire hazard. Fire Saf J. 1992;18:255-272.
doi:10.1016/0379-7112(92)90019-9

45. Schartel B, Hull TR. Development of fire-retarded materials—
interpretation of cone calorimeter data. Fire Mater. 2007;31:
327-354. doi:10.1002/fam.949

46. Sacrist�an M, Hull TR, Stec AA, Ronda JC, Galià M, C�adiz V.
Cone calorimetry studies of fire retardant soybean-oil-based
copolymers containing silicon or boron: comparison of additive
and reactive approaches. Polym Degrad Stab. 2010;95:1269-
1274. doi:10.1016/j.polymdegradstab.2010.03.015

47. Petrella RV. The assessment of full-scale fire hazards from cone
calorimeter data. J Fire Sci. 1994;12:14-43. doi:10.1177/
073490419401200

48. Makhlouf G, Hassan M, Nour M, Abdel-Monem YK,
Abdelkhalik A. Evaluation of fire performance of linear low-

density polyethylene containing novel intumescent flame retar-
dant. J Therm Anal Calorim. 2017;130:1031-1041. doi:10.1007/
s10973-017-6418-x

49. Vahabi H, Kandola BK, Saeb MR. Flame Retardancy index
for thermoplastic. Composites. 2019;11:407. doi:10.3390/
polym11030407

50. Vahabi H, Laoutid F, Movahedifar E, et al. Description of
complementary actions of mineral and organic additives in
thermoplastic polymer composites by flame retardancy
index. Polym Adv Technol. 2019;30:2056-2066. doi:10.1002/
pat.4638

51. ESD Association. ANSI/ESD S541-2019. Standard for Packag-
ing ESD Susceptible Items. New York, USA 2019.

52. Electoronic Industries Alliance. JEDEC Standard: JESD625-A
Requirements for Handling Electrostatic-Discharge-Sensitive
(ESDS) Devices. Electrostatic Discharge Association; 1999.

How to cite this article: Adisa A, Asante JKO,
Ojijo VO, Mapossa AB, Mhike W. Polyaniline as a
dual flame retardant and electrostatic dissipative
additive in polyethylene nanocomposites. J Vinyl
Addit Technol. 2024;1‐17. doi:10.1002/vnl.22174

ADISA ET AL. 17

 15480585, 0, D
ow

nloaded from
 https://4spepublications.onlinelibrary.w

iley.com
/doi/10.1002/vnl.22174 by C

ouncil For Scientific &
 Industrial R

esearch (C
sir), W

iley O
nline L

ibrary on [03/03/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

info:doi/10.3390/polym11061062
info:doi/10.1002/app.41472
info:doi/10.1002/app.41472
info:doi/10.1533/9781845694701.2.255
info:doi/10.1016/0379-7112(92)90019-9
info:doi/10.1002/fam.949
info:doi/10.1016/j.polymdegradstab.2010.03.015
info:doi/10.1177/073490419401200
info:doi/10.1177/073490419401200
info:doi/10.1007/s10973-017-6418-x
info:doi/10.1007/s10973-017-6418-x
info:doi/10.3390/polym11030407
info:doi/10.3390/polym11030407
info:doi/10.1002/pat.4638
info:doi/10.1002/pat.4638
info:doi/10.1002/vnl.22174

	Polyaniline as a dual flame retardant and electrostatic dissipative additive in polyethylene nanocomposites
	Abstract
	1  |  INTRODUCTION
	2  |  MATERIALS AND METHODOLOGY
	2.1  |  Materials
	2.2  |  Methods
	2.2.1  |  PE/PANI nanocomposites containing 5wt. PANI doped with H3PO4: PE/PANI(PPA)
	2.2.2  |  PE/PANI nanocomposites containing 5 wt. PANI co‐doped with either H3PO4 and DBSA: PE/PANI(PPA/DBSA) or H3PO4 and ...
	2.2.3  |  PE/PANI nanocomposites containing 5wt. de‐doped PANI: PE/PANI(De‐doped)
	2.2.4  |  Synthesis and modification of the layered double hydroxide
	2.2.5  |  PE/PANI nanocomposites containing 5wt. PANI doped with H3PO4 and modified with either the LDH: PE/PANI(PPA)‐LDH o...
	2.2.6  |  Compression molding
	2.2.7  |  Injection molding

	2.3  |  Characterization

	3  |  RESULTS AND DISCUSSIONS
	3.1  |  Structural properties of the nanocomposites
	3.1.1  |  Fourier transform infrared spectroscopy
	3.1.2  |  Scanning electron microscopy and energy dispersive x‐ray analysis

	3.2  |  Thermal properties
	3.2.1  |  Differential scanning calorimetry
	3.2.2  |  Thermogravimetric analysis

	3.3  |  Fire tests
	3.3.1  |  UL 94 flammability tests

	3.4  |  Volume resistivity
	3.5  |  Mechanical properties

	4  |  CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT
	ORCID
	REFERENCES


