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Polyaniline salt form (PANI-ES) was synthesized by oxidative polymerization of aniline using potassium persulfate as an oxidant
and an acid-exchanged montmorillonite clay called Maghnite-H+ as an effective catalyst. The clay, which was used as a catalyst, was
supplied by a local company known as ENOF Maghnia (Western Algeria). The chemical stability of PANI has been investigated by
thermogravimetry and differential scanning calorimetry, that a good thermal stability of PANI could be improved by combining
PANI with montmorillonite. TGA results illustrated that there were two major stages for weight loss of the ES-form PANI powder
sample. The different forms of PANI were characterized by infrared spectroscopy, thermal analysis, and H-NMR spectroscopy and
conductivity measurements.

1. Introduction

As a new organic metal and electrically conductive material,
polyaniline continues to attract extensive attention from
scientists and engineers although its chemical synthesis was
reported almost one century ago [1]. Polyaniline is envi-
ronmentally stable and inert. It has a wide range of poten-
tial technological applications including storage batteries,
electrochromic devices, light emitting diodes, corrosion
inhibitors, and a variety of sensors including chemical [2].
Polyaniline has been combined with inorganic materials such
as montmorillonite [3]. In recent years layered silicates or
clays have found their way for being used as fillers for poly-
mers to increase many properties including tensile strength,
modulus, barrier, thermal stability, and ignition temperature
[4]. The polymerization of polyaniline was induced in
heterogeneous phase by Maghnite-H+ under suitable condi-
tions. Maghnite-H+ is a montmorillonite sheet silicate clay
exchanged with protons [5]. Researchers have demonstrated
that the introduction of only a small amount of clay into
the polymer structure of polyaniline can lead to a significant
enhancement of its properties [6]. Therefore, the aim of

this paper is to improve the thermal stability of polyaniline
through the synthesis with layered materials. The thermo-
gravimetric analysis and differential scanning calorimetry
demonstrated the improved thermal stability of the interca-
lated nanocomposites relative to the pure polyaniline due to
the incorporated Na+-montmorillonite. This paper reports
the properties of a series of PANI-Mag composites which
were prepared by emulsion polymerization of aniline in the
presence of a Maghnite substrate. The proposed process for
the polymerization is show in Scheme 1. Based on the TGA
and DSC results, thermal aging experiments were designed
to study the thermal reactions of PANI-ES, PANI-EB, and
PANI-HCL by infrared spectroscopy, UV spectroscopy, and
H1-NMR spectroscopy.

2. Experimental

2.1. Materials. Aniline 99%, potassium persulphate 98%
(Aldrich), hydrochloric acid (35%–38%), MMT clay were
obtained from ENOF Maghnia (Algeria). The MMT-H+
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Scheme 1: Proposed process for soluble polyaniline catalysed Mag-H+.

(Mag-H+) was prepared as described by Belbachir and Ben-
saoula [7], and water (PH < 7) was used to synthesis emeral-
dine salt (PANI-Mag-H+) by emulsion polymerization.
Some of the emeraldine base (PANI-EB), nonconducting
form of polyaniline, was prepared by de-protonating PANI-
ES in NaOH solution (0.5 M). A doping EB was carried out
in aqueous medium of hydrochloric acid (HCL) [8, 9].

2.2. Measurements

2.2.1. Infrared Spectroscopy. Fourier transform infrared spec-
troscopy (FTIR) spectra were obtained between 900 and
4000 cm−1 on an ATI Mattson FTIR no. 9501165. Ten scans
were averaged at a resolution of 4 cm−1 for the solid tested
samples of modified and unmodified montmorillonite pre-
pared as KBr pellets (ca. 3% by mass in KBr).

2.2.2. 1H -NMR Spectroscopy. nuclear magnetic resonance
(NMR) measurements were carried out on a 300 MHz
Bruker NMR spectrometer equipped with a probe BB05 mm,
in CDCl3. tetramethylsilane (TMS) was used as the internal
standard in these cases.

2.2.3. Conductivity. Conductivity measurements were car-
ried out using a Lucas Lab resistivity equipment with four
probes in line. The samples were dried in vacuum during 24
hours, and pellets of 13 mm diameter were prepared using
FTIR mold by applying a pressure of 10 Tn/cm2.

2.2.4. Differential Scanning Calorimetry. DSC measurements
were carried out on a TA instrument, according to the
following program: the specimens were first heated from
ambient temperature to 250◦C at 10◦C/min, maintained at
this temperature during 5 minutes, then cooled to 25◦C at
20◦C/min.

2.2.5. Thermogravimetric Analysis (TGA). The tests were per-
formed on a TA instrument (TGA Q500) by heating the
samples from 20 to 550◦C at 20◦C/min, with DTG thermo-
grams giving the variations of the weight loss derivative as a
function of temperature.

2.3. Preparation of Maghnite-H+. Maghnite-H+ was pre-
pared according to the process reported in our previous study
[10]. Raw Maghnite (20 g) was crushed for 20 mn using a
prolabo ceramic balls grinder. It was then dried for 2 h at
105◦C. The Maghnite was placed in an Erlenmeyer flask
together with 500 mL of distilled water. The Maghnite/water
mixture was stirred using a magnetic stirrer and combined
with 0.25 M sulfuric acid solution, until neutralization was
achieved over 2 days at room temperature, the mineral was
then washed with distilled water to become sulfate-free and
then dried at 105◦C.

2.4. Synthesis of Different Forms of Polyaniline. Polyaniline
salt (PANI-ES) was synthesized by the chemical oxidation
of aniline with potassium persulfate (K2S2O8), water, and
montmorillonite (Mag-H+) and the mixture was precooled
to below 0◦C in an ice bath.

5.1 mL of (0.055 mol) aniline was added to 6% of
(0.356 g) Mag-H+ clay catalyst layered. The reaction was
stirring for 30 mn at 0◦C, after this time 3 g of (0.013 mol)
oxidant was added slowly during 10 mn, after this we added
drop by drop 15 mL of water. The reaction was continued for
1 h and 30 min in the optimal condition (0◦C).

The precipitate product was filtered and washed with
distilled water as far as neutralization, because this product
contained traces of initiator, oligomer, and monomer. In the
end, we obtained black solid which is composed of polymer-
Mag. However, the Mag-H+ is separated by filtration because
it’s insoluble in the solvents in which the polymer is soluble.

Eventually, the resultit’s black solution (polymer-sol-
vent), after evaporation result a black powderit’s (PANI-ES),
washed several times with water and methanol, where dried
at 60◦C for 48 h for characterization.

The polyaniline base (PANI-EB) is obtained by deal
treatment of polyaniline salt (PANI-ES) with a solution of
dilute NaOH (0.5 M). Then, the prepared ES-form PANI
was converted to EB-form PANI by stirring with 200 mL of
0.5 M NaOH dilute solution at room temperature for 5 to 10
hours. At the end of the stirring, the PANI-EB was filtered,
washed with water and methanol several times, and dried
under vacuum at 60◦C for 48 hours by characterization.
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Table 1: The vibration frequencies of PANI-ES and PANI-EB.

Vibration frequencies cm−1

PANI-EB PANI-ES Assignment
3631 3288 Asymmetric N–H stretching
1555 1557 Aromatic C–C stretching
1295 1293 C–N stretching of secondary aromatic amine
1174 1168 C–H in plane bending 1,4 disubstituted benzene
849 838 Out of plane C–H bending 1,4-disubstituted benzene ring

Finally, 1.53 g of the dark black EB-form PANI powder was
obtained (84.14% yield). A doping EB was carried out in
aqueous medium of hydrochloric acid (1 M). Approximately
1.5 g of fine powder of polyaniline base was suspended in
200 mL of appropriate acid solution. After stirring at room
temperature for 5 h, the black polymer salt was collected by
filtration followed by drying under dynamic vacuum for 48 h
at 60◦C.

3. Results and Discussion

3.1. FTIR Spectral Analysis. The FTIR spectra of the PANI-
ES and PANI-EB under the same conditions were shown
in Figures 1 and 2. The FTIR spectroscopy evidence the
formation of polyaniline structure containing 1,4-para-
disubstituted linear chain. The vibration frequencies of the
major infrared bands and their assignment for polyaniline
PANI-ES and PANI-EB are summarized in Table 1.

3.2. 1H-NMR Spectral Analysis. The 1H-NMR spectra of the
PANI-ES and PANI-EB polymers exhibit strongest sharp
peak centered at 7 ppm and 7.8 ppm due to protons on
phenylene and disubstituted phenylene units, the weak peak
at 4.81 ppm and medium broad peak at 6.22 ppm due to (–
NH– and –NH2) end group, respectively. Other broad peaks
centered at 1.78 ppm and 8 ppm may be due to the water
protons bonded by (–NH– and –NH2) groups and (H–N+),
respectively, as shown in Figures 3 and 4 [11].

3.3. Thermal Analysis

(A) Thermal Analysis of Maghnite-Na+. The thermal char-
acterizations of the composites include thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC).
Weight losses (%) versus temperature (◦C) curves for pure
Maghnite-Na+ are shown in Figures 5 and 6. In Figure 5, the
TGA of pure Maghnite-Na+ shows two stages of weight loss.
The first weight loss in Na+-Mag below 100◦C is a result
of the release of free water. The second weight loss around
600◦C is associated with the dehydroxylation of silicate
structure [12, 13]. The total weight loss is only 13.94% up to
800◦C. As can be expected, Maghnite-Na+ shows a high ther-
mal stability.

(B) Thermal Analysis of DifferentForms of PANI. The TGA
thermogram of the polyaniline (PANI-ES) at a heating rate of
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Figure 1: FT-IR spectra of the reduced polymer (PANI-EB) pre-
pared at 25◦C.

85

90

95

100

50
7

59
3

69
4

75
583

8

11
68

12
93

15
01

15
57

36
31

A
bs

or
ba

n
ce

 (
%

)

4000 3500 3000 2500 2000 1500 1000 500

Wavelength (cm−1)

Figure 2: FT-IR spectra of the polymer (PANI-ES) obtained by the
persulfate oxidation method (emeraldine black) at 0◦C.

10◦C/min in nitrogen is shown in Figure 7. It can be found
that at the temperature range of 187–600◦C the weight loss
amounted to 61, 17%, which can be reasonably attributed
to the weight loss of the polymerized polyaniline (PANI-ES)
and to thermal decomposition of the polyaniline chains.

Polyaniline is known to be a hygroscopic polymer [14].
Some authors [15] assigned the endothermic effect registered
by DSC in the range from ambient temperature up to
approximately 120◦C to the evaporation of water.
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Figure 3: 1H NMR spectrum (300 MHz, CDCl3, tetramethylsilane (TMS) were used as the internal standard) of polyaniline (PANI-ES)
obtained by the polymerization of aniline with Mag-H+ initiator system in CDCl3 at 0◦C.
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Figure 4: 1H NMR spectrum (300 MHz, CDCl3, tetramethylsilane (TMS) were used as the internal standard) of polyaniline (PANI-EB)
obtained by the polymerization of aniline with Mag-H+ initiator system in CDCl3 at 25◦C.
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Figure 5: TGA curves of a Maghnite-Na+ obtained in nitrogen atmosphere at heating rate of 10◦C/min.
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Figure 6: DSC Curve of Maghnite-Na+ obtained in nitrogen atmosphere at heating rate of 10◦C/min.
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Figure 7: TGA curves of a pure PANI-ES obtained in nitrogen atmosphere at heating rate of 10◦C/min.

Figure 8 is the DSC thermogram of the PANI-EB form
powder in the first run and second run. In the first run
there were two endothermic peaks at 55.99 and 103.46◦C and
the PANI-EB powder had discernible moisture content [16].
Therefore, these endothermic peaks were most likely due to
the evaporation of water. This was in agreement with the
TGA results.

In the second run, there were almost no significant endo-
thermic or exothermic peaks, as shown in Figure 8, because
no apparent moisture existed in the sample but Tg appear at
74.06◦C.

First run and second run in Figures 9 and 10 show
the DSC cooling trace of the PANI-ES and PANI-HCl. Two
remarks can be observed. (a) Three endothermic peaks; these
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Table 2: Thermodynamics properties of different forms of polyaniline T (◦C), ΔH (J/g), ΔCp (J/g∗◦C).

Sample T1 T2 T3 Tg ΔH1 ΔH2 ΔH3 ΔCp

PANI-EB 55.99 103.46 X 74.06 4.3161 20.5363 X 0.311

PANI-ES 50.34 140.10 221.07 103.75 167.6042 4.4617 10.7719 0.154

PANI-HCL 100.45 163.09 218.57 126.89 1.9678 8.7614 16.8337 0.180
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Figure 8: Typical DSC thermogram on annealed polyaniline
(PANI-EB) obtained in the glass transition region at a heating rate
of 10◦C/min.

Figure 9: DSC curve of the PANI-ES composite obtained in nitro-
gen atmosphere at heating rate of 10◦C/min.

Figure 10: DSC Curve of the PANI-HCl composite obtained in
nitrogen atmosphere at heating rate of 10◦C/min.

peaks were most likely due to the evaporation of water, eva-
poration of dopant, and degradation of the polymer, respec-
tively. (b) Higher glass transition temperatures (Tg) than
their counterpart PANI-EB; the Tg of the polymer increases
slightly with the increasing of the conductivity. For example,
the Tg of PANI-EB is around 74.03◦C, whereas the Tg is
shifted to around 103.75◦C for PANI-ES and 126.89◦C for
PANI-HCL. These observations are well in agreement with
the results reported by other research [17]. For more infor-
mation such as stability, conductivity, solubility, chemical
structure, and morphology of different form of polyaniline,
Table 2 shows the thermodynamics properties of different
states of polyaniline.

3.4. Proposed Mechanism of the Reaction. The proposed
mechanism of cationic polymerization of (PANI) catalyzed
by Maghnite-H+.
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(1) Initiation (see Scheme 2). The mechanism of the reaction
occurs within the layers of the Maghnite exchanged by H+

protons, which are capable of initiating cationic polymeriza-
tion in the presence of the oxidant K2S2O8.

(2) Propagation (see Scheme 3). Propagation is by the succes-
sive addition of monomers on the chain macromere growing.

(3) Termination (see Scheme 4). The termination takes place
during the recombination of two radical ions giving rise to
the final polymer.

4. Conclusion

Polyaniline has been intensively studied recently due to its
various properties as well as to its environmental stability.
The thermal behavior of polyaniline PANI-ES, PANI-EB, and
PANI-HCl were studied using thermogravimetric analysis
and differential scanning calorimetry. The montmorillonite
clay has received intensive attention because it is natural,
abundant, cheap, and has high chemical resistance. There-
fore, the aim of this paper is to improve the thermal stability
of PANI through the synthesis with layered materials.
Although the polymer is black, which could be identified as
PANI-ES.

It has been proved that Mag-H+ can be used to induce
the polymerization of aniline, and this offers new possibilities
for the selective study of montmorillonite as catalysts and
for the synthesis of polymers conductors such as polypyrrole,
polythiophene, polyaniline, and there derivates.
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