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Abstract. A new nanocomposite based on conducting
polyaniline (PANI) and Algerian montmorillonite clay
dubbed Maghnite is proposed to combine conducting and
thermal properties (Mag). The PANI-Mag nanocompo-
sites samples were made by in situ polymerization with
CTABEr (cetyl trimethyl ammonium bromide) as the clay
galleries' organomodifier. In terms of the PANI-Mag ratio,
the electrical and thermal properties of the obtained nano-
composites are investigated. As the amount of Maghnite
in the nanocomposite increases, thermal stability improves
noticeably, as measured by thermal gravimetric analysis.
The electric conductivity of nanocomposites is lower than
that of free PANI. As the device is loaded with 5 % clay,
the conductivity begins to percolate and decreases by
many orders of magnitude. The findings show that the
conductivity of nanocomposites is largely independent of
clay loading and dispersion.

Keywords: intercalated, exfoliated structure, clay, con-
ductor polymer, thermal properties.

1. Introduction

It is well known that clay particles are dispersed in
a polymeric matrix to create several nanocomposites
based on polymers. The integration of nanocharges into
polymeric materials is well known to cause significant
changes in their mechanical,1 thermal,2 electronic,3 and
barrier’ properties.

For conducting matrix nanocomposites, preparation
can be accomplished by comparing two parameters: the
electrical conductivity, which can be monitored during the
polymerization process, and the dispersion of clay
nanoparticles inside the polymer, which can be controlled

! Unité de Chimie, Faculté de Médecine, Université 1 Oran, BP 1510 Al
M’naouer Oran, 31000, Algérie

2 LPP.M.C.A. Université des Sciences et de la Technologic, M.
Boudiaf BP 1505 Al M’naouer Oran, 31000, Algérie

3 Laboratoire de Chimie des matériaux, BP 1524 Oran, El Mnaouer,
Algérie

5 nora_ouis@yahoo fr

© Ouis N., Belarbi A., Mesli S., Benharrats N., 2023

by vigorous stirring to increase the interactions between
the two phases. The sizes and shapes of nanoparticles
must also be considered.

Based on these observations, we have anticipated
the synthesis of nanocomposites based on polyaniline and
Maghnite, starting by the organophilization of Maghnite
galleries to improve the affinity between the hydrophobic
monomer and the hydrophilic clay particles.

The sodium cations of the monoionic Na-Maghnite
will be exchanged with alkylammonium chains. In the
presence of organoclay particles, the conductive polyani-
line Emeraldine Salt (PANI-ES) will be prepared. Accord-
ing to the experimental protocol stated by MacDiarmid,”
polyaniline will be synthesized by chemical oxidation of
aniline monomer with sodium persulfate in acidic aqueous
solution.

2. Experimental

2.1. Materials

ENOF Algeria generated the initial Maghnite
(Mag).*’ Table 1 contains information on chemical com-
position, specific surface area, and CEC. Aldrich's cetyl
trimethyl ammonium bromide (CTABr) and sodium per-
sulfate (Na,S,0g) were used as received. Before use, ani-
line (Biochem-Chemopharma) was distilled under vac-
uum and purified. Almost all of the experiments were
done with deionized water.

2.2. Methods

The FT-IR spectra were recorded in the range of
4000-400 cm™ using a Perkin-Elmer 1730 infrared Fourier
transform spectrometer through the KBr pellet technique.
The XRD spectra were obtained using a Philips PW 1710
diffractometer with Cu K radiation at 40 kV and 30 mA, a
2-angle range of 2° to 40°, and a scanning rate of 2°/min.
Thermal gravimetric analyses were performed on Setaram
Labsys apparatus with the heating rate of 10 K/min. The
DSC 200 PC NETZSCH apparatus was used to record the
Differential Scanning Calorimetric (DSC). Temperature
was measured in the range of 293 K to 723 K, with the
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heating rate of 283 K/min. Electric conductivity was
measured using the four-probe technique for pellets of
13 mm diameter and compressed at 700 MPa. In 1M of
sulfuric acid solution, cyclic voltametry was performed
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with a reversible Hydrogen electrode as the reference
electrode and Pt foil as the counter electrode at a scanning
rate of 50 mVs™'. The microstructure of PANI-Mag nano-
composite is examined by TEM (JOEL JEM 2011).

Table 1. Characterization of Mag: chemical composition, specific surface area and CEC

Si0,

AlLOs

F6203

MgO

CaO

N320

K,O

TiO,

SO3

As

PF*

Mag

69.3

14.67

1.16

1.07

0.3

0.5

0.79

0.16

0.91

0.05

11

Specific surface area= 760 m*/g

CEC =110 meq/100g

2.3. Clay Organophilization

To the suspension solution of Na-Mag (sodium
Maghnite) (5 g) in deionized water (250 mL) a solution of
CTABr (15 mmol) was added dropwise under stirring.
The stirring was continued for 3 h at room temperature,
then the mixture was heated at 353 K for 4 hr. The ex-
changed clay was filtered and washed with deionized
water till the disappearance of bromide as indicated by
AgNO; test. The lipophilic clay (Org Mag) was dried and
crushed with extreme care so that the surface structure is
maintained. The particles produced are extremely fine
(less than 0.8 m), leading to better dispersion.

2.4. Synthesis of PANI-Org Mag nano-
composites

2.4.1. Synthesis of PANI

According to a molar Na,S,0g/aniline ratio of 0.25,
sodium persulfate (Na,S,0g) was added to 250 mL HCl
IM aqueous solution and 68 mmol aniline monomer.
Then, the reaction temperature was kept at 278 K for 8 hr.
The conductive form of polyaniline is present in the ob-
tained dark green powder. The resulted stock is rinsed
twice with a 1M HCI concentrated solution and dried for
three days under vacuum at 343 K.

2.4.2. Synthesis of nanocomposite

In a 1M HCI aqueous solution, a desired amount of
functionalized clay (Org Mag) was dispersed, the suspen-
sion solution was mechanically stirred for 1 hr at room
temperature, to ensure that the clay particles were well
dispersed. The colloidal suspension received 68 mmol of
aniline monomer. Then, the mixture was cooled to 278 K
and stirred for 24 hr in order to intercalate the monomer in
the clay galleries. The dispersion was then gradually sup-
plemented with 17 mmol sodium persulfate. To make
PANI-clay nanocomposites, the polymerization reaction
was carried out for 8 hr. To extract the adsorbed salts, the
nanocomposites were filtered and suspended in distilled
water with mechanical stirring for 1 hour, then washed
with methanol and dried in dehydrative oven.

3. Results and Discussion

3.1. Functionalization of Mag by CTABr

FT-IR analysis. The Maghnite clay organomo-
difications were evidenced by the IR spectral data as shown
in Fig. 1, which compare the IR spectrum of raw with its
analogues organomodified Maghnite. Thus, the IR of raw
exhibited a characteristic band of montmorillonite, the
hydroxyl absorption band was observed at 3620 cm™, while
the band recoded around 3370 cm™ was attributed to the
molecular adsorbed H,O stretching. In addition, the band
belonging to Si-O bonds was observed at 1030 cm™. While
the IR spectrum of the resulted organomodified Maghnite
revealed new absorption bands confirming the success of
the maghnite clay organomodification. The absorption
bands appeared at 2925, 2852 and 1480 cm™ were attrib-
uted to CHj stretching and bending, respectively™ confirm-
ing the presence of CTABr with the clay particles but no
clear information can be concluded concerning the relative
position of the organic-inorganic phases.
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Fig. 1. FTIR spectra of (a) Na-Mag and (b) CTABr-Mag
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X Ray Diffraction analysis. To confirm the rela-
tive locations of PANI and Maghnite, an XRD analysis
was carried out and revealed that the two-dimensional
layers of montmorillonite are formed by fusing two silica
tetrahedral sheets to an edge-shared octahedral sheet of
aluminium hydroxide.'® The interaction of weak dipolar
or Van Der Waals forces layers causes crystal cohesion.
The raw Maghnite has a hydrophilic surface. The cation
exchange of sodium cations for alkylamonium cations
increases the hydrophobicity of the clay base, allowing
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the clay particles to spread easily in the organic mono-
mer. Fig. 2 showed the typical XRD patterns of CTABr—
Mag. Thus, in the Org-Mag study, the d001 reflection
appeared at 20 = 4.0 16 with a spacing value of around
22. Na-Mag has a basal spacing value of 13. While al-
kylamonium cations are clearly intercalated into the
interlayer space during the ion exchange process, replac-
ing Na'. The basal spacing change indicates that CTABr
has been successfully intercalated into the interlayer
spaces.
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Fig. 2. XRD patterns of (a) Na-Mag and (b) CTABr-Mag

3.2. Nanocomposites characterizations

FTIR Analysis. The FTIR spectra of the PANI and
PANI-Mag nanocomposite samples are illustrated in
Fig. 3a and 3b, respectively ranging from 600 to 1800 cn.
Thus, the FTIR spectrum of PANI showed clearly the
presence of a diagnostic absorption band between 3500—
3300 cm™ belonging to the N-H bond stretching of ben-
zenoid or quinoid rings.'"™ In addition, characteristic
bands were observed at 1610, 1480 and 1310 cm’! and
were attributed to the C=C stretching of benzene ring and
C-N group, respectively (Fig. 3a)."* The bending of the
aromatic hydrogens (Ar-H) in plane and out of plane of
1,4-disubstitution benzene were recorded around 1150 and
820 cm’', respectively.”> While the absorption band ob-
served at 1242 cmi' was in obvious of conducting PANI
ES form.'®

On the other hand, the IR spectrum of the 5 %
loaded nanocomposite was depicted in Fig. 3b. Its investi-
gation showed clearly the shift of the absorption bands
toward lower values compared to its respected PANI
(1580, 1500 and 1300 cm™). The spectrum also exhibited
a weak band at 1150 cm™assigned to the bending of the
aromatic C—H. The presence of Maghnite in this area is
associated to the shoulder at 1050 cm’l, which corre-
sponds to Si-O bonds.

Transmittance

Wavenumber (em )

Fig. 3. FTIR Spectra of (a) PANI and (b)
PANI-Mag loaded at 5 %
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X-Ray Diffraction. Since a more highly ordered
system may show a metal-like conducting state,'’ crystal-
linity and orientation of conducting polymers have been
investigated. It is well known that the polyaniline is a semi
crystalline polymer with amorphous and crystalline zones.
In XRD analysis, such structure shows a strong and rela-
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tively sharp peak for the four peaks centered at 26 =9, 15,
21, and 25° were observed in the X-ray pattern of PANI
samples (Fig. 4a). The characteristic distance between the
ring planes of benzene in adjacent chains, or the near
contact inter-chain distance,' is described by the peak at
20=21°.
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Fig. 4. XRD patterns of (a) PANI and (b) PANI-Mag loaded at 5 %

Mag - Na
Mag - CTAB
Pani 5% Mag - CTAB

jh“ T, f |
Foall | N - Mt
: il y
'.i".‘ M""w *—L—-"‘-‘MW‘J‘#I#‘I‘J Iy :‘. rw b ‘l
.W‘kuqmw_-.m-—u--.mw*‘ e sl W ""I-—"'-n...-"' A s

w‘ = Wﬁw.ﬂwﬂm

4 [ L= == x L] =LY L]

m 73 T4 = aw e 2 - = =

26

Fig. 5. XRD patterns of MMT-Na, MMT-CTAB and PANI-Mag loaded at 5 %

The peak of 20 =25° is higher than that of 20 =21°,
suggesting that PANI ES is heavily doped."” The PANI-Mag
5 wt % loaded nanocomposite diffractogram (Fig. 4b) shows
one peak at 20 = 25°, with high PANI diffraction peaks
dominant and no characteristic Maghnite diffraction peak
noticeable. This means that the clay layers have lost their
structure registry and have been exfoliated into nanolayers
in the polymer matrix, resulting in silicate dispersion at
the molecular level. The strong interaction between ani-
line and organomodified Maghnite, which is due to the
migration of monomer into the clay galleries due to the
presence of sufficiently hydrophobicity to accommodate
it, may be responsible for Maghnite exfoliation in polyani-
line matrix (Fig. 5).

Thermal Analysis. To control the effect on the
thermal properties of the clay nanolayers dispersed in the
polyaniline matrix, DSC and Thermogravimetric analysis
(TGA) were documented for PANI and PAN-Mag nano-
composites.

(a) DSC: In the DSC analysis curves Figs. 6a and
6b, the thermal behavior of PANI and PANI-Mag nano-
composite at 5 % clay loading is shown. Fig. 6a shows a
thermogram that is typical of PANL***' At around 373 K,
the first endothermic peak corresponds to physisorbed
water. The second, at 518 K, corresponds to polymeric
chain relaxation,”** followed by a wide exothermic one
at 568 K, which corresponds to chain cross-linking just
before polymer decomposition, which occurs at 663 K.*
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The DSC thermogram of the 5 % PANI-Mag loading
nanocomposite is shown in Fig. 6b. The shoulder at 503 K
could be linked to the chains initial relaxation at 518 K in
pure PANI. This change is caused by the presence of clay
particles, which prevent polymeric chains for freely mov-
ing. The CTAB 683 K is related to the endothermic peak
at 538 K. At 713 K, the onset of temperature decomposi-
tion is also delayed.”
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Fig. 6. DSC thermogram of (a) PANI and (b) PANI-Mag load-
ingat5 %

(b) Thermogrativemetric Analysis: The thermal
stabilities of PANI and PANI — Mag nanocomposites are
shown in Fig. 7 as a function of Maghnite material. For all
of the samples examined, a three-step weight loss proce-
dure can be seen.
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Fig. 7. TG curves of (a) PANI, (b) and (c) PANI- Magloaded
at 5 % and 10 % respectively
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Three weight loss peaks can be seen on the PANI
curve (Fig. 7a). The first stage shows an 18 % weight loss
from 353 K to 393 K, which is caused by physisorbed
water desorption. Between 497 K and 604 K, the second
one occurs at a rate of about 11 %. It is due to the removal
of H', which is paired with CI anions, resulting in the
elimination of HCL**" The third and most significant
weight loss is around 38 percent and is attributed to poly-
meric chain degradation.”®

The nanocomposites curves showed in Figs. 7b and
7¢ showed three distinct steps, the first of which corre-
sponds to the removal of physisorbed water molecules.
The second is more noticeable than in PANI. For 5 % and
10 % clay loading samples, weight loss of 14 and 16 %
were observed at 473 K up to 603 K, respectively.

This has to do with the decomposition of organic
surfactants used for Maghnite surface treatment and the
removal of protons from PANI chains. With increasing
clay content, the temperatures of the third weight loss inc-
reased, reaching 700 and 713 K, corresponding to 20 and
26 percent weight loss, respectively. The thermal stability
of the nanocomposites has increased, as can be shown.
Lee and Char® published similar findings of higher ther-
mal decomposition temperatures of intercalated PANI-
clay nanocomposites. Due to the homogeneous distribu-
tion of the silicate sheets into the matrix, the nanocompo-
sites exhibit a delayed decomposition compared to PANI,
which improved the thermal properties of the nanocompo-
sites.

Electrical properties

Cyclic voltammetry: To study the electrochemical
behavior of PANI and PANI-Mag nanocomposite, a con-
ventional cell of three electrodes was used. Polymer films
were obtained by casting a drop of in NMP over a plati-
num disk electrode and heating with an infrared lamp to
remove the solvent. Fig. 8 shows similar electrochemical
response for the two samples in 1M H,SO, solution. The
current densities have been normalized in order to com-
pare two polymers electrochemical behaviours. PANI and
PANI- Mag nanocomposite exhibit two anodic peaks
around 0.46 and 0.96 V. On the reverse scan, two reduc-
tion peaks around 0.3 V and 0.92 V are observed. These
results concur with those published in the literature.***

Electrical Conductivity: In order to assess the
percolating threshold for PANI-Mag nanocomposites,
electric measurements were taken. For all possible appli-
cations, it is critical to combine thermal stability with
good electric conductivity. Fig. 9 shows the conductivity
data obtained for PANI-Mag nanocomposites. The con-
ductivity of the PANI-Mag nanocomposite has decreased,
as shown. The percolation threshold appears to be some-
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where near 5 %. Maghnite nanocomposites have a lower
conductivity than free PANI. As the amount of insulate
clay in nanocomposites is increased, the electrical conduc-
tivity of the composites decreases. When the polymer/clay
mass ratio is increased, conductivity values of PANI-Mag
nanocomposites range from 1 to 10~ S-cm™. The conduc-
tivity drops several orders of magnitude when a critical
ratio, or percolation threshold, is reached (5 percent in this
study). In the nanocomposite, the PANI conductive net-
work breaks down, and the conductivity plummets.

J (nomalized)

Fig. 8. Cyclic voltamograms for Pt electrodes covered
by PANI-Mag nanocomposite (5 %) (solid line) and PANI ES
(dashed line) in H,SO, solution

The main cause of the conductivity decrease in this
case is clay particles. Interchain transport is limited due to
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the lack of communication between PANI chains. Effect
of temperature on electrical conductivity: Two sets of expe-
riments were carried out in order to investigate the effect
of temperature on the electrical conductivity of nanocom-
posite as compared to raw PANI. The first involves aging
synthesized samples at 298 K for 15, 30, 45, and 90 days,
and the second involves aging the samples at 423 K in an
oven for 15, 30, 45, and 90 days. Taking into considera-
tion, the second temperature was chosen.

The results are shown in Figs. 10a and b. As can be
seen, at room temperature, the electrical conductivity of
the selected samples (PANI, nanocomposite 3 and 5 per-
cent loaded) exhibits the same behavior, i.e., it decreases
slowly over time. The decrease in loaded samples is less
important than the decrease in pure samples.
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Fig. 9. Electrical conductivity against Maghnite
content in nanocomposites
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Fig. 10. Electrical conductivity of PANI and PANI-Mag nanocomposites (3 %, 5 %)
according to time (a) at 7= 298 K and (b) at T=423 K
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Curve profiles diverge at higher temperatures
(423 K) showed that at an early point, the pure PANI
conductivity shuts down. After 30 days of temperature
exposure, it dramatically decreases; the loss is more than
80 %. This parameter, on the other hand, remains constant
in nanocomposites and decreases slowly. For the 5 %
loaded samples, the conductivity loss reached 67 % after
90 days. We may logically conclude that the conducting
nanocomposites exhibited a higher stability than PANI.
These good electrical properties of nanocomposites are
due to their exfoliated structure confirmed by X-ray dif-
fraction (Figs. 4 and 5) and transmission electron micro-
scope (Fig. 11).

A

Fig. 11. TEM image of nanoPANI-Mag 5 %

4. Conclusions

In the work we successfully prepared hybrid or-
ganic—inorganic nanocomposites from PANI-Maghnite
with good thermal stability and good electric conductivity.
The clay layers are exfoliated in the polymeric matrix as
evidenced by the XRD results of the collected nanocom-
posites. Based on the TGA, DSC, and conductivity data,
as well as the thermal and electrical behavior, we con-
clude that the PANI-Mag nanocomposites change with
clay content. Clay particles in nanocomposites improve
the PANI's thermal stability, delaying its decomposition.
Maghnite's stability increases as its concentration in-
creases.

PANI showed a good electronic conduction. PANI-
Mag comPosite conductivity values changed from 1 to
10” S-em’. Nanocomposites with a loading of less than
5 % have conductivity similar to PANI. Above this point,
the presence of clay particles disrupts the delocalization of
electron transport in the polymeric chains, resulting in a
loss of conductivity. The effect of temperature on conduc-
tivity was also investigated, and it was revealed that nano-

Nora Ouis et al.

composite containing up to 5 % Maghnite can withstand
high temperatures.
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IHOKPAHIEHHSI EJJEKTPOITPOBITHOCTI
TA TEPMOCTIMKOCTI HAHOKOMIIO3UTIB
IMOJITAHIVIIH-MAGHNITE

Anomauin. Ooepoicano HOBULl HAHOKOMNO3UM HA OCHOBI
enekmponpogionozo nonianininy (PANI) 1 anscupcoxoi monmmopu-
JI0HIMOBOI 2nunu nio Hazeoro Maghnite, sikuil noeonye enekmpo-
nposioHi ma mennogi enracmusocmi (Mag). 3pasku Hanoxomno-
sumie PANI-Mag cunmeszoeano 3a Oonomoeoro in situ nonime-
pusayii’ ¢ npucymnocmi LJTAB (yemunmpumemunamoniti 6pomioy)
SK opeanomoouixamopa zanepeii enunu. Jlocniosceno enexmpuyni
ma meniogi enacmueoCmi OMpPUMAHUX HAHOKOMNO3UMIG 3A1EJHCHO
610 cnigsionowennss PANI-Mag. 3i 36invuennsm kinexocmi Magh-
nite 8 HAHOKOMNO3UMI 1020 MePMiuHA CMAOLILHICMb NOMIMHO
NOKpawjyemucs, K NOKA3AHO MEPMOSPAGIMEMPUUHUM AHATIZOM.
Enexmponposionicmo HaHOKOMNO3UMIE HUNCUA, HIXHC Y BLILHO2O
PANIL 3a doodasanms 5 % enumu npogioHicms noyunae naoamu i
3MeHuyembcs Ha bazamo nopsaokie. Oepocani pe3yibmamu noKa-
3Y10Mb, WO NPOGIOHICIMb HAHOKOMNO3UMIE He 3ANeXHCUMb ICIMOMHO
610 6Micmy ma OUCNepCHOCI 2TIUHU.

Knwuosi cnosa: inmepranvosana, po3uiaposara Cmpyk-
mypa, 2IuHa, eleKmponpogioHuLl NOIMep, Meniosi GLacmueoCmi.



