Research Article

Influence of clay modification process in polypyrrole-layered silicate S N
nanocomposite

L. Mrah'® . R. Meghabar'

Received: 10 January 2020 / Accepted: 25 February 2020 / Published online: 16 March 2020
© Springer Nature Switzerland AG 2020

Abstract

This work focuses mainly on the preparation and characterization of polypyrrole/organically modified clay nanocom-
posites. Organoclay/polypyrrole nanocomposites were prepared by oxidative polymerization of pyrrole in aqueous
medium using ferric chloride as the oxidant. Initially, cetyltrimethyl-ammonium bromide and tetrabutyl-ammonium
hydrogen sulphate were used as organophilic to modify clay and form an organic clay. After that, polypyrrole/organically
modified clay nanocomposites were synthesized by in situ polymerization process in which pyrrole was polymerized
in the presence of different proportions of organic clay. The effects of the nature of the organic clays and the prepara-
tion method were studied in order to evaluate their structural, morphological and thermal properties. X-ray diffraction
(SAXS), Fourier transform infrared spectroscopy, scanning electron microscopy, thermogravimetric analysis, transmission
electron microscopy, were used to define the characteristics of the materials obtained. The obtained results confirm the
intercalation of molecules of salt in the clay layers, and good interaction with the polymer. Thermogravimetric analysis
showed better thermal stability of nanocomposites compared to pure polypyrrole. The conductivity behaviour of nano-
composites was also examined.
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1 Introduction

In the last decade, a lot of attention has been devoted
to the synthesis and application of nanocomposites with
a clay-polymer matrix. Polyolefins, such as polyethyl-
ene and polypropylene, are the most commonly used
polymers for clays containing nanocomposites [1-3].
Lamellar clays of the montmorillonite (MMT) type have
been the subject of considerable interest for the manu-
facture of polymer-clay nanocomposites. These inor-
ganic/organic nanocomposites have new and enhanc-
ing properties that individual inorganic and organic
components do not possess [4-9]. Conjugated or con-
ductive polymers have emerged as a highly promising
class of materials for various applications. Their physical
and chemical properties make them particularly attrac-
tive. The main classes of organic conductive polymers
are polyacetylenes, polypyrroles, polythiophenes and
polyanilines. They could have very interesting applica-
tions in the field of electrical and electronic compo-
nents since they are very light [10], they can be used as
organic semiconductors, electroluminescent materials,
coatings for magnetic shielding, active energy storage
materials, electrochemical systems [11] antistatic and
anticorrosive coating materials, sensors and batteries
[12]. These polymers are obtained by electrosynthesis,
chemical or oxidative processes depending on the appli-
cation. Polymerisation is a field of application that seeks
an efficient way to produce polymers of a renewable
nature, for example by using sustainable resources and
developing solvent-free polymerisation processes [13].
The purpose of green chemistry is to develop chemical
products and processes that reduce or eliminate the
use and synthesis of hazardous substances. It is based
on several principles. To meet industry standards while
respecting the environment, acids have been replaced
by another clay-based ecocatalyst called Maghnite. The
latter is of the montmorillonite type and has been the
subject of several studies [14-16]. The clay layer has a
hydrophilic character and metamorphoses into organo-
clay (surfactant) to facilitate the wetting of the polymer
molecule on the clay surface [17, 18]. Miyata et al. [19,
20] studied the typical chemical synthesis of PPy using
FeCl; as oxidant/dopant in various solvents. They con-
sidered methanol to be the best solvent for optimal
conductivity and morphology. The resulting polymer
demonstrated a more harmonious fibrillar morphology
and more tense films. Chen et al. [21] it was also possible
to prove that the monomer/oxidant ratio established the
electrical conductivity and morphology of the PPy thus
obtained. Maximum conductivity has been established
at a value of 2:1 monomer/oxidant ratio. In this work,
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we will highlight an ecocatalyst (clay) by modifying it
by exchange with organoclay cations by using it in the
synthesis of a conductive polymer based on pyrrole.
Surfactants are known to have greater dispersive power
at much lower concentrations and a singular capacity
for self-organization, which will allow their distribution
within the clay. The detailed thermal and morphological
properties were studied to get a good overview of the
main parameters that can be controlled to determine the
structure of the nanocomposite and therefore the prop-
erties of the nanocomposite PPy/clay. We are going to
optimize the pyrrole/clay mass ratios to obtain the best
electrical conductivity as this improvement in properties
opens great prospects for the use of these materials in
the electronics industry. The objective of this work is to
use a local montmorillonite type clay, called Maghnite,
as an eco-catalyst in this polymerization by studying the
effect of an organic clay prepared with different reports
on the properties of PPy/Algeria clay nanocomposites.

2 Materials and methods
2.1 Materials

Pyrrole (Py) and cetyltrimethylammonium bromide,
tetrabutyl ammonium hydrogen sulphate (TBAHS) and
ferric chloride FeCl; were supplied by Aldrich and used
without further purification. Raw-Maghnite: Algerian
montmorillonite clay that was used as a catalyst is sup-
plied by a local company. The various chemical elements
in the local maghnite were transformed into oxides and
analysed by X-ray fluorescence (experiment carried out at
the ENOF). These results make it possible to verify that the
maghnite used is basically composed of montmorillonite,
since the SiO,/Al,0; ratio is equal to 3.77 and therefore
belongs to the family of phyllosilicates.

2.2 Preparation of maghnite-Na*

Sodium ions are often chosen as compensating ions
because they are more easily hydrated and promote the
swelling and dispersion of montmorillonite in water. A
mass of raw Maghnite (10 g) was placed in a volume of
distilled water (40 ml), this mixture was left in suspension
under magnetic stirring and at temperature ambient for
2 h. After 2 h, a volume (60 ml) of sodium chloride solu-
tion (NaCl, 0.2 M) was added to the previous mixture and
stirred for 48 h. After this time, the Maghnite-Na + was
filtered and washed several times with distilled water in
order to remove Cl- ions. After filtration, the Maghnite-Na*
was dried in the oven for 24 h at a temperature of 105 °C,
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afterwards it is finely ground and stored in a dry place [22,
23].

2.3 Organic modification of clay

Two types of organo-modified clays were prepared by
cation exchange, using sodium maghnite and two sur-
factants: cetyltrimethyl-ammonium bromide (CTAB) and
tetrabutyl-ammonium hydrogen sulphate (TBAHS) at dif-
ferent concentrations. A quantity of 10 ml of 1N hydrochlo-
ric acid was added to each of the two one-litre volumetric
flasks and then the volume was made up with distilled
water. The two solutions obtained were then poured into
each vial equipped with a magnetic stirrer, and the acid
solutions were placed at a temperature of 80 °C. When the
temperature became stable, 1072 mol of cetyltrimethyl-
ammonium bromide and tetrabutyl ammonium hydro-
gen sulfate (TBAHS) were introduced separately into each
mixture. After 3 h of stirring at 80 °C, the amine was dis-
solved and ionized for both solutions. Then 5 g of sodium
maghnite were added, after 3 h of cation exchange, the
modified maghnite was recovered and rinsed six times in
a row with distilled water at 80 °C to remove the mineral
cations. The effectiveness of this rinsing was verified by
adding a few drops of silver nitrate to the residue. The phy-
sisorbed alkylammonium ions were removed with a mix-
ture of water and ethanol, previously heated to 75 °C. The
organophilic maghnite obtained was then dried at 120 °C

Table 1 Experimental condition for the preparation of Maghnite-
Organophile

Clay Time (h) Volume (I) Type of clay Concentration
Maghnite-CTA* 24 1 CTAB 1 CEC, 2 CEC
Maghnite-TBA* 24 1 TBAHS 1 CEC

Z N\
Cations N

Maghnite-CTA*

Fig. 1 Diagram of the incorporation of the PPy into the Maghnite-CTA*

and ground. This method makes it possible to determine
two organic clays called Maghnite-CTA* and Maghnite-
TBA* throughout this study [24, 25].

2.4 Preparation of the nanocomposites

0.53 g (8 mol) of pyrrole monomer (freshly distilled) was
introduced into two separate vessels, a mass percent-
age of modified clays (0.2, 1, 3.5 and 10%) was added
to each vessel which is kept under agitation for 30 min
to allow the monomer to settle into the clay structure.
Next, a Fecl; polymerisation initiator (0, 1 M) of a 100 ml
volume solution was added to the mixture in each vessel
with stirring at 400 rpm for 24 h at room temperature
(The operating conditions are shown in Table 1). Each
nanocomposite obtained at the end of the reaction has
been filtered and washed successively with distilled
water, methanol and acetone several times until traces
of oxidant disappear, eventually, it will be dried at 60 °C
[9] (Fig. 1).

2.5 Characterization

The infrared spectra were drawn on a Perkin Elmer IR
TWO spectrophotometer equipped with an ATR, in the
range 400-4000 cm~2. The X-ray diffraction analysis
(XRD) was performed at room temperature in a Bruker
D8 Advance X-ray diffractometer (40 kV, 30 mA). Ther-
mogravimetric (TGA) and differential scanning calori-
metric (DSC) analyses of clay samples were measured
on Shimadzu TGA 51 equipment, using an air flow rate
of 50 ml/min and a heating rate of 10.0 °C/min. Transmis-
sion electron micrographs (TEM) were performed on a
Hitachi 8100. The electrical conductivity was measured
using an Ohm meter (Advantest, Digital electrometer,
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TR8652) (four-point method). The surface morphology of
the prepared materials was observed by Scanning Elec-
tron Microscopy (SEM) “JEOL 7001F, FEG-SEM".

3 Results and discussion
3.1 Infrared spectroscopy (IR)

The infrared spectra of the PPyNC nanocomposites pre-
pared by the different organoclays and organophilic
Maghnite, Polypyrrole are shown in Fig. 2. These infrared
spectra show that virgin PPy and nanocomposites have
almost the same vibration bands that overlap with the
vibration bands of organically modified clay. The absorp-
tion bands at 2925 cm™" and 2854 cm™' which are attrib-
uted to the valence vibrations of the -CH, groups, as well
as the band at 1544 cm™' corresponds to the elonga-
tion of the C=C bond in the pyrrole ring and the peak
at 1271 cm™ ' is induced by the C-N stretch. A band is
observed at 3450 cm™! corresponds to the N-H bond
of PPy, the results obtained are comparable to those in
the literature [26-31]. In addition, the bands between
784 and 675 cm™' also indicate deformation vibrations
of N-H in the polymer and the absorption band at
835 cm™', suggesting several interactions between PPy
and the organically modified clay, there is an intense
peak at 1057 cm™' and two bands of 455 and 515 cm™'
related to the elongation and torsional vibrations of the
Si-0-Si and Si-O-Al bonds, respectively furthermore the
bands of 1440 and 1131 cm™' confirm the protonation
of the nitrogen atom in the polypyrrole. The wide bands
at 1643 cm™' and 3625 cm™ are attributable to elonga-
tions of hydroxyl groups in water linked by hydrogen
bonding to clay [32, 33]. Also the characteristic peak of
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PPy registered in PPy/Mag nanocomposite systems is a
strong indication of PPy intercalation in nanocomposite
systems.

3.2 X-ray diffraction (XRD)

Figure 3 shows the comparative diffractograms of Mag-
Na*, Mag-CTA*(1CEC, 2CEC) and Mag-TBA*(2CEC). The XRD
obtained are practically identical and indicate an incorpo-
ration of the alkyl chains of the surfactant in the Maghnite
galleries. Indeed, for a concentration at 1CEC, the interfo-
liar distance of Mag-Na*was reduced from 12.7 to 18.16 A
for Mag-CTA* (1CEC) corresponding to a“bilayer” organiza-
tion. However, for a concentration of 2CEC, a bimodal pro-
file for Mag-CTA* (2CEC) is observed centred on two values
19.27 A and 33.53 A. Concerning the second surfactant
Fig. 3 also shows the Mag- Na*diffractograms exchanged
with the prepared TBAHS(1CEC), there is a slight increase
in the interfoliar distance indicating an insertion of the
surfactant into the Maghnite galleries. This slight increase
can be explained by the short alkyl chains (4 carbons)
of the surfactant. Thus, TBA* ions adopt a monolayer
conformation.

The series of nanocomposites generated by the in situ
polymerization of Py is illustrated in Figs. 4, 5 and 6. The
pyrrole is represented by an important peak at 26 =24.6°,
the peak characterizes the amorphous polypyrrole [34].
These peaks were also detected in nanocomposites with
the appearance of additional peaks characteristic of the
Maghnite organophilic, confirming its good dispersion
in the polymer matrix. All nanocomposites elaborated
by Mag-CTA*(1CEC) showed a peak around 20 =5.75°
corresponding respectively to the distances between
the layers d001=16.65-18.9 A°. The distance between
the layers of these nanocomposites decreased compared
to the Mag-CTA*(1CEC), which had a d001 = 18.1 A. This
result confirms the intercalation of PPy in the Mag-CTA
*(1CEC). The preparation of nanocomposites by Mag-
CTA"(2CEC) showed the displacement of the basal peak

d =33.S3°A
o1

l!,o‘] 9.27°A
4
Mag-CTA (2(‘12(%“
£ 4:142°A  ©Nfag TBA(1CEC)

e Mag-CTA(1CEC)
d=12.7°A —+
“‘-&_—A’m ‘\Iag_‘\ a ) .

T T T
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28 (9)
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Fig.3 Diffractograms of Mag-Na*, Mag-CTA*, Mag-TBA*
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Fig.5 Diffractograms of the different NCPPy nanocomposites pre-
pared by the Mag-CTA*(2CEC)

d001 at low angles between 20 = 2.6-2.5°, the distances
between the layers being respectively from 34.3 to
33.4 A thus confirming their intercalated shapes (Fig. 5).
Except for nanocomposites prepared with 10% Mag-
CTA*(2CEQ), the polymerization of Py reveals a partially
intercalated structure of low-yielding clay (Table 2), due
to the closure of the clay galleries leading to tortuous
diffusion pathways, these results are consistent with
those obtained in the literature [35]. Similar results were
obtained using Mag-TBA* (1CEC) as a reinforcement in
the synthesis of nanocomposites showing intercalated
structures (Fig. 6). On X-ray diffractograms relating to
0.5.1% by weight of clay, the nanocomposites PPy/Mag-
CTA*(1CEC, 2CEC), PPy/Mag-TBA*(1CEC) (Figs. 4, 5 and 6)
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Fig.6 Diffractograms of the different NCPPy nanocomposites pre-
pared by Mag-TBA*(CEC)

Table 2 Experimental conditions for the preparation of nanocom-
posites by in situ polymerization

Sample name Organic clay Yields (%)
NC1PPy1 Mag-CTA* (1CEC)1% 85.36
NC2PPy3 Mag-CTA* (1CEC)3% 81.29
NC3PPy5 Mag-CTA* (1CEC)5% 78.15
NC4PPy10 Mag-CTA* (1CEC)10% 70.57
NC5PPy1 Mag-CTA* (2CEC)1% 47.69
NC6PPy3 Mag-CTA* (2CEC)3% 45.78
NC7PPy5 Mag-CTA* (2CEC)5% 37.95
NC8PPy10 Mag-CTA* (2CEC)10% 23.93
NCOPPy1 Mag-TBA* (1CEC)1% 88.2
NC10PPy3 Mag-TBA* (1CEC)3% 79.31
NC11PPy5 Mag-TBA* (1CEC)5% 72.57
NC12PPy10 Mag-TBA* (1CEC)10% 68.78

show a significant peak corresponding to PPy, however,
no clay peak appears, which makes it possible to con-
clude the presence of an exfoliation of montmorillonite
in the polymer matrix.

3.3 Transmission electron microscope (TEM)

Transmission electron microscopy is the most widely used
qualitative technique for characterizing polymer-clay
nanocomposite dispersions and to confirm the results
obtained by DRX analysis, the nanocomposites obtained
are illustrated in Fig. 7. The nanocomposite obtained by
Mag-CTA*(1CEC) showed an intercalated structure of
the modified clay. The TEM image of the nanocomposite
NCPPy/Mag-CTA*((1CEC) With 3 wt.% and 10% shows an
intercalated morphology (Fig. 7a NC2PPy, b NC4PPy10/
Mag-CTA*(1CEC)), which corresponds to the results found
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Fig.7 MET images of nano-
composites a NC2PPy/Mag-
CTA*(1CEC), b NC4PPy10/
Mag-CTA*(1CEC), c NC6PPy3/
Mag-CTA*(2CEC), d
NC8PPy10/Mag-CTA*(2CEC), e
NC10PPy3/Mag-TBA*(1CEC), f
NC12PPy10/Mag-TBA*(1CEC)

by DRX with a presence of small tactoids. In addition, we
note the presence of some aggregates. The dark lines cor-
respond to the silicate monolayers. The existence of inter-
calated clay regions is probably due to the limitation of the
diffusion of PPy in organophilic clay layers. Micrographs
of the nanocomposites (Fig. 7c NC6PPy3, d NC8PPy10/
Mag-CTA*(2CEQ)) are in favour of an intercalated morphol-
ogy that preserves the order of the clay particles. How-
ever, micrographs of the nanocomposites NCPPy/Mag-
TBA + (1CEC), With 3% by weight and 10% are favourable
to an intercalated morphology where the order of the clay
particles is maintained (Fig. 7e NC10PPy3, f NC12PPy10/
Mag-TBA + (1CEQC)). The series of nanocomposites (3, 5 and
10%) developed by Mag-TBA + (1CEC) revealed an interca-
lated structure, these results are in agreement with those
of DRX. On the other hand The TEM image of the PPy nano-
composites with 0.5 and 1% by weight of the modified clay
shows an exfoliated morphology, a degree of disorder in
the morphology of the clay. The clay platelets are sepa-
rated from each other which is in favour of an exfoliated
structure.

3.4 Thermal stability (TGA)

The TGA curves for PPy and these nanocomposites are
shown in Fig. 8. According to the TGA curves, PPy nano-
composites show several levels of degradation, the
first being between 50 and 150 °C, which corresponds
to the departure or loss of the bound and cross-linked
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Fig.8 ATG analyses of PPy, NCPPy/Mag-CTA* (1CEC, 2CEC) and
NCPPy/Mag-TBA*-(1CEC)

water molecules in the intercalated space. In this tem-
perature range, approximately =05.06% mass loss, which
confirms the hydrophobic character of PPy and organi-
cally modified clays. Decomposition of doping anions
to PPy begins at 200 °C followed by a large mass loss of
260-630 °C due to the significant thermal degradation
of the PPy chains which corresponds to a 50% decrease.
For pure PPy, polymer degradation and decomposition
begins at 270 °C, and the polymer appears to decom-
pose entirely at 630 °C, while the thermal degradation
of NCPPy composites all occurs at close to 262 °C, an
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Table 3 Evolution of conductivity of PPy Nanocomposites as a
function of the quantity of TBA*-Mag and CTA*-Mag

Load rate (%) Conductivity of PPy/ Conductivity of PPy/Mag-
Mag-CTA*(2CEC) nano-  TBA* (1CEC) nanocom-
composites posites

0 1.41 0.61

0.4 1.01 0.30

0.6 0.87 0.22

0.8 0.71 0.17

1 0.64 0.12

3 0.053 0.073

5 0.015 0.013

10 0.0082 0.002
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Fig.9 Evolution of conductivity of nanocomposites as a function of
the quantity of TBA*-Mag and CTA*-Mag

Fig. 10 SEM images of nano-
composites NCPP3%/Mag-CTA
*(1CEC) and NCPP3%/Mag-
TBA* (1CEQ)

NCPP3%/CTA+-Mag(2CEC)

increase of 12 °C over virgin PPy. These results clearly
show that the thermal stability of the nanocomposites
obtained is related to the content and nature of the clay,
the state of existence of the clay in the polymer matrix
(intercalation or exfoliation), so it can be concluded that
the experimental results obtained are in accordance with
the literature [36, 37].

3.5 Electrical conductivity

Table 3 shows the following results, the highest electri-
cal conductivity being that of PPy/Mag-CTA + (2 CEC)
nanocomposites of the order of 1.41 S/cm, while that of
PPy/Mag TBA + (1 CEC) nanocomposites is of the order of
0.61 S/cm. We notice from the table that the electrical con-
ductivity decreases with increasing charge rate in the two
nanocomposites PPy/Mag-CTA +and PPy/Mag-TBA +.The
results show that good electrical conductivity is obtained
using a small amount of organophilic Maghnite for 1%
by weight and continues to decrease to 10% by weight
(Fig. 9). The decrease in conductivity to 10% of the amount
of organophilic Maghnite can be explained by the fact that
Maghnite acts as an insulator once its amount is increased.
Maghnite acts as an oxidizing support, bearing in mind
that the chemical synthesis of conductive polymers in gen-
eral requires the presence of an oxidizing agent. Montmo-
rillonite hinders the relocation of electrons along polymer
chains and limits inter-chain movement.

3.6 Scanning electron microscope

Figures 10 and 11 illustrate the SEM images of the dif-
ferent PPy/clay nanocomposites obtained, the images

NCPP3%/ TBA+-Mag(1CEC)
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Fig. 11 SEM images of nano-
composites NCPP10%/Mag-
CTA*(2CEC) and NCPP10%
Mag-TBA*(1CEC)

show during polymerization, the clay particles were not
visible on the surface of the NCPP nanocomposites. The
micrograph shown in Figs. 10 and 11 illustrates a more
ordered and denser structure. Smaller aggregates with a
high density of the granules are better observed for load-
ing rates of 1%, whereas these aggregates are larger with
a lower density per unit area for loading rates of 3.5%
(these aggregates are observed by arrows in Figs. 10 and
11). This shows that increasing loading rates in nanocom-
posites increase the compactness of the samples which
become denser. The clay particles have been coated by
the polymer (Fig. 10), and can be enhanced by an attrac-
tive interaction between the PPy and the surface clay, the
polymer is probably bound to the surface by a hydrogen
bond between the amine groups of the polymer and the
surface oxygen of the clay. The Poly(pyrrole) is in the form
of non-uniformly distributed agglomerates, in the case
of 10% clay, these organically modified clay particles
are more dense (Fig. 11). There are interactions between
amines and surface silicates in organophilic Maghnite [38].
The microstructure of a thin layer of polypyrrole is shown
in Fig. 11.The film has a uniform granular morphology and
the average grain size is approximately 0.5 pm.

3.7 Thermal analysis (DSC)

We observe on the thermogram of the PPy- Mag %
nanocomposites the presence of a first endothermic
peak located between 105 and 121 °C which indicates
the departure of water. A second endothermic peak
is located between 250 and 290 °C which is related to
the decomposition of the surfactant (CTAB, TBAHS). A
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third peak is located around 425 °C and 505 °C which is
linked to the cross-linking of the polymer chains which
is delayed compared to that of polypyrrole, and finally an
endothermic peak is located around 507 °C and 549 °C
which indicates the decomposition of the nanocompos-
ite. The DSC analysis was performed in order to study
the influence of the loading rate on the glass transition
temperature of the matrix. According to Fig. 12, the Tg of
the PPy/MMT % nanocomposites is higher than that of
polypyrrole which is 75.46 °C, this slight increase is due
to the introduction of clay into the matrix which makes
it more rigid.

4 Conclusion

This work deals with the implementation of PPy/Magh-
nite-Organophile nanocomposites and the charac-
terization by different analyses (IR, TGA and DRX, SEM,
TEM, DSC) which allowed to quantify the quantity of
surfactants incorporated in the clay and the spacing
between the clay layers. The existance of PPy within the
interlayer of clay has been verified by XRD, FTIR, and
SEM, TEM studies. Electrical conductivity measurements
show a decrease in conductivity with increasing charge
rates. The results of thermogravimetric analysis show a
significant improvement in the thermal stability of the
different nanocomposites developed compared to vir-
gin PPy. Currently, we are investigating the possibility
of coating these nanocomposites on coated surfaces for
applications in electronic device covers.
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