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Abstract—Nanocomposites from Styrene-Limonene copolymers and Algerian organophilic-clay named
Maghnite-CTA+ (Mag-CTA+), were prepared by in-situ polymerization using different amounts (2, 5, and
10% by weight) of clay and Azobisisobutyronitrile (AIBN) as a catalyst. The Mag-CTA+ is an organophilic
silicate clay prepared through a direct exchange process, using Cetyltrimethylammonuim bromide (CTAB)
in which it used as green nano-filler. The preparation method of nanocomposites was studied in order to
determine and improve structural, morphological and thermal properties of Sty-Lim copolymer. The struc-
ture and morphology of the obtained nanocomposites (Sty-Lim/Mag) were determined using Fourier trans-
form infrared spectroscopy (FTIR), X-ray diffraction (XRD), scanning electronic microscopy (SEM) and
transmission electronic microscopy (TEM). The analyses confirmed the chemical modification of clay layers
and the intercalation of Sty-Lim copolymer within the organophilic clay sheets. Exfoliated structure was
obtained for the lower amount of clay (2 wt %), while intercalated structures were detected for higher
amounts of clay (5 and 10 wt %). The thermal properties of the obtained nanocomposites were studied by
thermogravimetric analysis (TGA) and show a significant improvement in the thermal stability compared
with the pure copolymer. The obtained nanocomposites show an optimal degradation temperature of 320°C.
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INTRODUCTION
In the last decades, a growing interest is focused on

a new class of materials, reinforced by nanoscale par-
ticles, called nanocomposites. Interest in these new
materials was initiated by Toyota researchers in the
early 1990s. In fact, by dispersing clays in polyamide-
6 by in situ polymerization, they showed a significant
increase in dimensional stability [1]. These results
have been the precursor to new perspectives for poly-
mer matrix nanocomposites in many scientific fields
[2]. In recent years, nanocomposites based on toxic
polymers have been replaced by others based on green
materials. The use of a polymer matrix by adding a
well-defined percentage of clay as reinforcement leads
to the improvement of the physicochemical properties
of the resulting nanocomposites such as high modu-
lus, increased heat resistance, adhesion and barrier gas
properties, f lammability, and increased biodegrad-

ability of biodegradable polymers [3, 4]. Based on the
interaction strength of the modified polymer/clay, two
different types of nanocomposites structures can be
synthesized, intercalated and exfoliated nanocompos-
ites. The synthesis of nanocomposites can be done by
different methods such as in situ polymerization, solu-
tion blending of polymer and other methods [5].

Styrene is one of the most studied and widely used
monomers, whether in industry or in academic stud-
ies, because its polymerization is used as a model for
chain polymerization [6] and it is used as a monomer
to make plastics. Styrene is also used as a comonomer
to produce copolymers with several other monomers,
including acrylonitrile butadiene styrene (ABS) [7],
rubber or latex based on styrene butadiene (SBS) [8],
styrene-acrylonitrile (SAN) [9], acrylonitrile styrene
acrylate (ASA) as well as unsaturated polyesters [10].
The production of styrene in particular increased very
568
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quickly in the United States during the Second World
War to meet the needs of synthetic rubber for the army.
Styrene is also used in small amounts as an additive in
perfumes or medicines [11] and in particular for the
synthesis of polyester resins [12].

Limonene is a monocyclic terpene found in many
essential oils extracted from citrus zest [13]. The first
polymerization of terpenes was carried out in 1798,
when Bishop Watson added a drop of sulfuric acid to
produce a sticky resin [14]. Derdar et al. also studied
the polymerization and the copolymerization of limo-
nene using a green catalyst called Maghnite [15, 16].
The copolymerization of limonene with other mono-
mers such as styrene was also attempted using azobi-
sisobutyronitrile (AIBN) as a radical catalyst [17].
However, at that time, the researchers could not dis-
tinguish the interesting properties of this material,
which further delayed its 50 yr study. In 1950, William
Roberts studied the cationic polymerization of many
terpenes such as limonene, α-pinene and β-pinene
with Friedel-Crafts catalysts, for example SnCl4 and
AlBr3 [18]. By adding less than 1% of catalyst in tolu-
ene, William Roberts produces a solid β-pinene poly-
mer with a low molecular weight of about 1500 g/mol.
The degree of polymerization of β-pinene, although
very low, is higher than that of the two other mono-
mers (limonene, α-pinene) [19, 20]. Limonene has
been widely used in a wide range of products such as
cosmetics, as food additives, medicine and even as a
green solvent [21].

By examining the literature, we find that the use of
natural clay as nano-reinforcing fillers in the synthesis
of green-nanocomposites based on styrene-limonene
copolymer and clay is practically nonexistent. The
main goal of this work is to use an organo-modified
montmorillonite clay named Mag-CTA+ as a new
nano-reinforcing filler in order to improve thermal
properties of styrene-limonene copolymer, also, to
prepare nanocomposites out of green raw materials
(limonene and clay). In previously published work, we
have shown the advantage of applying this type of
nano-reinforcing fillers in several nanocomposites
synthesis [22–24]. It is preferred for its many advan-
tages such as a very low purchase price compared to
other nano-reinforcing fillers.

EXPERIMENTAL
Materials and Methods

In this work we have used styrene (99%), (R)-(+)-
limonene (97%), methanol (CH3OH, 99.9%), toluene
(C6H5CH3, 99.8%), sodium chloride (NaCl), azobi-
sisobutyronitrile (AIBN, 98%) and cetyltrimethylam-
monuim bromide (CTAB) were purchased by Sigma
Aldrich and used as received. Maghnite (Algerian
montmorillonite) is supplied in the raw state by
ENOF Bental Spa of the National Company of Non-
ferrous Mining Products, Maghnia Unit (Algeria).
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Preparation of the Maghnite-Na+ (Mag-Na+)

The Mag-Na+ was prepared according to the pro-
cess described in our previous study [25, 26]. 20 g of
purified raw-Mag was mixed with 1 L of distilled
water, then stirred during 2 h at 25°C, and left 8 h until
the appearance of Montmorillonite supernatant.
10 mL of the supernatant were removed and mixed
with 10 mL of distilled water, the mixture was stirred
for 30 min, and again left stirring for 8 h. This opera-
tion was repeated until the complete recovery of
Montmorillonite. The recovered Montmorillonite
was filtered, dried, milled, and then brought into con-
tact with a solution of NaCl (1 M) to exchange ions
present in the clay by Na+. It was then left stirring for
48 h, the Mag-Na+ was then washed several times with
distilled water to remove Cl–1 ions. At the end, Mag-
Na+ was filtered, dried in the oven at 105°C for 24 h,
and it was then finely ground and stored in a dry place.

Preparation of the Organo-Clay (Mag-CTA+)

Mag-CTA+ is an organophilic clay exchanged with
cetyltrimethylammonium (CTAB) cations from Mag-
Na+. The Mag-CTA+ activation was carried out by
ultrasound during 1 h [27]. Firstly 10 g of Mag-Na+

was placed in a 1 L Erlenmeyer f lask with the chosen
concentration (1 CEC). At the end of the exchange
process, the suspension was filtered and then washed
several times with distilled water. Finally, the solid
obtained was dried at 105°C during 24 h and then
ground. The structure of organophylic clay was con-
firmed by FTIR and XRD analysis and their morpho-
logical properties were studied by SEM and TEM
analysis.

Preparation of Nanocomposites (Sty-lim/Mag)
Sty-Lim/Mag nanocomposites were prepared

using in situ polymerization method. 0.02 mol (2 g) of
styrene and 0.02 mol (3 g) of limonene was dissolved
in toluene, and then different amounts of organoclay
(2, 5, and 10% by weight) were added to the mixture.
The solution was then stirred for 5 min to completely
dissolve the styrene and limonene in toluene. After
that, the radical initiator Azobisisobutyronitrile
(AIBN) was added to the mixture and stirred
(500 rpm) under reflux at 90°C for 6 h (see Scheme 1).
At the end of the reaction, the nanocomposite was
recovered by precipitation in cold methanol, filtered
and dried under vacuum overnight. The operating
conditions are shown in Table 1.

Characterization
The functional groups of the modified clay and the

obtained nanocomposites were analyzed by infrared
spectroscopy FTIR in the range of 4000–360 cm−1

using BRUKER ALPHA Diamond-ATR. The surface
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Scheme 1. 
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morphology of the modified clay and its nanocom-
posites were observed by XRD diffraction patterns
using a Bruker AXS D8 diffractometer (CuKα radia-
tion), FEG-SEM on a, JEOL 7001F electron micros-
copy and Transmission electron micrographs were
performed using a Hitachi 8100. Thermal properties
were analyzed by thermogravimetric analysis (TGA)
using a PerkinElmer STA 6000 under nitrogen in the
temperature range of 30–700°C with a heating rate of
20 deg/min.

RESULTS AND DISCUSSION

Modified Clays (Mag-Na+ and Mag-CTA+)

The FTIR spectra of Mag-Na+ and Mag-CTA+ are
shown in Fig. 1. The comparison between the two
spectra FTIR corresponding to the Mag-Na+ and the
Mag-CTA+ shows the functional modification in the
organophilic montmorillonite and the intercalation of
the alkylammonium ions in the galleries of the clay by
exchange the ion Na+ by cetyltrimethylammonium
cations in Mag-Na+. We observe an intense peak at
1057 cm–1 and two bands at 455 and 515 cm–1 relating
to the elongation vibrations of the Si–O–Si and
Si‒O–Al bonds respectively [28, 29]. The band at
1000 cm–1 is due to the vibration of Si–O of the Magh-
nite. Different bands were obtained after the modifi-
cation of Maghnite by CTA+, two new bands were
PO

Table 1. Experimental conditions for the preparation of Sty-L

Samples Sty, g Lim, g

Sty-Lim/Mag 2% 2 3
Sty-Lim/Mag 5% 2 3
Sty-Lim/Mag 10% 2 3
observed for Mag-CTA+, in the 2850 and 2922 cm–1

regions corresponding to the C–H stretching vibra-
tions of the methyl group. The results obtained by
FTIR analysis confirm the intercalation of the alkyl
ammonium ions of the CTAB between the clay sheets.

X-Ray diffractograms of Raw-Mag, Mag-Na+ and
Mag-CTA+ are shown in Fig. 2. The calculated basal
spacing (d001) from XRD patterns, applying Bragg
equation (2dsinθ = nλ) is 1.01 nm for Raw-Mag and
1.23 nm for Mag-H+. This increase in basal spacing is
explained by the atomic radius of Na+ = 0.22 nm. The
diffractograms of Mag-Na+ and Mag-CTA+ show that
the interfoliar distance goes from d = 1.23 nm for the
Mag-Na+ which corresponds to the exchange by Na+

in the galleries of Maghnite to d = 1.8 nm for the Mag-
CTA+. This increase indicates that there is intercala-
tion of the alkyl ammonium ions of the CTAB in the
inter-foliar galleries and a cationic exchange of Na+ by
CTA+. The addition of the alkyl ammonium ions
causes a displacement of the characteristic peak of the
interfoliar distance of montmorillonite towards the
weak nails (4.90 deg) for Mag-CTA+. Aicha Khenifi et
al. [30], obtained an interlayer distance of 1.98 nm
during 24 h of stirring for the preparation of
CTAB/Clay, in our case, an interlayer distance of
1.8 nm was obtained only in 1 h. Also, the X-ray pat-
tern of the raw-Mag shows strong peaks of quartz and
calcite at 2θ = 26°–29°. These peaks decrease in
LYMER SCIENCE, SERIES A  Vol. 63  No. 5  2021

im/Mag nanocomposites

Mag-CTA+, wt % Time, h Yield, %

2 6 86.3
5 6 82.7

10 6 79.6
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Fig. 1. FTIR spectra of (1) Mag-Na+ and (2) Mag-CTA+.
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Fig. 2. XRD patterns of (1) Raw-Mag, (2) Mag-Na+ and (3) Mag-CTA+.
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intensity in the diffractograms of Mag-Na+ and Mag-
CTA+ thus indicating that the quantity of impurities
was reduced after purification and modification of
Maghnite. These results show the effect of ultrasonic
irradiation on the preparation of Mag-CTA+.

Obtained Nanocomposites (Sty-Lim/Mag)

The FTIR spectra of the obtained nanocomposites
(Sty-Lim/Mag 2, 5 and 10%) and pure copolymer
(Sty-Lim) are shown in Fig. 3. The infrared spectra
POLYMER SCIENCE, SERIES A  Vol. 63  No. 5  2021
show that the copolymer and the nanocomposites
have almost the same vibration bands overlapping with
the vibration bands of the organo-modified clay
(Mag-CTA+) and the FTIR spectra show that the
obtained nanocomposites Sty-Lim/Mag are in a good
agreement with the copolymer structure. The adsorp-
tion band at 695 cm–1 corresponds to the vibration of
the benzyl cycle in styrene and the adsorption band at
1673 cm–1 corresponds to the double bond C=C in the
polylimonene were observed in the FTIR spectra of
the obtained nanocomposites. The C–H symmetric
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Fig. 3. FTIR spectra of (1) Mag-CTA+, (2) Sty-Lim and the obtained nanocomposites Sty-Lim/Mag: (3) 2, (4) 5 and (5) 10%.
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and asymmetric stretching of the methyl and methy-
lene group was observed at 2922 and 2935 cm–1. Com-
pared with the FTIR spectrum of the pure copolymer,
the spectra of the obtained nanocomposites show the
appearance of the intense peak at 1000 cm–1 corre-
sponding to the vibration of Si–O of the Mag-CTA+.
However, the absorption bands observed on the FTIR
spectra of Sty-Lim and Mag-CTA+ are gathered on
the FTIR spectra of the obtained nanocomposites.
These results confirm the interaction of the functional
group of the copolymer with the internal surface of
clay.

The XRD patterns of the obtained nanocomposites
and the pure copolymer are shown in Fig. 4. The XRD
pattern of Sty-Lim copolymer presents no sharp peak
confirming its amorphous structure. This amorphous
structure is observed in the XRD patterns of the nano-
composites with the appearance of additional peak
characteristic of Mag-CTA+ which confirms its good
dispersion in the copolymer matrix. The nanocom-
posites prepared by 5 and 10% by weight of Mag-
CTA+ showed a single peak around 2θ = 2° and 2.5°
corresponding to the interlayer distances d001 = 4.01
and 3.02 nm respectively. The interlayer distance of
these nanocomposites was increased more than twice
compared to the Mag-CTA+, which had an interlayer
distance of 1.8 nm. This result also confirms that the
copolymer was well intercalated between the clay gal-
leries. Except for the case of the nanocomposites
obtained by 2% by weight of Mag-CTA+, the diffrac-
tion peak of Mag-CTA+ was not observed, confirming
the exfoliation of the clay, which explains a good dif-
PO
fusion of the Sty-Lim copolymer in the clay galleries.
These results are in agreement with those obtained by
Hanène Salmi-Mani et al. [31].

Figure 5 shows the SEM images of the organo-
modified clay (Mag-CTA+), the intercalated nano-
composites (Sty-Lim/Mag 5 and 10%) and the exfoli-
ated nanocomposites (Sty-Lim/Mag 2%). The com-
parison of the Mag-CTA+ morphology (Fig. 5a) with
the intercalated nanocomposites Sty-Lim/Mag 10
and 5% (Fig. 5b) at 5 μm shows a more organized
small particle structure of montmorillonite, the same
observation about the nanocomposites Sty-Lim/Mag
5% at 10 and 5 μm. In the nanocomposites Sty-
Lim/Mag 2% (Fig. 5d), the observation of nanocom-
posites at 5 μm reveals a formation of montmorillonite
plate separated and shows a rougher surface and a cov-
ering of the montmorillonite surface by the copoly-
mer, that is a total or partial exfoliation.

The transmission electron microscopy was used to
determine the dispersion of Mag-CTA+ in Sty-Lim
copolymer matrix and also to confirm the results
obtained by the XRD analysis. The TEM images of
Mag-CTA+ and the obtained nanocomposites Sty-
Lim/Mag (2, 5 and 10%) are shown in Fig. 6. For
Mag-CTA+ (Fig. 6a), it is easy to define the silicate
layers by the dark and bright lines. The nanocompos-
ites (Sty-Lim/Mag 10 and 5%) show an intercalated
structure of the modified clay. However, the nano-
composite (Sty-Lim/Mag 2%) shows a partial or total
exfoliated structure and the clay nanoparticles are
mainly well dispersed in the copolymer matrix. These
results confirm the results obtained by XRD analysis.
LYMER SCIENCE, SERIES A  Vol. 63  No. 5  2021
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Fig. 4. XRD patterns of (1) Sty-Lim, nanocomposites Sty-Lim/Mag: (2) 2, (3) 5 and (4) 10%, and (5) Mag-CTA+.
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Fig. 5. SEM images of (a) Mag-CTA+, (b) Sty-Lim/Mag 10%, (c) Sty-Lim/Mag 5% and (d) Sty-Lim/Mag 2%.
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Thermogravimetric analysis was carried out under
nitrogen with a heating rate of 20 grad/min. Figure 7
shows the TGA curves of pure copolymer and that of
nanocomposites of 2, 5 and 10% by weight of Mag-
POLYMER SCIENCE, SERIES A  Vol. 63  No. 5  2021
CTA+. It can be seen that the pure copolymer and all
its nanocomposites exhibit a one-step weight loss
mechanism. The nanocomposites show a higher ther-
mal stability up to a degradation temperature of 270°C
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Fig. 6. TEM images of (a) Mag-CTA+, (b) Sty-Lim/Mag-CTA 2%, (c) Sty-Lim/Mag-CTA 5%, (d) Sty-Lim/Mag-CTA 10%.
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for the nanocomposite Sty-Lim/Mag 2%, while the
degradation temperature of pure copolymer observed
about 230°C. In addition, the intercalated nanocom-
posites Sty-Lim/Mag 10% showed a highest thermal
PO

Fig. 7. TGA curves of (1) Sty-Lim copolymer and Sty-
Lim/Mag nanocomposites: (2) 2, (3) 5, and (4) 10%.
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stability with a degradation temperature of 320°C.
These results show that the thermal stability of the
obtained nanocomposites is not only related to the
clay content but it is also much more linked to the state
of the clay in the polymeric matrix and to the surface
area between the polymeric matrix and the clay. This
gain in thermal stability is due, according to previous
work [32], to the formation of a protective carbonized
layer. The formation of this layer is favored by the fine
dispersion of intercalated or exfoliated particles of
montmorillonite which play an inorganic support role
[33]. In general, the degradation temperature of the
polymers is increased after the incorporation of exfo-
liated lamellar silicates [34–36], which values these
polymers and allows their use at higher temperatures.

CONCLUSIONS

The study shows that the different ratios of the
organoclay (Mag-CTA+) has an impact in the prepa-
ration of nanocomposites Styrene-Limonene copoly-
mer. The XRD results indicate that the nanocompos-
ite prepared with 2 wt % of Mag-CTA+ was exfoliated,
and the nanocomposites prepared with 5 and 10 wt %
of Mag-CTA+ were intercalated, leading to an expan-
sion of the interlayer distance between the layers.
Thermogravimetric results indicate that the nano-
LYMER SCIENCE, SERIES A  Vol. 63  No. 5  2021
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composites present a higher thermal stability com-
pared with the pure copolymer (T < 320°C). This is
attributed to the interactions between all the copoly-
mer chains and the organic compounds of the modi-
fied clay. The reinforcing effect of the clay in the copo-
lymer is confirmed by increasing the degradation tem-
perature of the system. The morphology study by SEM
and TEM of the obtained nanocomposites confirmed
an organization of certain particles, and in other cases
a separation in plates made up of montmorillonite lay-
ers, this confirms partial or total exfoliation of mont-
morillonite in the copolymer matrix and formation of
the nanocomposites.
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