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Abstract: In this study, we present a novel and straightforward approach for the synthesis of
copolymers and nanocomposites based on a and 3-pinene, employing environmentally friendly and
cost-effective nano-reinforcing filler. The copolymers (a-co-3-P) were produced through cationic
copolymerization, using AlCls as a catalyst. The structural characterization of the resulting copolymer
was validated through FT-IR, 'H-NMR spectroscopy, and differential scanning Calorimetry (DSC).
Nanocomposites (a-co-3-P/Clay 2, 5, 8, and 10% by weight of nano-clay) were synthesized by
combiningclay and a-co-B-P copolymer in solution using ultrasonic irradiation. This ultrasound-
assisted method was employed to enhance and assess the structural, morphological, and thermal
properties of the pure copolymer. The morphology of the resultant nanocomposites was
characterized using infrared spectroscopy (FT-IR), X-ray diffraction (XRD) and scanning electron
microscopy (SEM). Thermogravimetric analysis (TGA) revealed that the nanocomposites exhibit a
higher degradation temperature compared to the pure copolymer. The analyses provided evidence
of the chemical modification of nano-clay layers and their uniform dispersion in the a-co-p-P
copolymer matrix. Exfoliated structures were achieved for lower clay concentration (2% by weight),
while intercalated structures and immiscible regions were observed for higher clay concentrations (5,
8 and 10% by weight). The antioxidant activity of nanocomposites was studied using DPPH (2,2-
diphenyl-1-picrylhydrazyl) as a model free radical. The results demonstrate a significant antioxidant
potential of the nanocomposites, showcasing their ability to effectively neutralize free radicals.
Finally, a novel procedure was devised for the rapid synthesis of copolymers and nanocomposites
using a and f-pinene.

Keywords: copolymerization; nanocomposites; o and [3-pinene; nano-clay; antioxidant activity

1. Introduction

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The creation of polymers from renewable monomers is now a major focus of numerous current
research initiatives worldwide. The bulk of study has been on polymers derived from renewable
resources, out of all the different types of polymers that have been examined [1-3]. Terpenes'
reactivity in organic chemistry synthesis has been extensively studied [4], but their application in
polymer science is still restricted. Monocyclic terpenes that is frequently present in citrus and pin
peel essential oils, are very useful in polymerization processes because of its allylic structure
(CH2=CH-CH-2Y) and the presence of double bonds that provide it the required bifunctionality for
polymerization [5,6]. Reviews of the literature show that chemists have been investigating
alternatives to polyterpenes derived from petroleum-based distillates [7]. Since the majority of
terpenes cannot be homopolymerized because of things like bulk steric hindrance [8], low
stabilization energy between monomers, and the transition state radicals [9], no workable alternatives
have been created up to this point. The exceptions to this rule include limonene, a-pinene and f3-
pinene, which have been effectively polymerized with catalysts such as Friedel-Crafts, Ziegler-Natta
[10-12], and clay [13,14].

One of the main ingredients in natural turpentine, 3-pinene, is utilized commercially to make
resins for a variety of uses [15]. It is a reactive monomer that creates polymers with moderate
molecular weights (Mn ~ 2000) through cationic isomerization polymerization [16]. Because of its
special qualities, B-pinene can be copolymerized with limonene to create flexible polymers with low
glass transition temperatures (Tg). These copolymers are widely used as additives in
pharmaceuticals, agricultural chemicals, and the food sector, as well as in the creation of tastes and
scents for cosmetics and perfumes [17-19]. Additionally, they are often used in the synthesis of fine
compounds [20]. The tricyclic monoterpene B-pinene has an isomer called « -pinene, is used to treat
excessive bronchial discharge and is well-known for its antibacterial qualities. It is a component of
turpentine oil and can be found in a variety of plants, including ginger, sage, lavender, and mint.
With the exception of the oxygen atom, the a-pinene molecule is quite similar to camphor. Although
pine oil is found naturally, it can also be made by reacting a-pinene with an acid to create a-terpineol
(C10His0), the primary ingredient in pine oil that gives juniper berries their distinctive aroma [21].

Nanocomposites, a novel class of materials reinforced with nanoscale particles, have attracted
increasing attention in recent decades. In the early 1990s, Toyota researchers were among the first to
investigate these novel materials. By adding clays to polyamide-6 by in situ polymerization, they
reportedly showed a notable improvement in dimensional stability [22]. Numerous scientific
domains now have new prospects in polymer matrix nanocomposites as a result of these discoveries
[23]. Eco-friendly materials are increasingly being used in place of hazardous polymer-based
nanocomposites in recent years. Using a polymer matrix and adding the right quantity of clay as a
reinforcing agent greatly improves the physicochemical characteristics of these nanocomposites
[24,25]. Depending on the degree of contact between the modified polymer and the clay, two primary
types of nanocomposite structures can form: intercalated and exfoliated. Numerous procedures,
including solution blending of polymers and in-situ polymerization, can be used to create these
nanocomposites [26].

Our survey of the literature indicates that there is hardly any research on the use of AICls as a
catalyst in the synthesis of a and [-pinene copolymers and the antioxidant activity of
nanocomposites/ a and [-pinene based copolymer using DPPH (2,2-diphenyl-1-picrylhydrazyl).
With the use of an ultrasound-assisted technique, the main goals of this study are to examine the
catalytic characteristics of AICls as a novel catalyst for the copolymerization of a-pinene and 3-pinene
and to investigate nano-clay as a novel nano-reinforcing filler for the creation of an antioxidant
nanocomposites/poly-terpenes basedcopolymer. In our earlier research, we emphasized the benefits
of using this kind of nano-reinforcing filler in different nanocomposite synthesis, showing that it can
improve the mechanical and thermal characteristics of the resultant copolymers [27-31].
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2. Materials and Methods

2.1. Materials

Aluminum chloride (AlCl3 98%), Toluene (99.8%), methanol (CHsOH, 99.9%), dichloromethane
(CH2CL, 99.8%), a-pinene (97%), B-pinene (97%), NaOH, HCl, MgSOs, and nano-clay were all
acquired from Sigma-Aldrich and utilized exactly as supplied in this investigation. The antioxidant
study employed 2,2-Diphenyl-1-picrylhydrazyl (DPPH), which was also acquired from Sigma-
Aldrich. A jacketed glass tank with an ultrasonic horn (13.6 mm in diameter, with a non-replaceable
titanium alloy Ti-6Al-4V tip) and a Sonics VC-750 Vibra 6 Cell generator made up the ultrasonic
apparatus used to prepare nanocomposites.

2.2. Copolymerization Procedure

a-pinene and 3-pinene were copolymerized in solution for 6 hours at room temperature with
AlClIs as a catalyst. As shown in Figure 1, 10 mL of Toluene was mixed with 0.03 mol of a-pinene and
[-pinene and 5% by weight of AICls. When AICI3 was added, the solution became orange, signifying
the start of the copolymerization process. As the polymerization process progressed, the fluid became
darker and thicker. Ten milliliters of 0.1 M HCI were added to the reaction mixture and stirred until
the orange color disappeared in order to extract AlCls. Following that, distilled water and NaOH (0.1
M) were used to repeatedly clear the organic phase. Magnesium sulfate (MgSOs) was used to dry the
organic phase, and Toluene was then evaporated. The products underwent an overnight vacuum
drying process after being dissolved in THF and precipitated in cold methanol (MeOH).

CH3
AICB Toliene ?Hii H,
00 0+ + — >y HpO(F—C
RT.,6h CH,
a-pinene  B-pinene
HaC
n
CHg
Obtained Copolymer

Figure 1. Copolymerization reaction of a-pinene and -pinene using Toluene at room temperature and AlClsas

catalyst.

2.3. Elaboration of Nanocomposites Copolymer/Clay (a-co-p-P)/Clay)

a-co-f3-P/clay nanocomposites were created by combining clay with polymers in a solution(see
Figure 2). The copolymer was produced by dissolving 0.5 g in 20 mL of dichloromethane (CH2Cl).
Stirring the liquid for ten more minutes allowed the copolymer to dissolve entirely. After adding 2%
by weight of nano-clay, the solution was treated for three hours using an ultrasonic-assisted approach
[32]. After filtering and precipitating in methanol (MeOH), the resultant nanocomposite was vacuum-
dried for the entire night. For Nano-clay additions of 5%, 8%, and 10% by weight to a-co-3-P, the
identical process was carried out again. a-co-3-P/clay was the name given to the samples (see to Table
1 for experimental circumstances).


https://doi.org/10.20944/preprints202504.2625.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 April 2025 d0i:10.20944/preprints202504.2625.v1

Copolymer, CH2CI2

O SURCES Sl Ubrasomd, 3

: sy
e O
: CHs

HE

Copolymer

CHy

Obtained Nanocomposites

Figure 2. Preparation procedure of nanocomposites using ultrasonic irradiation for 3h and CHzClzas solvent.

Table 1. Experimental conditions for the preparation of nanocomposites a-co-p-P/clay.

Samples a-co-B-P Nano-clay Time Frequency Yield
a-co-B-P/clay 2% 0,5g 2% (wt) 3h 20KHz 100%
a-co-B-P/clay 5% 0,5g 5% (wt) 3h 20KHz 100 %
a-co-B-P/clay 8% 0,5g 8% (wt) 3h 20KHz 100 %
a-co-p-P/clay 10% 0,5g 10% (wt) 3h 20KHz 100 %

2.4. Characterization

The structure of the obtained copolymer was confirmed by '"H-NMR spectra, recorded on a
Bruker-Avance 400 MHz at CRAPC-Algeria apparatus using deuterated chloroform (CDCls) as the
solvent. Infrared spectroscopy (FT-IR) was used to examine the functional groups of the copolymer,
nano-clay, and nanocomposites using a BRUKER Optics Diamond-ATR (Invenio R), CRAPC, Algeria.
Differential scanning calorimetry (DSC) was used to examine the thermal characteristics of the a-co-
-P copolymer using a NETZSCH DSC 204 F1 calorimeter at CDRSP-Leiria, Portugal. The
experiments were carried out in an inert atmosphere with a flow rate of 50 mL/min, heating the
mixture from room temperature to 500°C at a rate of 20 °C/min. Using a Bruker AXS D8
diffractometer (Cu-Ka radiation) from Oranl university, Algeria, the morphology of the modified
clay and the produced nanocomposites was investigated using X-ray diffraction (XRD) patterns and
field emission scanning electron microscopy (FEG-SEM) using an electron microscope made by
Thermo Fisher (Apreo 2C) at CRAPC, Algeria. To investigate the thermal stability of the
nanocomposites, thermogravimetric analysis (TGA) was performed on a PerkinElmer STA 6000 at
CDRSP-Leiria, Portugalunder nitrogen at temperatures between 30 and 700°C at a heating rate of
20 °C/min. The Agilent (Cary 60) UV-Visible spectrometer at CRAPC, Algeria,was used to investigate
the antioxydant activity.

3. Results and Discussion

3.1. Characterization of the Obtained Copolymer (a-co-p-P)

3.1.1. 'H- NMR Measurements

Figure 3 displays the '"H-NMR spectra of the obtained copolymer. The proposed structure was
verified and investigated further using the "TH-NMR spectra. A signal at 0.9 ppm and other peaks that
represent the protons of the methyl group are clearly visible in the "H-NMR spectra of (a-co-3-P).
The peak (b) at 1.2 ppm in the spectra of the resulting copolymer is caused by the protons of the
methylene group (-CH2). The characteristic resonance peaks (e and f) between 4.7 and 5.4 ppm, which
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correspond to the protons implicated in the internal double bonds (-CH=CH-) of a- and p-pinene.
The comparison of the 'TH-NMR spectra of the obtained copolymer with those of the monomers, 3-
pinene [33] and a-pinene [34], confirms the success of the copolymerization reaction using AlCls as a
catalyst.
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Figure 3. 'H-NMR (Bruker-Avance 400 MHz)spectrum of the obtained copolymer (a-co-3-P) using CDCls.

3.1.2. FT-IR Measurements

FT-IR measurements were also done to confirm the copolymer structure. Figure 4 shows the FT-
IR spectra of a-pinene, B-pinene, and the synthesized copolymer. The copolymer spectrum exhibit
the disappearance of double bonds peaks previously associated with the absorption -pinene at 1217
and 956 cm [35] which validates the copolymerization process. However, the band assigned to C=C
stretching vibration at 1644 cm-1, visible in both monomers, is decreased in the spectrum of the
copolymer. In addition, the FT-IR spectrum of the synthesized copolymer exhibits an intense
absorption band at 2922 cm™, which is attributed to the asymmetric stretching vibration of the C-H
bonds in methylene (-CH,-) groups. This prominent band reflects the presence of aliphatic chains
within the polymer structure, indicating successful incorporation of both monomers. The
disappearance or significant reduction of the characteristic bands corresponding to the C=C
stretching vibrations of the monomers (typically observed around 1640-1670 cm™) further supports
the occurrence of the polymerization reaction. These findings are in good agreement with the 'H-
NMR analysis, which shows the disappearance of the olefinic proton signals of a-pinene and (-
pinene. Therefore, the combined FT-IR and NMR results provide strong and complementary
evidence for the successful synthesis of the (a-co-3-P) copolymer.
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Figure 4. FT-IR spectra of a-pinene, [3-pinene, and the obtained copolymer.

3.1.3. Thermal Study of the Obtained Copolymer with DSC

Using Differential Scanning Calorimetry (DSC), the produced copolymer's thermal
characteristics were assessed. Figure 5 displays the a-co-f-P copolymer's DSC thermogram. The
copolymer's glass transition temperature (Tg) was found to be at the interval of 90-95 °C based on the
DSC curve analysis. As previously mentioned in the literature, this Tg value is halfway between the
stated Tg values of poly(a-pinene) and poly([3-pinene) [36,37]. The successful copolymerization of a-
pinene with B-pinene is strongly supported by the change in Tg relative to the respective
homopolymers, which also confirms that both monomer units are integrated into the same polymer
structure. Additionally, it seems that using AICl; as a catalyst successfully encourages the
copolymerization of a-pinene with (3-pinene. These thermal analysis results are consistent with the
structural characterization obtained by FT-IR and NMR analysis.
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Figure 5. DSC curve, at 20 °C/min of the obtained copolymer.
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3.1.4. GPC Measurements

Gel Permeation Chromatography (GPC) was used to determine the molecular weight
distribution of the synthesized copolymer; the results are displayed in Figure 6. According to the
GPC chromatogram, the copolymer's number-average molecular weight (Mn) is about 4500 g/mol,
and its weight-average molecular weight (Mw) is roughly 4770 g/mol. This results in a polydispersity
index (Mw/Mn) of 1.06. These findings suggest good control over the polymerization process because
they show a relatively narrow molecular weight distribution. Even though the molecular weight is
moderate when compared to similar copolymers produced through conventional radical
polymerization [38], The low cost, strong catalytic activity, and ability to operate under mild
conditions make AICI; a desirable catalyst for polymerization reactions. Its high reactivity toward
natural monomers such as -pinene and a-pinene, along with its ease of handling and compatibility
with various solvents, further support its use in the synthesis of sustainable polymers.
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Figure 6. GPC chromatogram of the obtained copolymer.

3.2. Characterization of the Obtained Nanocomposites (a-co-p-P/Clay)

The FT-IR spectra of the synthesized nanocomposites (a-co-f3-P/clay 2%, 5%, 8%, and 10%) are
shown in Figure 7. The vibration bands of the nanocomposites are seen to be quite similar to those of
the nano-clay and to the structure of the pure copolymer. The copolymer's C-H bonds are visible in
the nanocomposites FT-IR spectra at 2922 and 2867 cm, which correspond to the methyl and
methylene groups vibrations. Furthermore, the FT-IR spectrum of the pure copolymer does not
exhibit any significant absorption band around 1000 cm™, which is typically associated with the Si—
O stretching vibrations characteristic of nano-clay structures [39]. This band, however, clearly
appears in the spectra of the obtained nanocomposites, confirming the successful incorporation of
nano-clay within the copolymer matrix. The absence of this Si-O band in the pure copolymer
spectrum indicates that the polymer itself does not contain silicate structures, and its presence in the
nanocomposite spectra further supports the interaction and dispersion of the clay within the
copolymer matrix.
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Figure 7. FT-IR spectra of the nano-clay, pure copolymer and the obtained nanocomposites (2, 5, 10 and 10%).

The XRD patterns of the nano-clay and the nanocomposites are displayed in Figure 8. In the a-
co-3-P/clay 2% sample, the distinctive basal diffraction signal of nano-clay about 26 = 5° was entirely
missing, suggesting that the clay had been exfoliated, allowing the a-co-f-P copolymer to diffuse
effectively within the clay galleries. A single peak was seen for the nanocomposites containing 10%,
8%, and 5% nano-clay, which corresponded to interlayer distances of 2.12, 2.47, and 2.96 nm,
respectively. These nanocomposites had interlayer distances that were almost double that of the
nano-clay, which has an interlayer distance of 1.56 nm. The copolymer's successful intercalation
between the clay layers is confirmed by this outcome. These results are in line with what Kherroub
et al. [40] found.
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Figure 8. XRD patterns of the obtained nanocomposites (2, 5, 10 and 10%).and nano-clay.

Figure 9 presents the SEM images of the synthesized nanocomposites (a-co-B-P/clay) prepared
with 2% and 10% by weight of nano-clay, alongside the pure nano-clay. The morphology of the nano-
clay shows well-defined layered structures typical of montmorillonite. In contrast, the
nanocomposites, particularly at 10% by weight of clay, exhibit significant changes in morphology. At
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this amount, montmorillonite appears more organized and fragmented into smaller particle sizes,
indicating a partial intercalation of the clay layers within the copolymer matrix. Examination of a 10
um surface area of the nanocomposites reveals dispersed and loosely stacked montmorillonite plates,
confirming good interaction with the copolymer. Additionally, for the nanocomposites containing
2% clay, the surface morphology becomes rougher, and a continuous copolymer coating is observed
over the clay surface, suggesting good compatibility of the clay within the copolymer matrix. These
observations imply that at lower clay amounts, the copolymer efficiently covers and interacts with
the clay layers, while higher clay amounts favor more organized clay structures. Furthermore, Energy
Dispersive X-ray Spectroscopy (EDS) analysis was performed to confirm the elemental distribution
and to demonstrate the successful dispersion of the clay within the copolymer matrix, showing
characteristic peaks of silicon and aluminum associated with montmorillonite, thus supporting the
morphological findings.

Figure 9. SEM images and EDS spectra of the obtained nanocomposites (2 and 10%) and nano-clay.

Figure 10 shows the Transmission Electron Microscopy (TEM) images of nano-clay and the
prepared nanocomposites with varying nano-clay amounts (2%, 5%, 8%, and 10% by weight). TEM
analysis was employed to evaluate the dispersion of nano-clay within the copolymer matrix and to
confirm the structural morphology suggested by XRD results. In the image of nano-clay, the layered
silicate structure is clearly visible, appearing as dark, stacked platelets. In the nanocomposite
containing 2 % of nano-clay, the clay layers are relatively well-dispersed, with evidence of partial
exfoliation. As the clay content increases to 5 %, a similar partially intercalated morphology is
observed, although a slight increase in agglomeration is noticeable. For the nanocomposites prepared
with 8 and 10 % by weight of nano-clay, the TEM images reveal more pronounced stacking and
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aggregation of silicate layers, indicating a tendency toward intercalated structures and reduced
dispersion at higher filler loadings. These morphological changes suggest that lower nano-clay
content favors better dispersion and exfoliation within the copolymer matrix, while higher loadings
lead to structural reorganization and limited interlayer separation, consistent with the XRD findings.

Nano-clay

Nano 2% 4 Nano 5%

Nano 10%

Figure 10. TEM images of the obtained nanocomposites (2, 5, 8 and 10%) and the nano-clay.

The TGA curves of the nanocomposites produced and the pure copolymer are shown in Figure
11 and Table 2 summarizing the key TGA data. It is clear that the pure copolymer and all
nanocomposites experience a single step weight loss. The thermal stability of the nanocomposites is
improved with inclusion of nano-clay, as the TGA results suggest. The degradation temperature of
the pure copolymer is 220 °C. However, the nanocomposites which contain 2, 5, 8, and 10% by weight
of nano-clay exhibit significantly greater thermal stability with a degradation temperature of about
350 °C. TGA curves also show residual masses at 700 °C, with values exceeding 0.5 g. This behavior
is attributed to the inorganic content of the nano-clay, which contains aluminum and other mineral
components. These elements are thermally stable and do not decompose during the thermal
degradation process.

The higher the copolymer content in the nanocomposite, the faster its degradation occurs. Prior
work [41] indicates that the reasons for increased thermal stability is the presence of a carbonized
protective layer. This layer is due to the fine dispersion of intercalated or exfoliated clay particles that
serve as an inorganic barrier [42]. As a rule, the addition of exfoliated lamellar silicates increases the
thermal stability of the polymers and their performance at elevated temperatures [43].
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Table 2. Thermal Stability Parameters of Copolymer and Nanocomposites with Different Nano-Clay amounts,

from TGA curves.

Samples Onset degradation Tem °C Max degradation Tem °C ~ Residue at 700 °C (g)
Copolymer 220 380 0
Nanocomposites 2% 300 430 0.2
Nanocomposites 5% 310 420 0.5
Nanocomposites 8% 350 450 0.6
Nanocomposites 10% 330 470 0.9

7
——Copo
Nano2%
6+ Nano5%
Nano8%

Nano10%

Welght (g)
YT

N
1

T r T T T T r T g
100 200 300 400 500 600 700

Temperature °C

Figure 11. TGA curves of pure copolymer and nanocomposites (2, 5, 8 and 10%).

3.3. Antioxidant Activity

At a concentration of 0.004%w/v, a freshly manufactured solution of the 2,2-diphenyl-1-
picrylhydrazyl (DPPH) radical in CH2Cl> was prepared and kept in a dark place. Additionally, a
solution containing the test chemical was made [44]. The experiment was started by mixing 2.5 mL
of DPPH solution with 100 uL of each sample's solution, then letting it sit in the dark for 30 minutes.
At 515 nm, the absorbance was measured with a spectrophotometer. Equation was used to calculate
the DPPH radical scavenging capacity:

Free radical scavenging activity (%) = ((Abs pppH -Abs sample)/Abs prrr) *100, where ABS sample and
Abs preu are the absorbance of DPPH in sample solution and blank respectively.

The 50% inhibitory concentration (IC50), the concentration required to inhibit DPPH radical by
50%, was estimated from graphic plots of the dose-response curve.

The free radical scavenging activity of copolymer was evaluated according to the inhibition of
DPPH radicals. Figure 8 shows the amount of antioxidant activity of the obtained nanocomposites(a-
co-f3-P/clay) indicate that the highest antioxidant activity is 86.48% (see Figure 12), with an IC50 value
of 163.41 + 1.03 ug/mL. The antioxidant activity observed is therefore attributed to the structural
features of the copolymer backbone and the interactions with the dispersed nano-clay, which may
promote radical scavenging via other mechanisms such as electron donation from allylic or
conjugated systems. [45-47] confirmed by FTIR. In the study of Omnia et al [48], the AN-co-St
copolymers, an increase in antioxidant activity was observed with an IC50 value of 237.39 + 3.87 ug/
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mL, compared to our obtained nanocomposites based on polytrpenes, indicating better antioxidant
activity. This enhancement can be attributed to the introduction of new nanocomposites.
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Figure 12. Evaluation of Antioxidant Activity of the obtained product using DPPH at 0.004%w/v in CH2Cl>.

4. Conclusions

The influence of nano-clay, which was prepared and applied at varying ratios, on the properties
of the a-co-B-P/ clay nanocomposites is studied. XRD results indicate that the nanocomposite,
containing 2% by weight of clay, is exfoliated, and the rest 5%, 8%, and 10% clay containing
nanocomposites are intercalated, thus resulting in an increase in the interlayer spacing. The
thermogravimetric analysis further shows that the nanocomposites have better thermal stability than
the pure copolymer with an onset degradation temperature of about 350 °C. These improvements are
a result of the interaction with the organic compounds of the modified clay and the copolymer chain.
The clay's reinforcing effect on the copolymer is evidenced by the increase in the rigidity of the
system. Moreover, the SEM microscopy of the nanocomposites, demonstrates certain particles being
organized while other particles show disintegration into plates of montmorillonite layers confirming
the partial or full exfoliation of montmorillonite that was incorporated into the copolymer matrix to
prepare the nanocomposites. Furthermore, the antioxidant activity of the nanocomposites, evaluated
using DPPH (2,2-diphenyl-1-picrylhydrazyl) as a model free radical, demonstrates a significant
antioxidant potential, highlighting the nanocomposites' ability to effectively neutralize free radicals.

Author Contributions: Conceptualization, H.D., Z.C.,, G.RM., K.B,, R.C.,, RM and F.T.; Synthesis, H.D., M.Z and
N.H.; Characterization, H.D., R.C., K.B and A.B.; validation, H.D., G.RM and R.M.; writing—original draft
preparation, H.D., G.R.M.; supervision, G.R.M., K.B and R.M. All authors have read and agreed to the published

version of the manuscript.

Funding: The work at CRAPC and LCP was supported by funding from (DGRSDT) Direction générale de la
Recherche Scientifique et du développementTechnologique-Algeria and the work at CDRSP was supported by
funding from the Portuguese Fundacao para a Ciéncia e a Tecnologia (FCT) and Centro2020 though the Project
Reference UID/Multi/04044/2019 and the bilateral programme Green Thermosets.

Institutional Review Board Statement: Not applicable.

Acknowledgments: We would like to thank the (DGRSDT) Direction générale de la Recherche Scientifique et
du développementTechnologique-Algeria, and the CDRSP-IPLeiria (centre for rapid and sustainable product
development) for giving us access to their STA device. We also would like Dr Amine Harrane for their help and

advices through all the writing process.


https://doi.org/10.20944/preprints202504.2625.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 April 2025 d0i:10.20944/preprints202504.2625.v1

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to
publish the results.

Abbreviations

The following abbreviations are used in this manuscript:

a-co-f3-P a and B-pinene based copolymer

a-co-f3- . ;
P/clay a and B-pinene copolymer-based nanocomposites
DPPH 2,2-Diphenyl-1-picrylhydrazyl

References

1. Gandini, A.; M. Lacerda, T. Monomers and Macromolecular Materials from Renewable Resources: State of
the Art and Perspectives. Molecules. 2022, 27, 159.

2. Jaillet, F.; Darroman, E.; Ratsimihety, A.; Boutevin, B.; Caillol, S. Synthesis of cardanol oil building blocks
for polymer synthesis. Green Materials. 2015, 3, 59-70.

3. Balla, E; Daniilidis, V.; Karlioti, G.; Kalamas, T.; Stefanidou, M.; Bikiaris, N.D.; Vlachopoulos, A.;
Koumentakou, I.; Bikiaris, D.N. Poly(lactic Acid): A Versatile Biobased Polymer for the Future with
Multifunctional Properties—From Monomer Synthesis, Polymerization Techniques and Molecular Weight
Increase to PLA Applications. Polymers. 2021, 13, 1822.

4. Ninkuu, V.; Zhang, L.; Yan, J.; Fu, Z,; Yang, T.; Zeng, H. Biochemistry of Terpenes and Recent Advances in
Plant Protection. Int. J. Mol. Sci. 2021, 22, 5710

5. Ibafiez, M.D.; Sanchez-Ballester, N.M.; Blazquez, M.A. Encapsulated Limonene: A Pleasant Lemon-Like
Aroma with Promising Application in the Agri-Food Industry. A Review. Molecules. 2020, 25, 2598.

6. Satira, A.; Espro, C.; Paone, E.; Calabro, P.S.; Pagliaro, M.; Ciriminna, R.; Mauriello, F. The Limonene
Biorefinery: From Extractive Technologies to Its Catalytic Upgrading into p-Cymene. Catalysts. 2021, 11,
387.

7.  Mosquera, M.E.G,; Jiménez, G.; Tabernero, V.; Vinueza-Vaca, J.; Garcia-Estrada, C.; Kosalkova, K.; Sola-
Landa, A.; Monje, B.; Acosta, C.; Alonso, R.; et al. Terpenes and Terpenoids: Building Blocks to Produce
Biopolymers. Sustain. Chem. 2021, 2, 467-492.

8.  Mosquera, M.E.G,; Jiménez, G.; Tabernero, V.; Vinueza-Vaca, J.; Garcia-Estrada, C.; Kosalkova, K.; Sola-
Landa, A.; Monje, B.; Acosta, C.; Alonso, R.; Valera, M.A. Terpenes and Terpenoids: Building Blocks to
Produce Biopolymers. Sustain. Chem. 2021, 2, 467-492.

9.  Philip, B. V.; Scholten, Moatsou, D.; Detrembleur, C.; Meier, M.A.R. Progress Toward Sustainable
Reversible Deactivation Radical Polymerization. Macromol. Rapid. Commun. 2020, 41, 2000266.

10. Behr, A.; Johnen, L. Myrcene as a Natural Base Chemical in Sustainable Chemistry: A Critical Review".
Chem. Sus. Chem. 2009, 12, 1072-1095.

11. Chyau, C.C.; Mau, J.L.; Wu, C.M. Characteristics of the Steam-Distilled Oil and Carbon Dioxide Extract of
Zanthoxylumsimulans Fruits. ]. Agricul. Food. Chem. 1996, 44, 1096-1099.

12.  Yarolimek, M. R.; Coia, B. M.; Bookbinder, H. R.; Kennemur, J. G. Investigating the effect of a-pinene on
the ROMP of d-pinene. Polym. Chem. 2021, 12, 5048-5058.

13. Derdar, H.; Belbachir, M.; Harrane, A. A green synthesis of polylimonene using Maghnite-H*, an
exchanged montmorillonite clay, as eco-catalyst. Bull. Chem. React. Eng. Catal. 2019, 14, 69-79.

14. Derdar, H.; Belbachir, M.; Hennaoui, F.; Akeb, M.; Harrane, A. Green copolymerization of limonene with
[-pinene catalyzed by an eco-catalyst Maghnite-H*. Polym .Sci. Ser B. 2018, 60 , 555-562.

15. Lapuerta, M., Tobio-Pérez, I.; Ortiz-Alvarez, M.; Donoso, D.; Canoira, L.; Piloto-Rodriguez, R.
Heterogeneous Catalytic Conversion of Terpenes into Biofuels: An Open Pathway to Sustainable Fuels.
Energies 2023, 16, 2526.

16. Kennedy, ]J.P.; Maréchal, E. Carbocationic Polymerization. John Wiley & Sons: New York. 1982.


https://doi.org/10.20944/preprints202504.2625.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 April 2025 d0i:10.20944/preprints202504.2625.v1

17.  GunamResul, M. F. M.; Rehman, A.; Saleem, F.; Usman, M.; Lépez Fernandez, A. M.; Ezea, V. C,; Harvey,
A. P. Recent Advances in Catalytic and Non-Catalytic Epoxidation of Terpenes: A Pathway to Bio-Based
Polymers from Waste Biomass. RSC Adv. 2023, 13, 32940-32971.

18. Tibbetts, J. D.; Bull, S. D. Dimethyl Sulfide Facilitates Acid Catalysed Ring Opening of the Bicyclic
Monoterpenes in Crude Sulfate Turpentine to Afford p-Menthadienes in Good Yield. Green Chem. 2021, 23,
597-610.

19. Mouren, A.; Avérous, L. Sustainable Cycloaliphatic Polyurethanes: From Synthesis to Applications. Chem.
Soc. Rev. 2023, 52, 277-317.

20. Nyamwihura, R.J.; Ogungbe, 1.V. The pinene scaffold: its occurrence, chemistry, synthetic utility, and
pharmacological importance. RSC Adv. 2022, 12, 11346-11375.

21. Griffiths, E.T.; Harries, P.C.; Jeffcoat, R.; Trudgill, P.W. Purification and Properties of a-Pinene Oxide Lyase
from Nocardia sp. Strain P18.3. Nov.1987, 4980-4983.

22. Fengge, G. Clay/polymer composites: the story. Materialstoday. 2004, 7, 50-55.

23. Avella, M.; Buzarovska, A.; Errico, M.E.; Gentile, G.; Grozdanov, A. Eco-Challenges of Bio-Based Polymer
Composites. Materials.2009, 2, 911-925.

24. Kotal, M.; Bhowmick, A.K. Polymer nanocomposites from modified clays: Recent advances and challenges.
Pro. Polym. Sci.2015, 51, 127-187.

25. Mykola, S.; Olga, N.; Dmitry, M. The influence of alkylammonium modified clays on the fungal resistance
and biodeterioration of epoxy-clay nanocomposites.Int. Biodeterior. Biodegrad.2016, 110, 136-140.

26. Bhanvase, B.A.; Pinjari, D.V.; Gogate, P.R.; Sonawane, S.H.; Pandit, A.B. Process intensification of
encapsulation of functionalized CaCO3 nanoparticles using ultrasound assisted emulsion polymerization.
Chem. Eng. Proce. 2011, 50, 1160-1168.

27. Derdar, H.; Mitchell, G.R.; Mahendra, V.S.; Beachgoer, M.; Haoue, S.; Cherifi, Z.; Bachari, K.; Harrane, A;
Meghabar, R. Green Nanocomposites from Rosin-Limonene Copolymer and Algerian Clay.
Polymers.2020,12, 1971.

28. Derdar, H.;Meghabar, R. ;Benachour, M.; Mitchell, G.R.; Bachari, K.; Belbachir, M.; Cherifi, Z.; Baghdadli,
M.C; Harrane, A. Polymer-Clay Nanocomposites: Exfoliation and Intercalation of Organophilic
Montmorillonite Nanofillers in Styrene-Limonene Copolymer. Polym. Sci. Ser. A. 2021, 63, 568-575.

29. Derdar, H.; Mitchell, G.R.; Cherifi, Z.; Belbachir, M.; Benachour, M.; Meghabar, R.; Bachari, K.; Harrane, A.
Ultrasound assisted synthesis of polylimonene and organomodified-clay nanocomposites: a structural,
morphological and thermal properties. Bull. Chem. React. Eng. Catal. 2020, 15, 798-807.

30. Cherifi, Z.; Zaoui, A.; Boukoussa, B.; Derdar, H.; Elabed, Z.O.; Zeggai, F.Z.; Meghabar, R.; Chebout, R.;
Bachari, K. Ultrasound-promoted preparation of cellulose acetate/organophilic clay bio-nanocomposites
films by solvent casting method. Polym. Bull. 2022, 80, 1831-1843

31. Baghdadli, M.C. ; Derdar, H. ; Cherifi, Z. et al. Nanocomposites by in situ polymerization based on styrene-
maleic anhydride copolymer and clay. Polym. Bull. 2022, 80, 68696883

32. Derdar, H.; Mitchell, G.R.; Mateus, A.; Chaibedraa, S.; Elabed, Z.0O.; Mahendra, V.S.; Cherifi, Z.; Bachari,
K.; Chebout, R.; Meghabar, R.; et al. Green Copolymers and Nanocomposites from Myrcene and Limonene
Using Algerian Nano-Clay as Nano-Reinforcing Filler. Polymers. 2022, 14, 5271.

33. Akeb, M.; Harrane, A.; Belbachir, M. Polymerization of (3-pinene by using natural montmorillonite clay as
a green catalyst. Green Materials. 2018, 6, 58—64.

34. Ezea, V.C; Rehman, A.; Patel, M.; Ahmad, S.; Harvey, A.P. Synthesis of cyclic a-pinane carbonate — a
potential monomer for bio-based polymers. RSC Adv. 2022, 12, 17454-17465.

35. Elabed, Z.0.; Kherroub, D.E.; Derdar, H.; Belbachir, M. Novel Cationic Polymerization of 3-Myrcene Using
a Proton Exchanged Clay (Maghnite-H+). Polym. Sci. Ser. B,2021, 63, 480-487

36. Ji, N; Yu, F.; Yuan, B.; Xie, C.; Yu, S. Polymerization of a-pinene catalyzed by Lewis acidic deep eutectic
solvents. New |. Chem. 2024, 48, 4580-4588.

37. Kukhta, N. A ; Vasilenko, I. V.; Kostjuk, S. V. Room temperature cationic polymerization of 3-pinene using
modified AICl; catalyst: toward sustainable plastics from renewable biomass resources. Green Chem. 2011,
13, 2362-2364.


https://doi.org/10.20944/preprints202504.2625.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 April 2025 d0i:10.20944/preprints202504.2625.v1

38. Thomsett, M.R.; Storr, T.E.; Monaghan, O.R.; Stockman, R.A.; Howdle, S.M. Progress in the Synthesis of
Sustainable Polymers from Terpenes and Terpenoids. Green Mater. 2016, 4, 115-134.

39. Basturk, S. B. Effect of methyl orange as the modifier on the mechanical, thermal, and thermo-mechanical
properties of clay/epoxy composites. |. Appl. Polym. Sci. 2022, 139, 51638.

40.

1. Kherroub, D. E.; Boulaouche, T. Maghnite: Novel Inorganic Reinforcement for Single-Step Synthesis of
PDMS Nanocomposites with Improved Thermal, Mechanical, and Textural Properties. Res. Chem. Intermed.
2020, 46, 5199-5217.

41. Cherifi, Z.; Boukoussa, B.; Zaoui, A.; Belbachir, M.; Meghabar, R. Structural, morphological and thermal
properties of nanocomposites poly(GMA)/clay prepared by ultrasound and in-situ polymerization.
Ultrason. Sonochem. 2018, 48, 188-198.

42.  Kherroub, D.E.; Belbachir, M.; Lamouri, S. Nylon 6/clay nanocomposites prepared with Algerian modified
clay (12-maghnite). Res. Chem. Int.2014, 41, 5217-5228.

43. Francucci, G.; Rodriguez, E.; Rodriguez, M.E. Ultrasound-Assisted Extrusion Compounding of Nano
Clay/Polypropylene Nano Compounds. Polymers.2024, 16, 2426.

44. Gulcin, I.; Alwasel, S.H. DPPH Radical Scavenging Assay. Processes. 2023, 11, 2248.

45. Hamid, S; et al. Investigation of physio-mechanical, antioxidant and antimicrobial properties of starch—
zinc oxide nanoparticles active films reinforced with FerulagummosaBoiss essential oil. Sci. Rep. 2024, 14,
5789.

46. Mondal, K; et al. Development of antioxidant-rich edible active films and coatings incorporated with de-
oiled ethanolic green algae extract: A candidate for prolonging the shelf life of fresh produce. RSC Adv.
2022, 12, 13295-13313.

47. Ma, X.; Wang, Z.; Liu, R.; Jiang, Y. Effect of powdery mildew on interleaf microbial communities and leaf
antioxidant enzyme systems. J. For. Res. 2023, 34, 1535-1547.

48. Omnia, T. N.; et al. Investigating the anticancer and antioxidant potentials of a polymer-grafted sodium
alginate composite embedded with CuO and TiO, nanoparticles. J. Polym. Environ. 2024, 32, 2713-2728.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or

products referred to in the content.


https://doi.org/10.20944/preprints202504.2625.v1

