A Available online at BCREC website: https://bcrec.id m
CREC Bulletin of Chemical Reaction Engineering & Catalysis, 14 (1) 2019, 69-78 —

Research Article

A Green Synthesis of Polylimonene Using Maghnite-H*,
an Exchanged Montmorillonite Clay, as Eco-Catalyst
Hodhaifa Derdar!*, Mohammed Belbachir!, Amine Harranel?
1Laboratory of Polymer Chemistry, Department of Chemistry, Faculty of Exact and Applied Sciences,

Oran 1 University, Ahmed Benbella, BP N° 1524 El M'Naouar, 31000 Oran, Algeria
2Department of Chemistry, FSEI, University of Abdelhamid Ibn Badis-Mostaganem, Algeria

Received: 26t May 2018; Revised: 11t September 2018; Accepted: 2274 September 2018;
Available online: 25t January 2019; Published regularly: April 2019

Abstract

A new green polymerization technique to synthesis polylimonene (PLM) is carried out in this work.
This technique consists of using Maghnite-H* as eco-catalyst to replace Friedel-Crafts catalysts which
are toxics. Maghnite-H* is a montmorillonite silicate sheet clay which is prepared through a simple ex-
change process. Polymerization experiments are performed in bulk and in solution using CH2Cl: as sol-
vent. Effect of reaction time, temperature and amount of catalyst is studied, in order to find the opti-
mal reaction conditions. The polymerization in solution leads to the best yield (48.5%) at -5 °C for a re-
action time of 6 h but the bulk polymerization, that is performed at 25 °C, remains preferred even if
the yield is lower (40.3%) in order to respect the principles of a green chemistry which recommend syn-
theses under mild conditions, without solvents and at room temperature. The structure of the obtained
polymer (PLM) is confirmed by FT-IR and Nuclear Magnetic Resonance of proton (*H-NMR). The glass
transition temperature (7%) of the polylimonene is defined using Differential Scanning Calorimetry
(DSC) and is between 113 °C and 116 °C. The molecular weight of the obtained polymer is determined
by Gel Permeation Chromatography (GPC) analysis and is about 1360 g/mol. Copyright © 2019 BCREC
Group. All rights reserved
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most of the terpenes do not homopolymerize due
to steric obstacle [3].

Terpenoids are found in the essential oils of
higher plants. Monoterpenoids, ten-carbon com-
pounds created in nature by the use of the con-

1. Introduction

The most studies regarding the reactions of
terpenes in organic chemistry synthesis have
been reported [1], yet their applications in the
domain of.polymer science are still limited. A densation of isepentenylpyrophosphate units,
search of literature yeveals that attempts have are among the industrially most important of
been made by chemists to expand.a .subst1tute the terpenoids. The monocyclic terpene
for polyterpenes from petroleum distillates [2], d-limonene (P-mentha-1,8-diene) is the main

but no such expand has been developed yet, as
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part of the terpenold fractions of lemon and or-
ange oils [4]. Limonene is a monocyclic terpene
existing in many essential oils extracted from
citrus zest [5]. Today, limonene has been widely
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used in a wide range of products such as cos-
metics, food additives, medicines and even as a
green solvent [6]. Limonene based products can
work as polymer modifiers for block copolymers
[7-8].

The first reported polymerization of ter-
penes was in 1798, when Bishop Watson added
a drop of sulfuric acid to produce a sticky resin
[9]. However, at that time, researchers could
not distinguish the interesting properties of
this material, which further delayed its study
for 50 years. In 1950, William Roberts studied
the cationic polymerization of limonene,
a-pinene and S-pinene with Friedel-Crafts
catalysts, for example AlBrs and SnCl4[10]. By
adding less than 1% of AICls and ZnClz, using
toluene as solvent, a solid polymer of B-pinene
was produced with an average molecular
weight of about 1500 g/mol. The degree of po-
lymerization of S-pinene, although very small,
is higher to that of the other two monomers.
Polymerization of f-pinene given maximum
polymer yield at -30 °C and a-pinene, the maxi-
mum was at 40 °C [11].

They claimed that polylimonene had only
0.36-0.44 double bonds per repeat unit. On this
basis, the conclusion was that this polylimo-
nene was different from poly a-pinene [11]. A
considerable amount of research has since con-
tributed enormously to our understanding of
cationic polymerization of terpenes, but most
have focused on a-pinene and f-pinene [12].
The copolymerization of limonene with other
monomers (styrene) has been attempted, using
Azobisisobutyronitrile as a radical catalyst
[13].

Generally almost all the catalysts used for
the preparation of polymers present great envi-

ronmental problems, as they are corrosive. The
main drawbacks of the application of zinc and
silver compounds as well as Lewis acids are
difficult to handle and their separation is com-
plicated, which are often destroyed in this
process. Moreover, zinc or silver compounds re-
quire environmental reconditioning [14].

By examining the literature, we find that
the studies of the catalytic properties of natu-
ral clay for polymerization of Limonene are
practically nonexistent. The main purpose of
this work is to synthesis a green polymer from
a green raw material and to investigate the
catalytic properties of a natural clay (Mag-H*)
as new and non-toxic catalyst for the polymeri-
zation of Limonene, in our previously pub-
lished work we have shown the advantage of
different applications of this catalyst type in
several polymerization reactions [15-18]. It is
preferred for its many advantages such as very
low purchase price compared to other catalysts
and the easy removal of the reaction mixture,
regenerated by heating to a temperature above
100 °C [19-20]. In this work a very detailed
study on the catalytic properties of Algerian
clay (Mag-H*) is developed and based on the re-
sults obtained, a possible mechanism of the po-
lymerization reaction was proposed. FT-IR,
1H-NMR, DSC, and GPC analysis show that
the polylimonene is successfully obtained.

2. Materials and Method
2.1. Materials

(R)-(+)-Limonene (97%), Methanol (CH30H,
99.9%) and Dichloromethane (CH2Clz, 99.8%)
are supplied by Sigma Aldrich and used as re-
ceived. Maghnite (Algerian montmorillonite) is
supplied in the raw state by ENOF Bental Spa
of the National Company of Nonferrous Mining
Products, Maghnia Unit (Algeria).

Table 1. Chemical composition of Raw-Maghnite

and Maghnite-H* [23] 2.2. Preparation of Maghnite-H*

Species Raw Maghnite Maghnite-H~* Maghnite-H* is prepared according to the
P (wt %) (wt %) process reported in our previous study [21-22].
Si0, 69.3 1.7 Mag}.lnite-HJr .is activated With a sulfuric afzid

solution to give a Maghnite exchanged with

AL203 1.16 0.71 protons, called Mag-H*. In an Erlenmeyer
FesOs 0.3 0.28 flask, crushed raw Maghnite (20 g) is dispersed

in a volume of distilled water (120 ml). The
MgO 0.5 0.21 mixture is stirred 2 h at room temperature.
Then, a solution of sulfuric acid (0.25 M) is

CaO 1.07 0.80 ’
A added. The solution thus obtained is main-
Na20 0.79 0.77 tained for two days under stirring. The mineral
is filtered off and washed several times with
K20 0.16 0.15 distilled water up to pH 7. After filtration,
TiO2 0.91 0.34 Mag-H* is dried in an oven for 24 h, at 105 °C
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and is then crushed. The composition of raw
and treated Maghnite is given in Table 1 and
the results show that the acid treatment leads
to a decrease in Al203 concentration and silica
enrichment in the material. The results also
show a decrease in impurity levels such as iron
oxide and calcite. Its structure is established by
FT-IR and XRD.

2.3 Synthesis of Polylimonene Catalyzed by
Maghnite-H*

The reaction of polymerization of limonene is
carried out, in the first place, in bulk using
Mag-H* as catalyst. In a flask containing 2 g
(0.01 mol) of limonene, we added an amount of
10% in weight of Mag-H* which is previously
dried for 30 minutes in the oven at 105 °C. The
mixture 1s stirred for 6 h at room temperature
(25 °C). The product turned orange when the
catalyst is added. Furthermore, it becomes
darker and more viscous with the time of po-
lymerization. After 6 h, the reaction mixture is
dissolved in CH2Clg, then filtered, precipitated
in cold Methanol (CH30H) and dried in vacuum
over night. Then, the same experimental proto-
col is performed with 10 %wt of Mag-H*, but
this time, in solution using dichloromethane as
solvent at various temperature. The % yield of

CHs
. 2l -
n

Maghnite-H+

25°C, 6h

Limonene .
Polylimonene

Scheme 1. Polymerization of Limonene catalyzed

by Mag-H+*

Lin (counts)

Raw-Maghnite
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2-Theta-scale

Figure 1. X Ray diffractogram of Raw-Maghnite

(black) and Maghnite-H* 0.25 M (red)

the obtained polymer is calculated by a simple
weighing according to the following equation:

Yield (%) = (Mo/M1).100% 1)

where, My is weight of the obtained polymer,
M; is weight of the initial monomer. The po-
lymerization reaction of limonene is described
in Scheme 1.

2.4 Characterization

The X-Ray powder diffraction profiles for
pressed powder samples were recorded on a D8
Discover Bruker diffractometer using Cu-Ka
radiation (A = 1.5418 A). FTIR absorption spec-
tra were recorded on an Alpha Bruker FTIR
spectrometer. NMR is a very powerful analyti-
cal method for the elucidation of chemical
structures. 'H-NMR spectra are recorded on a
Brucker-Avance 400 MHZ apparatus in
Deuterated Chloroform. Polymer thermal sta-
bility was assessed using calorimetric analysis
(DSC) 204 F1, NETZSCH equipment, under an
inert atmosphere with a flow rate of 50
mL/min. The heating rate was 10 °C/min from
ambient to 800 °C under N2 and the sample
weighed about 6 mg. SEC analyses were car-
ried out on GPC-PL120 apparatus, using
CH:Cl2 (1.0 mL/min) as the mobile phase at
27.5 °C, Polystyrene standards were used for
column calibration.

3. Results and Discussion
3.1 Characterization of Maghnite-H~*

X-Ray diffractogrammes of Raw-Mag and
Mag-H* are shown in Figure 1. The calculated
basal spacing (doo1) from XRD patterns, apply-
ing Bragg equation (2d sin 6 = nl) is 12.5 A for
Raw-Mag and 14.5 A for Mag-H*. This increase

e
g ]
3 &1 -Raw-Maghnite
E a -Maghnite-H+
2 4
=
E E
2 | [
~
g g
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Wavenumber cm- 1

Figure 2. FT-IR spectrum of Raw-Maghnite
(red) and Maghnite-H* 0.25 M (black)
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in basal spacing is explained by the substitu-
tion of single water between the sheet of Raw-
Mag by two interlamellar water layer in Mag-
H+.

FT-IR spectrum of Maghnite-H* (Figure 2)
is recorded in order to check the quality of the
catalyst preparation. The hydrated structure of
Maghnite-H* results in characteristic vibra-
tions of hydroxyl groups around 3400 cm-! and
3600 cm-l. Various Si—O vibrations mode at
1007 em-1, 756 cm-!, 518 cm-!, and 449 cm-! can
be attributed to the montmorillonite clay struc-
ture. All these expected absorption bands con-
firm that the structure of the compound is thus
in good agreement with vibration values ob-
tained from the literature [24].

3.2 Characterization of the Obtained Polylimo-
nene (PLM)

3.2.1 Fourier Transform Infrared Spectroscopy
(FT-IR)

FT-IR spectrum of limonene and its polymer
have been shown, respectively, in Figure 3a
and 3b. It is observed that the peaks at 1309,
1217, 956, 913, and 885 cm-! corresponding to
the double bonds in limonene (Figure 3a) have
disappeared in the spectra of PLM (Figure 3b)
confirming that the polymerization has suc-
ceeded. It should be noted the presence of char-
acteristic band corresponding to the stretching
band of C=C at 1640 cm-! in the spectra of limo-
nene and at 1673 cm-! in the spectra of PLM
and also an intense band at 2930 cm-
corresponding to the valence vibration of the
methylene C—H bond in both FT-IR spectrum.

I

Transmittance [%]

T T T T T T T
3500 3000 2500 2000 1500 1000 500
Wanenumbar em-1

Figure 3. FT-IR spectrum of (a) limonene and (b)

polylimonene catalyzed by 10 %wt of Mag-H*

3.2.2 Nuclear Magnetic Resonance of proton
(‘H-NMR)

1H-NMR spectra of the obtained polylimo-
nene is shown in Figure 5. The polymerization
is carried out in bulk, at 25 °C, for 6 hours. The
peak "c" at 1.4 ppm corresponding to protons in
methyl group (C—H) in limonene (Figure 4)
moves to 0.81 ppm for PLM (Figure 5). There is
also the appearance of the peak "f" at 1.18 ppm
in the spectrum of the PLM corresponding to
the protons of methylene group (-CHz.), this
peak doesn't appear in the spectrum of Limo-
nene. The peak "a" at 5.35 ppm assigned to the
internal double bond (C=C) has an integration
of 1 in the limonene spectrum, this same peak
has an integration of 2 in the PLM spectrum
confirming that there are two internal double
bonds (C=C): polymer and end of chain. The
peak "b" at 4.63 ppm is the characteristic reso-
nance of the protons resulted by the terminal
double bond (—C=CH).

The integration of this peak in the spectrum
of PLM is 1 (only 1 proton) whereas in the
spectrum of limonene, the integration of this
peak is 2 (2 protons) confirming that the double
bond (-C=CH) ) of limonene has changed into
chain end in the PLM. In addition, the integra-
tion of the peak "c", which is 63.51 compared to
1 of the end of chain, clearly shows that the po-
lymerization of limonene is successful with
Maghnite-H*.

3.2.3 Scanning Calorimetry (DSC)

The thermal properties of the obtained poly-
mer (PLM) are determinate by Differential
Scanning Calorimetry (DSC). Figure 6 shows
the results of the DSC measurements. The
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Figure 4. 'H-NMR spectrum of limonene (in
CDCls, 400 MHZ)
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Figure 5. TH-NMR spectrum of polylimonéne catalyzed by 10 %wt of Mag-H* (in CDCls, 400 MHZ)
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Figure 6. Thermogram DSC of polylimonene, 10 %wt of Mag-H*, in solution, at -5°C for 6 h

Copyright © 2019, BCREC, ISSN 1978-2993

494 1




Bulletin of Chemical Reaction Engineering & Catalysis, 14 (1), 2019, 74

glass transition temperature (7%) of the PLM is
observed in the temperature range of 113-116
°C, the same result was obtained by Singh and
Kamal [25].

3.3 Kinetic Study of the Polymerization of
Limonene Catalyzed by Mag-H*

The objective of this part is to study the ki-
netic of the polymerization of limonene by
Maghnite-H*, which consists in varying sepa-
rately different parameters including the quan-
tity of the catalyst, the reaction time and the
temperature, in order to know their influence
on the yield of the obtained product and to find
the optimum conditions of the reaction. In a
previous work [26-27] we have demonstrated
that there is a correlation between acid activa-
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Figure 7. Effect of Mag-H* amount on the yield
of PLM (in solution and in bulk), at 25 °C for 6 h

tion of Maghnite with different H2SO4 concen-
trations and its catalytic activity. We found
that the best results are obtained by acid acti-
vation with 0.25 M H2SO4 solution in which
there is a complete cationic exchange of Magh-
nite by protons, without the destruction of its
structure.

3.3.1 Effect of Mag-H* amount on the yield of
PLM

The polymerization is carried at 25 °C for 6
h, using various amounts of Mag-H*. The re-
sults in Figure 7 show that the yield of polymer
increased with the amount of Mag-H* for both
polymerizations, in solution and in bulk. The
output increases according to the quantity of
Mag-H* up to the optimal point, which corre-
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Figure 8. Effect of Mag-H* amount on average
molar mass (Mn) of PLM, in solution, at 25 °C
for 6 h
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Figure 9. GPC Chromatogram of the obtained polylimonene
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sponds to 10%. This behavior is explained by
the increase of active sites available in Magh-
nite-H* responsible for the initiation and accel-
eration of the polymerization reaction until the
saturation of these sites. The obtained results
show also that the viscosity of the environment
in the bulk polymerization limits the growth of
polylimonene giving lower yields compared to
those of limonene polymerized in solution.
However, bulk polymerization remains a pre-
ferred technique for PLM synthesis to be con-
sistent with the principles of green chemistry.

Figure 8 shows the effect of the amount of
Mag-H* on the Mn of the obtained polymer
(PLM), using various amounts of Mag-H* (2, 4,
5, 10, 15, 20, and 25 % by weight). The polym-
erization of limonene is carried out in solution
at 25 °C, for 6 h. The amount of the catalyst
(Mag-H*) is an important factor of polymeriza-
tion. In fact, the results summarized in Figure
8 show that a critical value of 10 %wt of cata-
lyst seems to limit the increase of molar masses
(Mn = 1360 g/mol). An amount higher than 10
%wt of Maghnite-H* leads to the degradation of
the polymer giving lower Mn. GPC analysis of
PLM synthesized with 10 %wt of Mag-H*, in so-
lution, at -5 °C for 6 h, is also provided to gives
the molecular weight of the product. Figure 9
shows that Mn = 1360 g/mol and Mw = 1513
g/mol.

3.3.2 Effect of the temperature on the yield of
PLM

Figure 10 shows the effect of temperature
on the yield of the polymerization. This study is
carried out in solution and in bulk at different
temperatures: -15, -5, 0, 15, 15, 20, and 25 °C,
for 6 h with 10 %wt of Mag-H*. An interesting
result is that Maghnite-H*is able to initiate
limonene polymerization even at low tempera-
ture both in bulk and with CH2Cls. The yield of
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m50
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=
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* 10
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Temperature (%)

Figure 10. Effect of Temperature on the yield of
PLM (in solution and in bulk), 10 %wt of Mag-H*,
for 6 h

the reaction reaches its maximum (40.5% in
bulk, 48.5% in solution) for a temperature of -5
°C. The yield decreased with the temperature
rising from 0 to 25 °C. It is noted that the tem-
perature has a great influence on the yield.

3.3.3 Effect of the time on the yield of PLM

Figure 11 shows the yield of polymer versus
time for the polymerization of limonene using
of Mag-H* as a catalyst. As the figure shows
that at the end of 6 h, polymerization takes
place quickly and reaching the best yields (48.5
% in solution, 40.5 % in bulk) in presence of 10
%wt of Mag-H* at -5 °C. After this time, the po-
lymerization slows down gradually and the
yield becomes almost constant.

3.4 Proposed Mechanism of the Polymerization

The mechanism proposed for the reaction of
limonene polymerization by Maghnite-H* is
based on the cationic aspect of the catalyst.
The reaction of polymerization of isobutylene
[26] and dioxolane [28], which polymerize only
by cationic process by Maghnite confirms this
cationic aspect. The initiation step occurs by
the protonation of the monomer by Maghnite
protons, and the platelets of Maghnite take
place as a counter-ion. Propagation and termi-
nation steps occur in similar way of conven-
tional cationic polymerization.

4. Conclusion

The polymerization of limonene was suc-
cessfully obtained using Maghnite-H* as a
green solid catalyst, in bulk and in solution.
The polymerization proceeds via a cationic
mechanism due to the presence of intercalated
protons in the lamellar structure of Maghnite.
The influencing factors on the polymerization
reaction were studied, and the optimal reaction
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Figure 11. Effect of the time on the yield of
PLM (in solution and in bulk), 10 %wt of Mag-
H+* at -5 °C
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conditions were obtained. The kinetic study of
the polymerization demonstrates that the
amount of catalyst increases the molecular
weight of the obtained polymer (PLM). The
synthesized product is perfectly characterized
by FT-IR, 'H NMR, GPC, and DSC analyses,
and the structure of the obtained polymer has
been confirmed. The results indicated that, the
polymerization was successful both in solution
and in bulk. The objectives of this work are the
synthesis of polylimonene out of a green raw
material (limonene) by the use of MMT-H* as a
catalyst. The interesting aspect of this new eco-
logical catalyst is the environmentally friendly
nature of the reaction because it does not imply
the disposal of solvents or metal catalysts.
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