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Abstract

The aim of this work is the valorization of diss fibers with recycled and regenerated low-density polyethylene (fLDPE) for
the development of biocomposites based on blends of rLDPE polypropylene (PP) and diss fibers. The diss fibers were char-
acterized by laser granulometer and FTIR spectroscopy. Two PP/rfLDPE blends of different compositions (50/50 and 75/25)
were prepared. These polymer blends were reinforced by nano-Si particles and compatibilizers which were investigated using
three compatibilizers: maleic anhydride functionalized ethylene copolymer rubber (MAC), maleic anhydride functionalized
ethylene copolymer rubber/SiO, (MAC/SiO,), and maleic anhydride functionalized ethylene copolymer rubber/SiO,/ionic
liquid (MAC/SiO,/IL). The thermal properties of the blends were studied using differential scanning calorimetry and ther-
mogravimetric analysis. Their crystallinity was investigated by X-ray diffraction and their morphology by scanning electron
microscopy, while mechanical properties were evaluated by tensile testing. The best tensile properties were obtained for the
PP/rLDPE (75/25) blend. A significant increase of the Young’s modulus, stress at break, and elongation at break was obtained
with the three compatibilizers. MAC acted as a compatibilizer of both polymers, resulting in improved interfacial adhesion
which increased tensile properties. Finally, the effect of diss fiber surface modification on the properties of PP/rLDPE blends
was considered. The results showed a modification of tensile properties and a satisfactory interfacial adhesion between diss
fibers and polymer blends. Furthermore, thermal stability was not significantly decreased by the addition of 5 wt% diss fibers.

Keywords Recycled and regenerated low-density polyethylene - Polypropylene - Blends - Compatibilizer - Diss fibers -
Composites - Tensile properties - Thermal properties

Introduction

Every year, a few million tons of wastes from plastic manu-
facturers are collected all over the world. Over time, the
capacity of recycling plastic wastes gradually increased.
However, the percentage of plastics found in landfills is
still very significant [1]. Some of the most important com-
modity polymers include polypropylene (PP), high-density
polyethylene (HDPE), and low-density polyethylene (LDPE)
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[2-5]. All of these polymers are derived from petrochemi-
cal resources and have long chains of hydrogen and car-
bon atoms. While polyethylene (PE) is in the first place
with 32%, polypropylene (PP) is in the second place with
20% followed by poly (vinyl chloride) (PVC) with 17% in
manufacturing and consumption of plastics in the world this
indeed causes a large amount of post-consumer waste of this
polymer. Polyolefins, especially polyethylene (PE) and poly-
propylene (PP), have been widely used due to their relative
low density, good chemical resistance, electrical insulation
properties, and low cost. It is therefore desirable to prepare
superior polyolefin blends for use in applications such as
packaging, pipe, wire and cable, and other insulation mate-
rials [6].

More recently, issues related to sustainable development
and environmental preservation are receiving significant
attention from the global community. The advantages of
recycled polymers include reduction of energy consump-
tion compared to virgin polymers, lowering the disposal of
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plastic wastes in garbage cans, and creating jobs and income.
The recycling of industrial scraps is a successful practice
because of the low level of contamination. Recycling munic-
ipal plastic wastes is often a delicate task, as these mate-
rials are usually a mixture of different polymers, making
treatment more difficult and also limitating the number of
potential applications [7].

The traditional solutions of handling the waste plastics
are landfill, incineration, and recycling [8], but the former
two are undesirable because that would either cause pollu-
tions or emit harmful gases. Taking waste PVC as an exam-
ple, when burnt, it can emit toxic gases such as dioxins [9].
Obviously, recycling is an appropriate way because of its
efficiency and reuse. There are four main methods of plastic
waste recycling [10]: energy recovery, feedstock recycling,
chemical recycling, and material recycling. Adding plastic
recyclates to the original material is an important issue in
terms of managing growing amounts of various polymer
waste materials [11-13]. Recently, a great attention is being
paid on the use of different polymer-based materials includ-
ing recycled polymers as matrices for reinforcement with
nanomaterials to develop innovative nanocomposite materi-
als [14-18].

Diss (Ampelodesma mauritanica) is a large grass wide-
spread growing in the Mediterranean North Africa and in
the dry regions of Greece to Spain. In France, it is found
in the departments of Var, Southern Corsica, and Herault.
This plant was previously used in the realization of the old
dwellings because of its mechanical and physical properties
[19]. Its fibrous nature may be capable of offering interesting
properties to composite materials.

The aim of this work is the valorization of diss fibers with
recycled and regenerated low-density polyethylene (rLDPE)
for the development of biocomposites based on blends of
rLDPE/polypropylene and diss fibers. Blends of PP and
rLDPE may contribute to make recycling more economi-
cally attractive.

In mixtures rich in LDPE, a heterogeneous distribution
of PP in the LDPE matrix corresponds to a biphasic system
in the molten state [20-22]. The lack of interfacial adhesion
between both phases results in a decrease in the mechani-
cal properties, in particular regarding morphology, impact
resistance, breaking stress, and ductile to brittle transition.
According to Radonjic and Gubeljac [23], the immiscibil-
ity between both phases makes the rule of mixtures inef-
fective in the prediction of some properties of interest. To
overcome this difficulty, the use of various coupling agents
was reported. It was found that the addition of ethylene/
propylene block copolymer enhances the ductility of LDPE/
PP mixtures, especially mixtures with high PP percentages
[23-25]. Hanks et al. [21] used ethylene-propylene-diene
copolymer (EPDM) or PE-g (2-methyl-1,3-butadiene) to
improve stress and elongation at break of virgin and recycled
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LDPE/PP. Inorganic particulate fillers such as micro-/nano-
Si0, nanoparticles [26, 27], nCaCOs;, carbon nanotubes and
laminated silicates [4, 27-30] were used to make polymer
composites. They were reported to combine the advantages
of their constituent phases. Nano-SiO, which exhibit inter-
esting physicochemical properties has the great advantage
of reinforcing the polymers. Silica nanocomposites exhibit
improved thermal stability, enhanced mechanical properties,
decreased gas permeability, and reduced flammability com-
pared to pure polymers [31-35]. In PP and LDPE mixtures,
maleic anhydride functionalized ethylene rubber copolymer
was shown to limit the problem of aggregation of the silica
within the matrix as it consists of two parts; the hydrophobic
part is miscible with the polypropylene matrix while the
hydrophilic part can interact with the hydroxyl groups pre-
sent on the entire surface of the nano-SiO,. Blends and com-
patibilized blends can be prepared by various methods such
as solution mixing [36], in situ spacer polymerization [37],
and sol-gel reaction [38—40]. Recently, ionic liquids (ILs),
especially known for their excellent thermal and chemical
stability, their non-flammability, and their low saturated
vapor pressure, were used as surfactants, lubricants, plasti-
cizers, building blocks, or processing aids of polymer matri-
ces [41-49]. Leroy et al. [50] studied the starch—zein melt
processed blends following the utilization of an ionic liquid
as plasticizer agent.

Increased pressure from society, preservation of natural
resources as well as rigor of laws adopted by developing
countries lead to the invention and development of natural
materials based on renewable raw materials [51]. In this con-
text, composites need to use natural plant-based fibers such
as linen, diss, jute, sisal, kenaf, banana as alternative materi-
als to replace solid wood. Reinforced polymer composites
based on cellulosic fibers have been used for many applica-
tions such as automotive components, aerospace parts, Sport-
ing goods as well as construction materials. Reinforced poly-
mer composites based on cellulosic fibers have found major
applications in the construction of bridges and buildings in
recent years. This is due to the advantageous properties of
these materials, such as low weight, high strength, free form-
ability, and substantial resistance to corrosion and fatigue.
The disadvantage is the lack of compatibility between the
polymer matrix and the natural fibers, which reduces the
final performances of material, thus limiting the possible
applications [3, 4]. This is due to the hydrophilic charac-
ter of the natural fibers with respect to the polymer matrix
which has a hydrophobic character. To improve the adhesion
between the polymer matrix fibers, various chemical and
physical methods have been elaborated [2, 5].

In the present work, PP/rLDPE blends of variable com-
positions (75/25 and 50/50) were prepared and reinforced
by maleic anhydride functionalized ethylene copolymer
rubber/SiO, and maleic anhydride functionalized ethylene
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copolymer rubber/SiO,/ionic liquid. Their morphological,
thermal, and mechanical properties were evaluated. The
chemical composition of the diss grass is mainly lignin, cel-
lulose, and hemicellulose. The insufficient interface quality
between the diss and the polymer matrix is the first and the
most important problem in natural fiber-reinforced compos-
ites. Diss fibers were thermally and chemically treated to be
used as reinforcements of compatibilized PP/rLDPE blends.
The mechanical, thermal properties, and morphologies of
the composites were investigated.

Experimental
Materials

Isotactic polypropylene was supplied by Sabic V R (Saudi
Arabia). The sample properties were as follows: flow index
(MFI) of 10 g/10 min (2.15 kg at 230 °C), melting point of
164.4 °C, and a crystallinity percentage of 38.6%. Regen-
erated low-density polyethylene was supplied by “UTPS
Imprimeurs sur matieres plastiques” (Algeria). It was
obtained from recycled trash bins with non-contaminated
waste. Samples had a density of 0.918 g/cm® and a melt
flow index of 7.5 g/10 min. Maleic anhydride functionalized
ethylene copolymer rubber (Exxelor VA 1801) was provided
by Exxon Mobil (France). Hydrophilic fumed silica nano-
Si0O, was supplied by Degussa GmbH (Germany) under the
trade name AEROSIL OX 50. Average primary particle size
was of 40 nm, the specific surface area of 50 mz/g, and the
nano-SiO, content of 99.8%. The ionic liquid-based phos-
phonium cations with different anions (trihexyl tetradecyl
phosphonium bis (trifluoro methyl sulfonyl) imide, termed
IL-TFSI) having a molar mass M of 764 g mol™" and sup-
plied by Cytec industries Inc (Scheme 1). The commercial
name is Cyphos-IL109. Diss fibers were collected in the
Algerian province of Msila between March and June 2016.

Surface Modification of Diss Fibers
Thermal Treatment

Diss fibers were washed with water to remove contami-
nants and dust. They were dried at room temperature and
cutinto 1 cm length. Diss fibers were chopped with a blade
crusher. The particle size was analyzed by laser granulom-
etry. Chopped diss fibers were subjected to heat treatment by
keeping samples in an oven at 100 °C during 4 h.

Chemical Treatment

Chemical treatment was performed according to the method
described by Bessadok et al. [52] with several adaptations.
Diss fibers were firstly swelled in a water/aromatic solvent
(45/5 cm®) for 15 min at 85 °C. Then, fibers were modi-
fied with acrylic acid monomer (AA) (0.3 M) using benzoyl
peroxide (POB) (0.01 M) as an initiator for 1 h at 85 °C
(Scheme 2). The modified fibers were firstly washed with
an alkaline solution (1 g L™! NaOH and 6 g L™ NaCl) for
15 min, then with distilled water for 1 h. Finally, the modi-
fied fibers were dried in an oven at 60 °C for 12 h and cooled
in a desiccator.

Preparation of Polymer Blends and Biocomposites

The PP/rLDPE (50/50 and 75/25 by weight) blends and,
compatibilized PP/rLDPE blends [PP/rLDPE/MAC
(47.5/47.5/5); PP/rTLDPE/MAC/SiO, (46/46/5/3); PP/
rLDPE/MAC/SiO,/IL (44.5/44.5/5/3/3); PP/rTLDPE/MAC
(63.3/31.7/5); PPALDPE/MAC/Si0, (61.3/30.7/5/3); PP/
rLDPE/MAC/Si0,/IL (59.3/29.7/5/3/3)] were prepared
by using a twin-screw co-rotating extruder (Coperion
ZSK18K38, screw diameter of 18 mm, L/D =44), operat-
ing at 100 rpm with a constant feed ratio of 2.5 kg/h. The
temperature profile was 180, 190, and 200 °C. The tensile
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Scheme 1 Chemical structures of the IL-TFSI ionic liquid
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Scheme 2 Impact of acrylic acid treatment on cellulosic fibers

samples were then prepared by injection molding with a Bat-
tenfeld injection molding machine, keeping the temperature
of the barrel at 200 °C, and the mold at 25 °C. Based on the
formulation PP/TLDPE/MAC/Si0, (63.3/31.7/5/3) and the
same operating conditions, biocomposites were prepared
by adding either 5 wt% of untreated diss fibers (UDF) [PP/
rLDPE/MAC/SiO,/UDF (58/29/5/3/5)], or 5 wt% thermally
treated diss fibers (TTDF) [PP/rTLDPE/MAC/SiO,/TTDF
(58/29/5/3/5)] or 5 wt% chemically treated diss fibers PP/
rLDPE/MAC/SiO,/CTDF (58/29/5/3/5).

Characterization Methods
Particle Size Analysis

Diss particle size analysis was performed by a laser granu-
lometer (Malvern Instruments Ltd, Worcestershire, UK).

Fourier Transform Infrared Spectroscopy

The efficiency of thermal and chemical treatments of the
fibers was studied by FTIR analysis in attenuated total reflec-
tance mode (ATR), using a Nicolet Avatar 360 FTIR spec-
trophotometer. Two hundred scans were collected for each
measurement over the spectral range 4000-400 cm™! with
a resolution of 4 cm™!. The IR spectra were presented in
absorbance and assembled on a common scale.

Tensile Testing

The tensile tests were conducted using an Instron testing
machine with a crosshead rate maintained at 5 mm/min.
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The test was conducted following the ASTM D638 stand-
ard. Five measurements were conducted and an average for the
final result was considered. The dimensions of the calibrated
part involved a width of 4 mm, a thickness of 3 mm, and a
length of 40 mm.

Differential Scanning Calorimetry

The study of the crystallization behavior of the samples was
carried out using a differential scanning spectrophotometer
(DSC model Q10) under nitrogen atmosphere. Indium and tin
were used for the calibration of both heat of fusion and melt-
ing temperature. The samples were first heated up from 25 to
200 °C (first heating cycle). Then, they were cooled down from
200 to — 60 °C (cooling cycle) and finally they were heated up
again from — 60 to 200 °C (second heating cycle). The value
—60 °C corresponds to the limit of the device. The heating and
cooling rates were maintained at 10 °C/min in all the differ-
ent cycles. The enthalpies of fusion and crystallization of the
rLDPE and PP phases were calculated from the DSC curves
by integrating the appropriate peaks. Then the degree of crys-
tallinity (X, %) of the different biocomposites was calculated
from the values of enthalpy of fusion of the different phases
(AH,, 1 ppg and AH  pp) and the heat of fusion of perfectly
crystalline polyethylene (289, 9 J/g [53]) and polypropylene
(209 J/g [54])) as shown in Egs. (1) and (2).

AI—Im,rLDPE
XoLDPE = WIOO @))]
WAH, LppE
AI-Im PP
Xopp = ————100
%PP L 2)
m,PP
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Thermogravimetric Analysis

Thermal gravimetric (TG) and derivative thermal gravi-
metric (DTG) analyses were carried out using a TGA
Q500 TA instrument in an inert atmosphere at a heating
rate of 10 °C/min. The samples weights were in the [10-20
mg] range and were scanned from 25 to 600 °C.

X-ray Diffraction Analysis

The crystalline structures of PP/rLDPE compatibilized
and reinforced by MAC, MAC/Si0,, and MAC/SiO,/IL
were evaluated by X-ray diffraction (XRD) analysis. XRD
measurements were carried out by an Advance D8X-ray
diffractometer operating with a Cu Ka radiation source.
The X-rays were generated at 40 kV and 27 mA power and
XRD scans were recorded at 260 from 1° to 50°.

The percentage of crystallinity can be determined from
Eq. (3).

Area under crystalline peak
% Crystallinity = Y P

100
Total area under all peaks % )

Scanning Electron Microscopy Analysis

The morphologies of compatibilized PP/rLDPE blends
by MAC, MAC/SiO,, and MAC/SiO,/ionic liquid were
observed by scanning electron microscopy (SEM) tech-
nique. SEM observations were performed using a Quanta
250 (model) FEI (manufacturer) with a 5 kV voltage. The
samples were fractured in nitrogen and then metalized
with a mixture of Au/Pd.

Results and Discussion
Diss Fibers Characterization
Particle Size Analysis

This particle size analysis consists in determining the
size or the diameter of the particles by a laser beam. The
spectrum gives the quantity (volume) as a function of the
particles size. The average diameter of the untreated diss
fibers is of the order of 570 um as shown by the particle
size analysis (Fig. 1).

FTIR Spectroscopy Analysis
The efficiency of the thermal and chemical treatments on

the fibers was studied by ATR spectroscopy by comparing
the IR spectra of the fibers before and after each treatment
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Fig.2 FTIR-ATR spectra of the untreated (UDF), thermally (TTDF),
and chemically treated diss fibers (CTDF)

(Fig. 2). The main absorbance peak reflecting the C-C
cycle of the carbohydrate skeleton of cellulose appears
at 1160 cm™! [55-57]. Diss is mainly composed of cel-
lulose, hemicellulose, lignin, and of some pectin’s. On
the untreated fiber spectra, the C—O—C cellulose glyco-
sidic bond was detected by the stretching vibration band
at 1100 cm™!. The C—OH of the cellulosic backbone, sec-
ondary C-O alcohols and C—-O primers were observed at
1056 and 1030 cm™!, respectively. Peaks due to alcoholic
cellulose groups (OH deformation) were located at 1360
and 1320 cm™! while the band at 1315 cm™! corresponds
to —CH,— wagging of cellulose. The 1426 cm™! band was
attributed to cellulose —-CH,— bending. The large low
absorbance peak at 1650 cm™! is due to the presence of
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lignin [37, 38]. The band observed in the 3340 cm™~! region
is mainly bound to OH groups. The spectra of CTDF and
TTDF were compared to the spectrum of untreated fibers
(Fig. 2). The band observed at 3340 cm™! was reduced for
both TTDF and CTDF. The heat treatment does not greatly
affect the surface of the fibers (Fig. 2). Only an increase
in crystallinity and moisture removal occurs for dissolu-
tion after heat treatment. The increase in crystallinity of
the fiber was also observed by Sreekumar et al. [60]. For
CTDF treatment, this observation can be explained by the
addition of CH, and —-CH- groups on the fibers [57]. The
advantage of adding CH, and CH groups is the reduction
of the hydrophilic nature of the diss fiber and thus the
improvement of the interfacial adhesion between the fiber
and the matrix.

When comparing the spectra of CTDF and TTDF to that
of untreated fibers, the band observed at 3340 cm™! was
reduced for both treated fibers. This was due to the diminu-
tion of hydroxyl groups derived from these treatments.

The new peaks located at 2900-2850 cm™! were more
marked in the AA spectra compared to untreated spectrum
because these treatments lead to -CH,— and —CH- group
formation onto the fiber and the conjugation with carbonyl
group had a marked effect and the group (C=CH—COOR)
absorbed near 810 cm™! [58-60].

XRD Characterization

The X-ray diffraction pattern of UDF, CTDF, and TTDF is
illustrated in Fig. 3 by a Bragg angle function (26). For cel-
lulose, three main peaks were observed at 260 = 15.3°, 20 =
22.4°, and 26 = 34.6° corresponding to the diffraction of the
plane (110) of the amorphous cellulose while 26 = 22.4° and
26 = 34.6° correspond, respectively, to the diffractions of the

8000

7000
6000 IR

i /i
5000 N
il

Al \\\
4000 - / “.}({' \\\ (023)(004)
e | M,

\\ ke L I | S
/// n"w/ \ \wa
‘ WWN..‘,_ CTDF (b)

"/ \A'M ".
| bt s/ o

1000 M‘w UDF(a)
b v—y g 2 / \waricruninnd

e

Intensity (%)

3000

0 T T T i T X
20 40 60 80
2 theta (°)

Fig.3 X-ray diffraction of untreated (UDF), thermally (TTDF), and
chemically treated diss fibers (CTDF)
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planes (002) and (004) and are attributed to the crystalline
form of the cellulose as observed by Uma Maheswari et al.
and by Haibo Zhao et al. for the X-ray analysis of extracted
cellulose microfibers [46].

The heat treatment does not greatly affect the surface of
the fibers. Only an increase in crystallinity and moisture
removal occurs for dissolution after heat treatment. The
increase in crystallinity of the fiber was also observed by
Sreekumar et al. [60].

From the different X-ray curves, the crystallinity values of
the fibers after each treatment were calculated and presented
in Table 1. In regard to these results, the thermal treatment
was proved to achieve a huge increase of crystallinity. The
growth of the fiber crystallinity owing to heat treatment has
already been pointed out by Sreekumar et al. [60]. Concern-
ing the chemical treatments, almost all achieved an increase
in the fiber crystallinity. The highest value was seen for the
acrylic acid treated-fiber (CTDF) whose crystallinity was
similar to that of the thermal treatment owing to the grafting
of groups CH and CH,.

Compatibilized PP/rLDPE Blends and Biocomposites
Characterization

Tensile Testing

The Young’s modulus, stress, and elongation at break of
uncompatibilized blends (PP/fLDPE: 50/50 and 75/25),
compatibilized blends [PP/AILDPE/MAC (47.5/47.5/5); PP/
rLDPE/MAC/Si0O, (46/46/5/3); PP/TLDPE/MAC/SiO,/
IL (44.5/44.5/5/3/3); PP/f[LDPE/MAC (63.3/31.7/5); PP/
rLDPE/MAC/SiO, (61.3/30.7/5/3); PPALDPE/MAC/SiO,/
IL (59.3/29.7/5/3/3)] and biocomposites [PP/T[LDPE/MAC/
SiO,/untreated and treated diss fibers (58/29/5/3/5)] are
illustrated in Table 2. Tensile properties decreased when
lowering the level of rLDPE in the blends [ Young’s modu-
lus from 560.2 MPa for PP/rfLDPE (50/50) to 581.9 MPa
for PP/rLDPE (75/25)], stress at break [from 30.5 MPa for
PP/rLDPE (50/50) to 35.9 MPa for PP/rLDPE (75/25)], and
elongation at break [from 759.1% for PP/rLDPE (50/50)
to 824.9% for PP/rTLDPE (75/25)]. These poor mechanical
performances are related to the immiscibility of the poly-
mers. In order to enhance the compatibility of our pair of
polymers, three compatibilizers and reinforcement systems

Table 1 Crystallinity (X, %) of Crystal-

the untreated (UDF), thermally linity (X,
(TTDF), and chemically treated %) ¢
diss fibers (CTDF)

Formulations

UDF 40.3
CTDF 79.6
TTDF 83.3
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Table 2 Tensil.e.proper ties Formulations Young’s modulus  Tensile strength Elongation

of uncompgtlblhzed, (MPa) (MPa) at break (%)

compatibilized PP/TLDPE

blends, and biocomposites: PP/tLDPE (50/50) 560.2+4.9 30.5+0.5 759.1+1.9

Young modulus, tensile PP/LDPE/MAC (47.5/47.5/5) 559.8+1.7 33.5+0.4 8053 +6.4

strength, and elongation at

break PP/rLDPE/MAC/SiO, (46/46/5/3) 597.3+5.6 35.1+04 880.4+5.5
PP/r'LDPE/MAC/SIO,/IL (44.5/44.5/5/3/3) 5722+24 31.1+04 799.5+1.6
PP/rLDPE (75/25) 581.9+2.7 359+0.6 824.9+6.2
PP/rLDPE/MAC (63.3/31.7/5) 561.0+2.5 335+1.3 937.0+0.0
PP/r'LDPE/MAC/SiO, (61.3/30.7/5/3) 655.4+5.9 34.1+0.4 883.6+5.3
PP/'LDPE/MAC/SiO,/IL (59.3/29.6/5/3/3) 622.1+14 31.8+0.4 844.2+4.7
PP/'LDPE/MAC/SiO,/UDF (58/29/5/3/5) 561.1+2.1 22.7+0.8 207.5+9.6
PP/'LDPE/MAC/SiO,/TTDF (58/29/5/3/5) 6443+1.0 252+1.7 644.3+6.6
PP/rLDPE/MAC/SiO2/CTDF(58/29/5/3/5) 613.2+6.8 243+1.7 310.5+8.3

were tested (MAC, MAC/SiO,, and MAC/SiO,/IL). As
shown in Table 2, the best results were obtained for the PP/
rLDPE (75/25) blend. A significant increase of tensile prop-
erties was obtained with the three compatibilizing systems
[Young modulus from 503.2 MPa for PP/rLDPE (75/25) to
588.6, 655.4, and 622.0 MPa, respectively, for PP/fLDPE/
MAC, PP/rLDPE/MAC/SiO,, and PP/TLDPE/MAC/Si0O,/
IL], stress at break (from 25.5 MPa for PP/rfLDPE (75/25) to
33.5, 34.1, and 31.8 MPa for, respectively, PP/rLDPE/MAC,
PP/rTLDPE/MAC/SiO,, and PP/rTLDPE/MAC/SiO,/IL)) and
elongation at break [from 109.1% for PP/rLDPE (75/25) to
954.6, 883.6, and 844.2 MPa for, respectively, PP/rfLDPE/
MAC, PP/rLDPE/MAC/Si0,, and PP/rLDPE/MAC/SiO,/
IL)]. The presence of MAC, which acted as a dispersing
agent between both polymers, thereby improves the inter-
facial adhesion by which the Young’s modulus, stress at
break and elongation at break have increased. Zhao et al.
[46] studied the effect of various compatibilizers on HDPE,
PP, and PVC mixtures and found that the ethylene-glycidyl
methacrylate copolymer provides a better interface. The
relatively highest improvements of the Young’s modulus,
stress, and strain at break were observed during the addi-
tion of MAC/nano-SiO,. MAC acts as a load carrier which
further strengthened the composite and also improves the
adhesion between the nano-SiO, and the polymer favoring a
good dispersion of the nano-SiO, in the polymer matrix and
subsequent restriction in the mobility of the polymer chains
[4,28, 30, 31]. All these features suggest an improvement in
the adhesion between the constituents of the polymer blend.
With MAC/nano-SiO,/ionic liquid, no further improvement
of the Young’s modulus, stress at break, and elongation at
break was observed. On the contrary, a decrease of these
three properties was observed compared to the MAC/nano-
Si0, samples. This is attributed to the presence of IL-TFSI
multilayers on the nano-SiO, surface that can act as a plas-
ticizer of the interface region between the rigid nano-SiO,
and the polymer matrix.

In order to investigate the effect of the diss fibers, the
PP/rLDPE/MAC/SiO, (61.3/30.7/5/3) blend which exhib-
ited the best tensile properties was chosen as the basic
blend. The results are given in Table 3. Tensile proper-
ties decreased with the addition of diss fibers [Young’s
modulus from 655.4 MPa for PP/rLDPE/MAC/SiO,
(61.3/30.7/5/3) to 561.0, 644.3, and 613.2], MPa for,
respectively, PP/rTLDPE/MAC/SiO,/UDF (58/29/5/3/5),
PP/rLDPE/MAC/SiO,/TTDF (58/29/5/3/5), and PP/
rLDPE/MAC/SiO,/CTDF) (58/29/5/3/5), stress at break
[from 34.1 MPa for PP/rfLDPE/MAC/SiO, (61.3/30.7/5/3)
to 22.7, 25.2, and 24.3 MPa for, respectively, PP/TLDPE/
MAC/SiO,/UDF (58/29/5/3/5), PP/fLDPE/MAC/SiO,/
TTDF (58/29/5/3/5), and PP/TLDPE/MAC/SiO,/CTDF
(58/29/5/3/5)], and elongation at break [from 883.6% for
PP/t LDPE/MAC/SiO, (61.3/30.7/5/3) to 207.5, 644.3,
and 310.5% for, respectively, PP/rTLDPE/MAC/SiO,/UDF
(58/29/5/3/5), PP/rTLDPE/MAC/SiO,/TTDF (58/29/5/3/5),
and PP/rLDPE/MAC/Si0,/CTD (58/29/5/3/5)]. However,
all these properties remained higher than those of the PP/
rLDPE blends (50/50 and 75/25). Uniform dispersion of
the filler leads to the improvement of the mechanical prop-
erties. On the contrary, aggregated filler clusters in the
polymer matrix act as concentrator of stress points leading
to the deterioration of these properties [60]. On the other
hand, the tensile properties obtained in the case of TTDF
and CTDF are higher than those obtained with UDF and
the properties obtained with TTDF are higher than those
obtained with CTDF. It can be seen that the treatment of
fibers changed the entire nature of the composites. The
treatments caused a decrease of elongation indicating a
decrease in the ductility of the composites. The charac-
terization of diss fibers using FTIR spectroscopy showed
that the treatments did not modify the fiber surface sig-
nificantly [47, 54]. Only an increase in crystallinity and
removal of moisture occurred for the diss fibers after heat
and chemical treatment. An increase in crystallinity of the
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Table 3 Melting temperature (7,,), heat of fusion (AH,,), crystallization temperature (7,), heat of crystallization (AH,), and degree of crystallin-

ity (X,) of compatibilized PP/fLDPE blends and biocomposites

Formulations PP phase rLDPE phase
T,(°C) AH,{J/g) T,(°C) AH. (/g) X (%) T,(°C) AH,{Jlg) T,(°C) AH (J/g) X (%)

PP/rLDPE (50/50) 164.6 502 123.8 52.1 49.8 1309 29.8 1154 243 36.2
PP/rLDPE/MAC (47.5/47.5/5) 164.7  28.8 122.8  31.0 29.7 1314  69.2 115.7 559 38.5
PP/rLDPE/MAC/SiO, (46/46/5/3) 163.6 329 1239 371 355 1303 683 1174 578 39.9
PP/rLDPE/MAC/SiO,/IL (44.5/44.5/5/3/3) 164.1  29.2 123.6 294 282 130.7 68.1 116.6  56.0 38.6
PP/r LDPE (75/25) 165.0 340 124.8  39.6 253 131.8 678 1163 59.2 304
PP/r LDPE/MAC (63.3/31.7/5) 1640 520 123.,5 545 347 1300 289 116.8 247 34.1
PP/rLDPE/MAC/SiO, (61.3/30.7/5/3) 164.0  52.1 1235 542 346 1298 325 116.7  26.0 35.8
PP/rLDPE/MAC/SiO,/IL (59.3/29.6/5/3/3) 164.6  50.1 122.8 464 29.7 1302 28.0 115.1 185 25.5
PP/rLDPE/MAC/SiO2/UDF (58/29/5/3/5) 1647  36.9 1222 322 205 131.0 259 114.0 157 21.7
PP/rLDPE/MAC/SiO2/TTDF (58/29/5/3/5) 164.7 459 1225 405 258 130.1 248 1152 14.1 19.5
PP/rLDPE/MAC/SiO2/CTDF (58/29/5/3/5) 164.5  46.0 122.6  40.2 256 1300 247 115.0 147 20.4

fibers was also observed by Bessadok et al. [52] which
causes an improvement in fiber/matrix adhesion of the
composites.

DSC Analysis

Melting and crystallization curves from the second heating
and first cooling cycles of the PP/rfLDPE blends which were
compatibilized using MAC, MAC/SiO, ,and MAC/SiO,/
IL and biocomposites were analyzed. The corresponding
data are given in Table 3. Interesting characteristics can be
obtained from these results. Two melting peaks are apparent
in the total heat flow. Both melting (T,,) and crystallization
temperatures (T,) of PP and rLDPE phases are determined at
the maximum of the melting and crystallization peaks from
the second heat and cooling DSC thermograms, respectively.
Mixtures have endothermic peaks at two different regions.
The melting peak at about 132 °C was assigned to the fLDPE
and the second peak at about 165 °C to PP in the absence of
compatibilizers (MAC, MAC/SiO,, and MAC/SiO,/IL) in
the mixtures. Globally, both T, and T, of each component in
the compatibilized blends and the biocomposites remained
practically constant (163.6—-164.7 °C and 129.8-131.8 °C,
respectively, for T,,, of PP and rLDPE; 122.2-123.8 °C and
114.0-117.4 °C, respectively, for Tc of PP and rLDPE).
These values remained practically constant after the intro-
duction of the compatibilizers, proving their good disper-
sion in the polymeric matrix. Thus, the melting temperatures
stayed in the range of 129.8-131.8 °C and 163.6-164.7 °C
for tLDPE and PP, respectively. Likewise, the crystalliza-
tion temperatures were in the range of 114.0-117.4 °C and
122.2-123.8 °C for the same components. The X_ of each
component in the mixtures lowered when decreasing the
content of the corresponding component. A decrease of X,
of the crystalline components in the mixtures with respect
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to the pure polymers is generally observed when there are
specific interactions between the components [49]. X, of
each component in the mixture increased with addition of
UDF, CTDF, and TTDF, respectively [29]. The heat treat-
ment does not affect the fibers surface very much (Fig. 2).
Only an increase in crystallinity and removal of moisture
occured for the diss fibers after heat treatment. The increase
in crystallinity for fibers was also observed by Gui et al. [54].
This causes an improvement in fiber/matrix adhesion. The
addition of UDF, TTDF, and CTDF to PP/fLDPE affected
the crystallinity of the PP and rLDPE.

TG Characterization

Thermal stability is a very important parameter for polymer
materials as it is often the limiting factor for both process-
ing and end-user applications [61]. The corresponding data
of the thermograms PP/rLDPE blends compatibilized by
MAC, MAC/SiO,, and MAC/SiO,/IL are given in Table 4.
Whatever the compatibilizers introduced in the PP/TLDPE
mixture, there was a significant increase in the thermal sta-
bility of the polymer materials [491.9, 493.1, and 499.5 °C,
respectively, for PP/rLDPE/MAC (63.3/31.7/5), PP/rTLDPE/
MAC/Si0, (61.3/30.7/5/3), and PP/ALDPE/MAC/SiO,/IL
(59.3/29.7/5/3/3)] compared to PP (360 °C). In fact, the
improvement of the thermal stability can be addressed to the
barrier effect of SiO, [61]. Even MAC acted as a dispersing
agent between the polymers resulting in improved interfacial
adhesion, and the nano-SiO, inhibiting the diffusion of the
oxygen molecules necessary to trigger oxidative degradation
by creating a “tortuous path” in the matrix [62]. A barrier
effect due to nano-SiO, may also slow down the rate of mass
loss by preventing the escape of the volatile products from
the thermal degradation process of the nanocomposites [61].
For MAC/SiO,/IL, the temperatures T, (347.1 °C), T50%
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Table 4 Thermogravimetric data of compatibilized PP/rLDPE blends and biocomposites

Formulations Td (°C) T\09 (°C) T509, (°C) Trax CO) S (%/°C) RR (%)
PP/rLDPE (50/50) 322.5 425.6 464.2 476.2 -03 32
PP/rLDPE/MAC (47.5/47.5/5) 336.5 446.4 470.6 479.5 -0.2 5.2
PP/rLDPE/MAC/SiO2 (46/46/5/3) 341.8 452.1 473.6 499.8 -03 2.9
PP/r'LDPE/MAC/SiO2/IL (44.5/44.5/5/3/3) 313.9 429.4 467.4 499.2 -02 33
PP/tLDPE (75/25) 335.6 429.7 466.3 477.3 0.4 3.1
PP/r'LDPE/MAC (63.3/31.7/5) 3333 4447 464.4 491.9 -03 52
PP/'LDPE/MAC/SiO2 (61.3/30.7/5/3) 354 0.3 448.7 467.4 493.1 -03 24
PP/'LDPE/MAC/SiO2/1L (59.3/29.6/5/3/3) 347.1 428.2 466.4 499.5 -02 35
PP/rLDPE/MAC/SiO2/UDF(58/29/5/3/5) 332.2 429.4 470.3 498.7 -0.3 6.5
PP/rLDPE/MAC/SiO2/TTDF(58/29/5/3/5) 354.6 436.7 470.3 499.8 -0.3 6.4
PP/rLDPE/MAC/SiO2/CTDF(58/29/5/3/5) 350.2 427.7 465.7 495.9 -0.3 4.2

T, degradation onset temperature, T, temperature at 10% mass loss, T’s,, temperature at 50% mass loss, 7,

perature, S degradation speed, RR residual rate

(466.6 °C), and T,,,, (499.6 °C) are improved. This is prob-
ably attributed to a better dispersion of nano-SiO, which
increases the length of the tortuous path that prevents the
diffusion of decomposition gases [63]. Another reason for
this improvement could be the greater thermal stability of
IL-TFSI [64]. These phosphonium ionic liquids with long
alkyl chains (scheme 1) are used here as novel compatibiliz-
ing agents in polymer blends. By controlling the chemical
nature of the counter anion, the intrinsic thermal stability
of the ionic liquids was studied. According to the literature,
the combination of the anion associated with the organic
cation plays a fundamental role on the thermal stability of
the phosphonium salts [66—68]. In fact, the use of the TFSI
anion combined with the phosphonium cation results in an
increase of the degradation temperature of about 20 °C, over
the compatibilized mixtures by MAC which is decreased
to about 479.6 °C. Many Authors reported similar results
[65]. The use of ionic liquids associated with fluorinated
anions such as hexafluoro phosphate (PF 6) or tetra fluoro
borate (BF4) was reported [42, 68]. Recently, Livi et al. [42]
pointed out that the replacement of the halide anion (Br, I)
by a fluorinated phosphonium anion increases the thermal
stability of its composites. Table 4 shows that the onset tem-
perature of PP/rTLDPE/MAC/Si0O, (61.3/30.7/5/3) blend is
about 354.3 °C, and the DTG curve in Table 4 shows a two-
step degradation at around 368.0 °C for rLDPE and 474.0 °C
for PP. The composite reinforced with 5% diss fibers shows
a decrease of onset degradation but increase of maximal
temperature of PP. This result indicates that the stability of
the composites is affected by the addition of small amounts
of diss fibers. On the other hand, the temperature at 10%
mass loss of the biocomposite PP/ILDPE/MAC/SiO,/TTDF
(58/29/5/3/5) (436.7 °C) is higher than the temperature at
10% mass loss of both biocomposites PP/ILDPE/MAC/SiO,/
UDF (58/29/5/3/5) (429.4 °C) and PP/fLDPE/MAC/SiO,/

'nax Maximum decomposition tem-

CTDF (58/29/5/3/5) (427.7 °C) which suggests that the ther-
mal stability is better in presence of the TTDF.

XRD Characterization

X-ray diffraction is used for characterizing the structural
changes occurring in crystalline polymers as a result of mix-
ing. The X-ray diffraction pattern of PP/rLDPE mixtures
compatibilized by MAC, MAC/SiO,, and MAC/nano-SiO,/
IL is illustrated in Fig. 4 by a Bragg angle function (26) and
the corresponding data were shown in Table 5. For rLDPE,
two typical peaks at 20 = 21.4° and 23.6° corresponding
respectively to the crystallographic planes (110) and (200)
of the orthorhombic form of polyethylene superimposed
on the amorphous halo are observed [69]. The diffraction

PP/rLDPE/MAC/SiO5/CTDF(58/29/5/3/5)

PP/rLDPE/MAC/SiO>/TTDF(58/29/5/3/5)

MI’EIMA( /SiO5/UDF(58/29/5/3/5)
PP/rLDPE /MAC/SiO, (I L.(59.3/29.7/5/3/3
_er_/:‘l DPE /MAC/SIiO,/I1L.(44.5/44.5/5/3/3))|
‘_JLMMI’ P/rLDPE /MAC/SiO,(61.3/30.7/5/3)|
_A—MJ/LA PP/rLDPE /MAC(63.3/31.7/5

N N W

10 15 20 25 30 35 40
2theta(®)

Intensity (%)

PP/rLDPE /MAC/SiO (46/46/5/3)

PP/rLDPE /MAC47.5/47.5/5)

Fig.4 X-ray diffraction of compatibilized PP/rLDPE-based blends
and biocomposites
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Table 5 Crystallinity (X, %) of compatibilized PP/fLDPE blends and
biocomposites

Formulations PP (X, %) r1LDPE (X,
crystallinity %) crystal-
linity

PP 38.6 -

rLDPE - 53.4

PP/rTLDPE/MAC (47.5/47.5/5) 29.5 383

PP/rTLDPE/MAC/SiO2 (46/46/5/3) 353 39.7

PP/'LDPE/MAC/SiO2/IL 28.0 384
(44.5/44.5/5/3/3)

PP/r LDPE/MAC (63.3/31.7/5) 345 344

PP/'LDPE/MAC/SiO2 (61.3/30.7/5/3) 345 355

PP/'LDPE/MAC/SiO2/IL 294 253
(59.3/29.6/5/3/3)

PP/rLDPE/MAC/SiO2/UDF (58/29/5/3/5) 20.3 21.9

PP/rLDPE/MAC/SiO2/TTDF 25.7 19.3
(58/29/5/3/5)

PP/rLDPE/MAC/SiO2/CTDF 25.3 20.2
(58/29/5/3/5)

peaks at 20 = 14.2°, 17.0°, 18.8°, and 20.0° were assigned
respectively to the (110), (040), (130), and (111) planes of a
PP crystal. The peaks of recovery between 21.1° and 22.1°
were correlated to a combination of phase o (131 and 041)
and phase § (301) of PP. Finally the small peak observed at
25.4° was related to the o form of PP (060) [70]. By add-
ing the compatibilizers (Fig. 4), the curve remains the same
as before. Consequently, compatibilizers could not alter
the crystal structure of this binary mixture. Concerning
nano-Si0,, a single reflection peak at 20 = 26.5° can be
observed for the mixtures. Thus, the absence of the ‘inter-
calated’ diffraction peak at a value less than 26 suggests that
the nano-SiO, is expanded to the processing temperature
during melt blending. Moreover, no new diffraction peaks
could be observed for PP/rfLDPE mixtures indicating that the
use of nano-SiO, fillers has no significant influence on the
crystal structure of PP/rLDPE blends. However, variations
in the relative intensity of the diffraction peaks of the PP/
rLDPE matrix caused by the addition of MAC, nano-SiO,
and IL may affect the degree of crystallinity and therefore
may affect the final physical properties of the resulting com-
posites. The addition of fibers (UDF, TTDF, and CTDF)
does not affect the shape of the curve as shown in Fig. 4.
Consequently, UDF, CTDF, and TTDF could not alter the
crystal structure of this binary mixture. For nano-SiO,, a
single reflection peak at 26 = 26.5° can be observed for the
mixtures, so that the absence of the diffraction peak at a
value less than 26 suggests that the nano-SiO, is dispersed
as the temperature increases during melt blending. Moreo-
ver, no new diffraction peaks can be observed for PP/fLDPE
mixtures indicating that the use of nano-SiO, fillers has no
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appreciable influence on the crystal structure of PP/rfLDPE.
However, variations in the relative intensity of the diffrac-
tion peaks of the PP/TLDPE matrix caused by the addition
of UDF, TTDF, and CTDF may affect the degree of crystal-
linity and therefore may affect the final physical properties
of the resulting composites.

SEM Analysis

The morphology of the compatibilized mixtures was
observed by SEM in order to evaluate the dispersion state
of MAC, nano-SiO,, and IL-TFSI in the PP/fLDPE matrix
as well as the evolution of dispersion and interfacial adhe-
sion between PP and rLDPE. The problem of agglomeration
of the hydrophilic nano-SiO, in the polymer matrix seems
to be due to their differences with the polymers and their
high surface-to-volume ratio. For example, physical mixing
of the hydrophobic polymers (PP and rLDPE) with nano-
Si0, hydrophilic inorganic particles can lead to nano-fillers-
phase separation or agglomeration of particles which result
in poor mechanical properties. In addition, high surface
energy particles are easily agglomerated as the amount of
particles increases due to the nanoscopic size of the charges
leading to a large specific surface area followed by a fur-
ther increase in interfacial tension. This results in higher
fillerfiller interactions assigned to hydrogen bonds and Van
Der Waals interactions, but conversely, in poor interactions
between the hydrophobic polymer chains and the hydrophilic
nano-Si0O,. The addition of MAC leads to a relatively uni-
form dispersion (Fig. 5a). The average size of the nano-SiO,
agglomerates was decreased and a homogeneous dispersion
of moderately sized aggregates of nano-fillers appeared.
In addition, the nano-SiO, appears to be well emerged in
the PP/rLDPE with uniform size. It can be noted that the
nano-fillers are still aggregated even with use of a compati-
bilizing copolymer. However, it is clear that the size of the
nano-SiO, population is reduced and that the nanoparticles
form small aggregates. These results suggest that the MAC
coupling agent is very useful and has a significant effect on
the dispersion process. With the help of MAC, reduction of
interfacial tension and improvement of interfacial adhesion
are simultaneously observed. In fact, this copolymer must
be located in the interfacial zone between PP/rLDPE and
nano-SiO, due to polar interactions such as hydrogen bonds
occurring between the carboxyl groups of the grafting agent
and the surface hydroxyl groups of nano-SiO,, as well as
the interactions between the polypropylene chains and the
non-polar parts of the grafting agent. The improvement of
the dispersion state and the homogenization of the particle
size distribution of the nano-SiO, aggregates using a graft-
ing agent observed in this study are similar to those reported
by Byrne and McNally [67] in their study on the effect of
maleic polypropylene on the mechanical and morphological
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Fig.5 SEM micrographs of compatibilized blends: a PP/fLDPE/MAC (63.3/31.7/5). b PP/t LDPE/MAC/SiO, (61.3/30.7/5/3), and ¢ PP/r

LDPE/MAC/SiO,/IL (59.3/29.7/5/3/3)

properties of PA6/PP/organo-granulated injection-molded
nanocomposites. More recently, Leroy et al. [29] showed
that the use of nanoparticles in a mixture of polymers acts
as an emulsifier that stabilizes the mixture [29].

Finally, ionic liquids act as compatibilizers because
their accumulation at the interphase contributes to the

formation of a barrier around the minor phase which hin-
ders the coalescence of the T(LDPE domains leading to the
formation of smaller particles (Fig. 5b, ¢ and Scheme 3).
In addition, a small amount of ionic liquid is required
to improve the compatibilization of PP/rLDPE blends
[60-62].
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PP+LDPE

Nano-SiO,

Nano-SiO,
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PP+LDPE

PP+LDPE

Nano-SiO,
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Scheme 3 Schematic representation of the effect of a MAC, b MAC/SiO, and ¢ MAC/SiO,/ionic liquid on PP/fLDPE blends

Conclusion

Based on the disposal of waste plastic and valorization of
diss fibers, blending the recycled and regenerated low-den-
sity polyethylene rLDPE and PP by a twin-screw extruder
with different compatibilizers was succeeded. Among the
tested compatibilizers (MAC, MAC/SiO,, and MAC/SiO,/
IL), the best results for the PP/rLDPE (75/25) blend were
obtained with MAC/SiO, (5/3) which seems to strengthen
the interactions between rLDPE and PP. The tensile strength,
Young’s modulus, and interfacial bonding between PP and
r LDPE were the best. The stability of the composites was
affected by the incorporation of 5% diss fibers. It seems that
diss fibers exert a stabilizing effect on the thermal degrada-
tion of the biocomposites. Finally, the PP/fLDPE compos-
ites reinforced with diss fibers exhibited good mechanical
properties and satisfactory adhesion. Then, from the point
of view of practical applications, the use of diss fibers in
developing PP/rLDPE biobased composites is an effective
way of valorization of diss fibers and regenerated LDPE.

Funding The funding was provided by Direction Générale de la
Recherche Scientifique et du Développement Technologique.
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