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Abstract: Among the critical issues dictating bio-composite performance is the interfacial bonding
between the natural fibers and polymer matrix. In this regard, this article presents new synthesis
routes comprising the treatment and functionalization of both date palm powder (DPP) filler and a
polypropylene (PP) matrix to enhance filler-polymer adhesion in the newly developed bio-composites.
Specifically, four bio-composite forms are considered: untreated DPP filled PP (DPP-UT/PP), treated
DPP filled PP (DPP-T/PP), treated DPP filled functionalized PP using 2-isocyanatoethyl methacrylate
(DPP-T/PP-g-IEM), and treated and functionalized DPP using 4-toluenesulfonyl chloride filled
functionalized PP using 2-acrylamide ((DPP-T)-g-TsCl/PP-g-AcAm). The functional groups created
on the surface of synthesized PP-¢g-IEM react with activated hydroxyl groups attached to the filler,
resulting in chemical crosslinking between both components. Similarly, the reaction of TsCl with
NH); chemical groups residing on the mating surfaces of the filler and polymer generates an amide
bond in the interface region. Fourier transform infrared spectroscopy (FTIR) is used to confirm
the successful coupling between the filler and polypropylene matrix after applying the treatment and
functionalization schemes. Owing to the introduced crosslinking, the DPP-T/PP-g-IEM bio-composite
exhibits the best mechanical properties as compared to the neat polymer, unfunctionalized polymer-
based bio-composite, and (DPP-T)-g-TsCl/PP-g-AcAm counterpart. The applied compatibilizers
assist in reducing the water uptake of the manufactured bio-composites, increasing their durability.
Keywords: bio-composites; filler-polymer compatibility; compatibilizers; functionalization;
interfacial bonding

1. Introduction

Bio-composites have undergone significant development in the last few decades. Con-
sequently, these materials are presently being investigated for various engineering applica-
tions. Further research work committed to this topic is still needed in order to investigate
the performance and other features related to bio-composites and their ingredients [1,2].
Recently, wood samples cut from a wide range of species were utilized as fillers in wood
polymer—plastic composites. Because of the slow growth rate of trees and the scarcity of for-
est resources, alternative forms of lignocellulosic materials are being introduced to replace
traditional wood flour fillers for emerging applications [3-5]. In general, a lignocellulosic
biomass is a form of fiber or flour that is utilized as a reinforcing element in a polymer [6,7].
Natural fibers such as kenaf, flax sisal, and bamboo offer major advantages over their
synthetic counterparts, such as carbon fillers and glass fillers, due to their low density, low
cost, and ability to reduce mechanical wear during processing [8]. However, the degra-
dation of natural fillers poses serious drawbacks, such as the decline of the mechanical
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properties over time. Nonetheless, several research studies have shown that applying
a proper chemical treatment may eliminate or slow the degradation process [9-11].

The utilization of various types of natural fibers derived from agro-residues to rein-
force or fill polymers has rapidly increased. In fact, natural fibers are considered to be
viable alternatives to conventional fibers for use as reinforcements in composite mate-
rials [12]. The vast majority of manufactured bio-composites contain natural fillers in
the form of fibers or particles to reinforce thermoplastic polymers, which are used for
a variety of industrial products [13,14]. Commodity plastics, including polyethylene,
polypropylene, and polyvinyl chloride, have gained a foothold in the bio-composite indus-
try due to their excellent overall performance and the efficient processing methods involved,
such as extrusion and injection molding [15,16]. Polypropylene (PP), a semi-crystalline
thermoplastic polymeric material, is used particularly frequently because of its appealing
features, which include high workability, mechanical capability, chemical resistance, and
thermo-oxidative durability [17].

Among the dominant factors that hinder the wide adaptation of natural-fiber-reinforced
composites is the weak filler-polymer interaction [12,18]. The polarity of lignocellulose
in natural fillers is hydrophobic in nature. To overcome this problem, it is recommended
to minimize the moisture content by drying the fillers prior to composite production [19,20].
Generally, the weak interfacial adhesion and limitations of the load transfer between
the filler and the polymer greatly influence the final strength development. When surface
contaminants and hydroxyl group elements, such as pectin, lignin, and hemicellulose, are
adequately extracted from the fibers, the interaction between the natural fibers and its
polymer matrix improves [21]. Numerous approaches, such as fiber treatment, inclusion
of nano-fillers, and hybridization, have been developed to circumvent these restrictions.
The utilization of these processes to develop natural fiber composite materials in recent
years has expanded their range of applications to include structural, home, aerospace,
sports, automotive, and other industries [22,23]. Many chemical modification approaches,
such as treating fillers with alkali solution, silane, and acetylation, have been used to im-
prove the filler-polymer interfacial compatibility, which evidently boosts the mechanical
and physical characteristics of the bio-composites [24,25]. Moreover, using proper com-
patibilizers is another way to improve the compatibility and interfacial linkage between
bio-fibers and thermoplastics. Among the compatibilizers, a wide range of compounds
such as isocyanates and malleated polyolefins have been employed [26,27]. According
to previous studies [28-31], the incorporation of a malleated polypropylene compatibilizer
enhanced the load transfer from the matrix to the reinforcing fiber.

Polypropylene grafted with maleic anhydride (MAH) was used as a compatibilizer
in bio-composite preparation, in part due to the ability of the carboxylic group (-COOH)
of the maleic anhydride on the polymer surface to react with the hydroxyl groups (OH)
on the filler surface [32,33]. Additionally, the incorporation of the isocyanate group (-NCO)
onto the polymer surface resulted in further improvement in the interfacial bonding be-
tween the filler and polymer, as reflected by significant improvements in the mechan-
ical properties [34,35]. Natural fillers behave as nucleate agents for the crystallization
of the PP-grafted isocyanate group, enhancing the interfacial adhesion and reducing PP
chain mobility. Generally, polymer modification using reagents that contain functional
groups is widely used to promote the reaction with the OH groups, which are abun-
dant on the surface of the lignocellulosic material, resulting in chemical bonding between
both components [24,36,37].

In this study, new compatibilizers are synthesized by applying grafting techniques
on date palm powder (DPP) and the PP polymer matrix. The modified filler and matrix
enhance the new bio-based composites by developing better compatibility between both
constituents. In particular, and to the best of the authors” knowledge, this study reports
for the first time a functionalization scheme for PP with a 2-isocyanatoethyl methacrylate
(IEM) compatibilizer to produce urethane bonding with the natural filler. The grafted
bio-composites are tested experimentally to determine the chemical compositions and
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characterize the morphological, physical, mechanical, and thermal properties to explore
the effectiveness of the newly established techniques for chemical bonding between the DPP
filler and PP matrix.

2. Materials and Methods
2.1. Materials
2.1.1. Chemicals and Modifiers

Several chemicals were used in the current study, including acrylamide (AcAm, 99%,
LOBA, Mumbeai, India), 2-isocyanatoethyl methacrylate (IEM, 98%, Sigma-Aldrich, USA,
St. Louis, MO, USA), and 4-toluenesulfonyl chloride (-TsCl, 99%, Sigma-Aldrich, St. Louis,
MO, USA) as functional groups; acetone as a solvent (99%, Sigma-Aldrich, St. Louis, MO,
USA); triethylamine (TEA, 99%, Sigma-Aldrich, St. Louis, MO, USA) as a catalyst; and
dicumyl peroxide (DCP, 98%, Fisher, Portsmouth, NH, USA) as an initiator. The chemical
structure and properties of the used modifiers in this study are depicted in Scheme 1. All
chemicals were used as received. The synthesis procedures were performed on a solid-state
phase mixture (PP, DPP, and solvent) in a round-bottom flask using magnetic stirring. Good
dispersion of the functional groups at the filler—polymer interface is critical to achieve
an effective synthesis process [25]. Additionally, while the melt state is commonly used
for polymer functionalization, it can cause considerable PP degradation, as well as poor
thermomechanical properties. Alternatively, the solid-state phase reaction can be adopted
at room temperature to overcome these issues [38].
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Scheme 1. Chemical structure and properties of (a) IEM, (b) AcAm, and (c) TsCI chemical groups.

2.1.2. Filler and Polymer

PP homopolymer characterized by a density of 0.905 g/cm? and melt flow rate
of 2.15 g/10 min at 230 °C/2.16 kg was supplied by INEOS, London, UK. Natural fibers
were mechanically separated from date palm pedicles into tiny pieces and ground using
a cryogenic ball milling machine before sifting with a 100-mesh sieve. The produced
raw powder was utilized to fill the PP matrix without treatment and was designated as
DPP-UT. For another set of samples, the powder was treated following a new chemical
treatment process as reported in [39,40] and denoted by DPP-T. Using the Archimedes
principle and a hexane solvent, the average densities of untreated and treated date palm
powders were measured and reported as 0.6 g/cm? and 0.79 g/cm?, respectively. Table 1
displays the chemical compositions of both treated and untreated DPP as determined by an
extractive technique described in the literature [41,42]. SEM images of DPP were processed
using Mountains® 8 software to estimate the particle size distribution, as shown in Figure 1.
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Table 1. Chemical compositions (%) of untreated and treated date palm powders (NA: not applicable).

Fillers DPP-UT DPP-T
Particle Size (um?) 303.8 + 120.0 2219 + 104.7

Hemicellulose 16.57 = 0.4 10.77 £ 0.4
Lignin 25.02 + 0.6 2434+ 1.4
Cellulose 45.79 0.9 64.89 + 1.3

Pectin 4.95 4+ 0.69 NA

Wax 5.40 +0.28 NA

Water-Soluble Matter 2.27 £ 0.02 NA
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Figure 1. Particle size measurement and distribution: (a) DPP-UT; (b) DPP-T.

2.2. Chemical Functionalization
2.2.1. PP-¢-IEM

PP was immersed in acetone to formulate a mixture comprising DCP (0.25 wt.% with
reference to PP) as an initiator and IEM (0.5 wt.% with reference to PP) as a functional
group. The mixture was stirred in a reflux condenser at 60 °C for 15 min, filtered, and
rinsed with distilled water to eliminate any excessive compounds. The conversion reaction
procedure is depicted in Scheme 2. It is worthwhile mentioning that the moisture absorbed
by the PP-isocyanate group degrades its reactivity, efficiency, and performance. Therefore,
mixing DPP and PP should be accomplished immediately after PP functionalization.

CH, 1
I n I
I 0 |
| /{’\?H)r H,C O/\/NQC DCP, Acetone o I
! . T So 60 °C, 15 min O/\/N\\C |
I CHj, Sol
I CH;, I
I PP IEM PP-g-IEM 1
L e e, e e e e e e e e e

Scheme 2. Schematic representation for PP-g-IEM.

2.2.2. PP-g-AcAm

In this scheme, synthesis was performed following a process reported in the litera-
ture [43], with some modifications in regard to the amount of reactants, reaction tempera-
ture, and time. After immersing PP in acetone, DCP (0.25 wt.% with reference to PP) as
an initiator and AcAm (3 wt.% with reference to PP) as a functional group were added
to the mixture and stirred in a reflux condenser for 15 min at 60 °C. The yield was filtered
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and cleaned with water in order to remove excess chemicals. Scheme 3 shows a schematic
representation of the technique.

| |
I |
| |
: CH; DCP, Acetone :
'M N -

! ) NH, 60 °C, 15 min !
I |
| |
I |
| |

Scheme 3. Schematic representation of PP-g-AcAm.

2.2.3. (DPP-T)-g-TsCl

The synthesis was performed as per procedures reported in [44]. DPP was mixed with
TsCl (at 3 times the amount of DPP), trimethylamine (18 mL), and distilled water (200 mL).
After 24 h of stirring, the mixture was cleaned and rinsed with hot distilled water followed
by warm ethanol to remove the unreacted chemicals. The product was then dried at 105 °C
for 24 h. A schematic representation of (DPP-T)-¢g-TsCl is depicted in Scheme 4.

-
| |
| . o) I
I Cl\ // I
OH OH S 0

! & D.I. Water, TEA N |
I + T > R\ !
I Stirring , r.t. , 24 hr. Ol ()/ \() I
| |
I |
I Dppp TsCl (DPP-T)-g-TsCl |

|

Scheme 4. Schematic representation of (DPP-T)-g-TsCL

2.3. Bio-Composite Fabrication

The manufacturing process consisted of hot melt mixing of dried filler and polymer
followed by compression molding, forming bio-composite sheets from which test specimens
were cut out. The method commenced with the collection of ingredients in designated
proportions in order to make a sheet using a mold measuring 270 mm x 270 mm x 3 mm
in size. The mixing was performed by employing a laboratory-scale single-screw extruder
with two heating zones at 175 °C and 185 °C. The screw’s rotating speed was set to 500
rpm. The extruded material was cooled down to room temperature and manually cut
into small granules before compression. The mixture was dried for 15 min at 105 °C in an
electric oven to fully remove adsorbed moisture. Lastly, the mold was filled with the melted
mixture and pressed in the compression molding machine between two heated plates at
180 °C temperature and 40 MPa pressure. The compression was maintained for 15 min
before the heating source was turned off to allow the sheet to cool down. The formed
pieces were cured by applying tap water around the exterior surfaces of the heating plates
inside the compression molding machine for 2 min. The steps of the fabrication process and
the related output are shown in Figure 2. The proposed coupling reactions of DPP-T/PP-
g-1EM and (DPP-T)-g-TsCl/PP-g-AcAm are presented in Scheme 5. During melt-phase
mixing of PP with treated filler, the hydroxyl group is utilized to react with the -NCO
group at the surface of the polymer after grafting with IEM. In the same way, the TsCl
group on the DPP surface reacts with the NH; group on the polymer surface. In both cases,
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crosslinking due to chemical reaction and mechanical interlocking due to fiber treatment
will be formed.

Raw Filler
and Polymer — <

PP DPP-UT PP-g-IEM DPP-T

-—-—_-—-—-‘

Treated Filler and w % ? Treated and Functionalized
@

Treated Filler and
unctionalized Polymer

&

Polymer — &4 > Filler and Functionalized
Polymer
dP. — D.PP-T PP-g-A.cAm (Dlop,]‘),g,Tscl]‘
Filler and Polymer
Feeding

Cooling

;\i'

|-
o Y

Hot Melt Extrusion Compression Molding
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1 CH; I
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1 n O II[ 1
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I + Ny, e c—0  OH,
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1o o Yo N-H om
l“ 0 NH, H !
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(b)

Scheme 5. Proposed coupling reactions of (a) DPP-T/PP-g-IEM and (b) (DPP-T)-g-TsCl-/PP-g-AcAm.
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2.4. Bio-Composite Characterization

FTIR data in the form of an infrared spectrum was used to assess the chemical func-
tional groups attached to the surfaces of the synthesized bio-composites. We instanta-
neously compiled high spectral resolution data over the full spectrum using a Cary 630
FTIR spectrophotometer.

The instrument was used within a spectral range of 6504000 cm ! with a resolution
of 16 cm~! and 64 scans. The filler-matrix interfacial bonding in the fractured specimens
subjected to the tensile test was examined using a scanning electron microscope (SEM) (Model
JSM-7800F JEOL, Japan). To avoid electrostatic charge during examination, the broken end
of the sample was placed on an aluminum stub and coated with a thin layer of gold.

The mechanical properties were experimentally characterized following the test proce-
dures described in ASTM D638 and ASTM D790 standards, respectively. Five replications
were tested for each category of developed bio-composite and the average values of ten-
sile and flexural moduli, tensile and flexural strengths, and elongation at break were
determined and reported.

Among the physical properties, the crystallinity degree, density, and water absorption
were determined. X-ray diffraction (XRD) was adopted to estimate the crystallinity degree
of bio-composite specimens. The XRD spectra were obtained at ambient temperature for
the standard sheets (15 mm x 50 mm x 1 mm) using a step detector placed on an X-ray
diffractometer (Rigaku Corporation, Japan). The density values of the tested samples
were measured using a densitometer. At room temperature, each sample weighing 2 g
was dipped in distilled water and the change in volume of the water was measured. The
average density values of five replications were calculated and reported. In addition,
the water absorption levels of the bio-composite samples were measured in accordance
with the ASTM D570 standard. Five dried specimens were placed deep in distilled water
at ambient temperature for 24 h. Then, the proportions of water absorbed by the bio-
composite specimens were determined by calculating the changes in sample weight before
and after immersion in water.

To analyze the thermal decomposition of bio-composites, the thermogravimetric analysis
(TGA) was performed to generate analogous derivative thermogravimetric (DTG) plots. The
prepared samples were placed in an aluminum container and heated up to 600 °C at a rate
of 10 °C/min in a nitrogen-inert environment and then cooled down to ambient temperature.

3. Results and Discussion
3.1. Chemical Characteristics

Figure 3 displays the FTIR spectra of the DPP-UT, DPP-T, and (DPP-T)-g-TsCl fibers used
in this study. The FTIR spectra of the three samples show the presence of water, as revealed
by the peak at 3372 cm ™!, which is ascribed to the stretching frequency of the hydroxyl group
of the natural filler (OH). These bands strongly increased in DPP-T compared to DPP-UT
because the treatment eliminated the non-amorphous biomass and increased the filler’s
cellulosic content exposure, allowing for easier access to OH groups. The total diminished
intensity of around 1729 cm ™! for the treated powders was attributed to the elimination
of some impurities (dirt). In particular, this peak was designated to C=0 stretching of carbonyl
and ester bands of the impurities and wax removal due to treatment [40].

The grafting of -TsCl onto the DPP-T surface was successful, as the absorption
of SO, bending appeared at 1401 cm~! and 1217 cm ™! and the S—O—C stretching at
853 cm ! [45,46]. Finally, all three samples exhibited bands between 1400 and 1500 cm L,
indicating C-C stretching of the aromatic ring, with bands at around 1000 cm~! linked
to C-H stretching of the cellulose backbone and C-O stretching vibration of cellulose and
hemicellulose, respectively [47]. After -TsCl grafting, a slight shift to 1077 cm ™! of the cellu-
lose backbone was found, which also confirmed the successful addition of the -TsCl group
on the surface of the filler.
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Figure 3. FTIR spectra of DPP-UT, DPP-T, and (DPP-T)-¢-TsCl.

Figure 4 exhibits the FTIR spectra of the control cases of bio-composites without com-
patibilizers, indicating similar peak patterns in both cases, although with more evident and
stronger peaks for DPP-T/PP. Absorption peaks associated with the presence of the methyl
group (CH3) in the polypropylene can be observed in both samples. Absorption peaks
developed for both bio-composites at 972,996 and 1375 cm !, which were allotted to rock-
ing and symmetric bending vibration modes of CHj groups. Typically, such absorption
bands are indicative of the presence of cellulose, lignin, and hemicellulose. However,
the intensity of those peaks became more noticeable in the DPP-T /PP composite compared
to DPP-UT/PP due to that treatment that exposed the richness of the cellulose biomass [48].
The sharp peak appearing around 2915 cm ™! was attributed to CH, asymmetric stretching
of the PP backbone, as reported in the literature. It was noticeably clear that for DPP-T /PP
sample this peak was more pronounced compared to the DPP UT/PP sample, which
occurred due to the treatment resulting in the removal of most of the impurities. Hence, no
overlap of peaks was observed. A similar explanation can be used to justify the noticeable
appearance of absorption peaks of CH, deformation stretching in the spectrum range
of 1375 to 1458 cm ™! for the DPP-T /PP sample [49].

--2915

1458

--1375
996
=972

DPP-T/PP

DPP-UT/PP

T T T T T T g T g | T
4000 3500 3000 2500 2000 1500 1000
Wavelength (cm™)

Figure 4. FTIR spectra of DPP-UT/PP and DPP-T/PP.
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Figure 5 depicts the FTIR spectra of PP, PP-¢g-IEM, DPP/PP, and DPP/PP-g-IEM.
According to the FTIR spectrum of PP-g-IEM, N=C=0 stretching induced absorption at
2269 cm~!, whereas the ester in the C=O triggered absorption at 1716 cm~!. This demon-
strated that the functionalization was successful and that the N=C=0O group was success-
fully grafted onto PP [27]. The distinctive peak at 2269 cm ™! owing to the N=C=0 group
vanished in the product after melt mixing of DPP and PP-g-IEM, with a corresponding
significant increase in the C=0 peak at 1740 cm ™!, indicating the production of urethane
due to the reaction between N=C=0 and OH. Figure 5 also shows the FTIR spectrum
of the DPP /PP sample for comparison.

2269
1740
1716

DPP/PP-g-IEM

DPP/PP

4000 3500 3000 2500 2000 1500 1000

Wavelength (cm™)

Figure 5. FTIR spectra of PP, PP-¢g-IEM, DPP-T /PP, and DPP-T/PP-g-IEM.

The FTIR spectrum of the (DPP-T)-g-TsCl/PP-g-AcAM bio-composite (Figure 6) reveals
a peak at 1741 cm~!, which can be traced to the stretching frequency of the C=O group
from AcAm. This peak validated the formation of amide linkages because of the reaction
between -TsCl and -NH, on the filler and polymer surfaces, respectively.

1741

DPP-g-TsCl/PP-g-AcAm

PP-g-AcAm

PP

T T T d T ¥ T v T
4000 3500 3000 2500 2000 1500 1000

Wavelength (cm™)

Figure 6. FTIR spectra of PP, PP-g-AcAm, DPP/PP, and (DPP-T)-¢-TsCl/PP-¢g-AcAm.
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3.2. Morphology
3.2.1. Filler Surface

The surfaces of the filler were assessed using SEM to explore the morphological
changes due to the modification method, as shown in Figure 7. The treated fibers in the fig-
ure have a rough appearance where fibrils were exposed at the surface, while the untreated
fiber surface is smooth, which indicates that fibrils were covered by a waxy layer. It is
essential to remove surface impurities, as these contribute to poor fiber—-matrix mechani-
cal interlocking. A higher degree of filler fibrillation can be observed for (DPP-T)-g-TsCl
because the treatment method improved the filler crystallinity due to partial extraction
of hemicellulose and lignin. In addition, both the treatment and functionalization of DPP
increased its surface roughness, as depicted in the SEM images.

N
- sRotigihsurface|

Figure 7. SEM images of the untreated, treated, and functionalized fillers.

3.2.2. Fractography

To investigate failure mechanisms in the developed bio-composites under tensile
loading, SEM images of fractured surfaces were obtained, as shown in Figure 8. Generally,
there is no indication of huge agglomeration of particles on the fracture surfaces in the fig-
ure, which indicates homogeneous mixing and good affinity at the particle and matrix
interface. This was due to the powder geometry of PP matrix, which facilitated a decent
dispersion of the filler, preventing the formation of filler agglomeration. In the micrograph
of the untreated bio-composite, fiber pullout due to weak adhesion between the polymer
and fiber can be observed. In addition, the removal of impurities and the waxy layer from
the particle surface showed the good mechanical interlocking, as indicated by polymer
penetration in the filler cell wall.

It can be clearly noticed that the use of compatibilizer enhanced the filler—-polymer
adhesion by two means: (a) mechanical interlocking, as seen in the SEM images; (b) chemi-
cal bonding, as confirmed by FTIR results. However, in the DPP-T/PP-g-IEM composites,
improved adhesion at the fiber-matrix interface can be observed. For (DPP-T)-g-TsCl/PP-
g-AcAm samples, the interlocking is even more prominent, which was caused by polymer
penetration into the filler surface. The morphologies of the fractured composites confirm
that both compatibilizers are efficient in improving the bio-composite compatibility.
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Figure 8. SEM micrographs of fractured surfaces of the tested tensile specimens.

3.3. Mechanical Properties
3.3.1. Tensile Strength

In principle, adhesion at the interface between the fillers and encapsulated polymer
as well as the mechanical properties of the constituents can influence the strength and
performance of the bio-composites. In particular, the effectiveness of the load transfer from
the fillers to the surrounding matrix is determined by the particle size, dispersion or dis-
tribution state, surface area, and filler loading. Hence, the use of proper compatibilizers
to treat fillers and functionalize both fillers and polymers is intended to develop quality
filler—polymer interfaces. The enhanced surface topography of the chemically modified
filler results in strong interfacial adhesion and increased tensile strength of the manufac-
tured bio-composites. It is evident that the tensile properties are affected by the filler
loading, treatment method, and compatibilizers, as depicted in Figure 9. The tensile
strength of the bio-composite reinforced with treated fillers and functionalized PP polymer
using isocyanate functional group outperformed other bio-composites in all cases, par-
ticularly at 10% DPP loading (Figure 9a). The isocyanate group generates strong bonds
between the filler and mating PP matrix with high compatibility, as supported by the SEM
micrographs. The strengths of the bio-composite with the filler and polymer coupled by
IEM were 2% and 12% greater than those of the neat polymer at fiber loadings of 10%
and 20%, respectively. However, further increases in fiber loading led to reductions in
strength due to the relatively weak particulate microfibers and their agglomeration in
the matrix. Similarly, the use of (DPP-T)-g-TsCl and PP-g-AcAm increased the tensile
strength of the bio-composites in comparison to the untreated and treated filler-based
bio-composite, although to a lesser degree compared to DPP-T/PP-g-IEM.
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Figure 9. The tensile properties of the developed bio-composites at 20% DPP filler content: (a) tensile

()

strength; (b) Young’s modulus; (c) elongation at break; (d) stress—strain curve.

The incorporation of stiff particulate fillers in the polymer matrix contributed to the in-
creased tensile modulus of bio-composite, as shown in Figure 9b. The figure demonstrates
a similar trend to that for the tensile strength with respect to the effect of treatment and
functionalization methods. However, the tensile moduli were improved in the three cases

with the highest value found for DPP-T/PP-g-IEM

4

and 30 v.% of filler content)
relative to the neat polymer. The increases in stiffness of the treated filler-based composites

occurred due to the removal of non-cellulosic content found on the surfaces of individual
fibers. Additionally, the supplement of compatibilizers influenced interfacial adhesion and

, 20,

(10

-scale ma-

meaning the combination of rigid

subsequently the load transfer and resistance to deformation, as can be clearly noticed from

the increased rates of the tensile modulus [50,51]. The elastic modulus is a macro

terial property,

i.e., less responsive to the local stress field,
fillers will make the bio-composite stiffer. Even for the untreated fibers (DPP-UT/PP), an

increased elastic modulus was found over the neat PP.

In general, the use of DPP fillers in the PP matrix develops higher tensile properties

but reduces the ductility of the bio-composites compared to the neat polymer. As the fiber

content increases, the material loses its ductility, as reflected by a decline in the strain at
failure (Figure 9¢c). Removal of the non-cellulosic fibrils makes the fibers more ductile and

increases the toughness, as depicted in Figure 9d. However, an increased elongation in

(DPP-T)-g-TsCl/PP-g-AcAm composites was found due to the weakened fiber in contrast
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Density is a critical property of bio-composites that determines their suitability in vari-
ous industrial applications as replacements for neat polymers or synthetic-filler-reinforced

Figure 10. The flexural properties of the developed bio-composites at 20% DPP filler content: (a) flex-
polymers. For all developed bio-composites, decreased density was achieved due to the pres-

ural strength; (b) flexural modulus; (c) stress—strain curve.

3.4. Physical Properties
3.4.1. Density

Filler Content (% v/v)
(b)
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ence of the natural filler (DPP) as compared to neat PP (Table 2). The untreated fillers
with PP showed the lowest density values, followed by the treated filler, as solidifica-
tion condenses the material. Treated fillers and functionalized polymers caused slight
increases in density for the corresponding bio-composites due to the chemical treatment
effect, functionalization, and modified bonding mechanism (at 20% and 30% filler load-
ings). This trend was clearly noticeable for the functionalized filler and functionalized
polymer ((DPP-T)-g-TsCl/PP-g-AcAm). Generally, the developed bio-composites showed
close density values in all cases, which are suitable for various products, especially where
lightweight structures are sought.

Table 2. Summary of the physical properties of the developed bio-composites.

Filler Densi Water Crystallinity
Content ensity Absorption Degree
( /cm3) P S
(%) 8 (%) (%)
PP - 0.902 0.016 44.8
10 0.875 0.352 43.2
DPP-UT/PP 20 0.877 0.577 41.0
30 0.859 0.683 41.5
10 0.883 0.286 445
DPP-T/PP 20 0.879 0.459 425
30 0.876 0.664 41.2
10 0.905 0.293 454
DPP-T/PP-g-IEM 20 0.895 0.447 46.4
30 0.883 0.595 54.2
10 0.894 0.247 33.7
(DPP-T)-g-TsCl/PP-g-AcAm 20 0.88 0.354 36.1
30 0.881 0.413 414

3.4.2. Water Absorption

To expand the range of applications of DPP-based bio-composites, it is essential
to limit water intake. The increased water absorption ability of the bio-composites is due
to the hydrophilic nature of the fillers and weak interface between the fillers and the matrix.
Generally, water absorption increases with increasing filler content [52]. The trends in
Table 2 indicate that the (DPP-T)-¢-TsCl-based functionalized polymer composites exhib-
ited the least water absorption capacity compared to the treated filler and functionalized
polymer. Hence, filler modification using either chemical treatment (DPP-T) or functional-
ization ((DPP-T)-¢-TsCl) results in greater hydrophobicity for the bio-composites compared
to the untreated filler. This serves as another indicator that the surface compatibly was
improved upon functionalization with fillers and polymer. The results also show that
the water absorption values of DPP-UT /PP composites are slightly higher than the values
of the other developed bio-composites. The waxy layer and high content of hemicellulose
in the untreated filler, which comprises OH groups, are highly capable of forming hydrogen
bonds with water molecules.

3.4.3. XRD

XRD was used to evaluate the crystallinity index of the DPP filler and associated
bio-composites, which can be linked to the physical and mechanical properties. A higher
crystallinity degree suggests a stiffer and more thermally stable but less ductile material,
whereas an amorphous biomass provides better impact resistance and elasticity. The X-ray
diffraction patterns presented in Figure 11 reflect the impact of the chemical treatment
on the crystallinity degree of DPP, which was increased due to the removal of the non-
crystalline biomass. However, the TsCl compatibilizer degraded the crystallinity of the filler
because of the presence of the chloride group acting as a bleaching agent on the filler, which
affected its structural integrity.
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Figure 11. XRD patterns of DPP fillers (the values in brackets indicate the degrees of crystallinity).

Here, (DPP-T)-g-TsCl/DPP-g-AcAmn showed the lowest crystallinity due to the re-
duced crystallinity of the (DPP-T)-¢-TsCl and the functional group (TsCl) effect on the filler,
as was observed from the XRD results. Increased crystallinity was observed for DPP-T/PP-
g-IEM, which might be a sign of crystalline ordering of the atoms due to the treatment
of the filler. It is worth mentioning that neither treatment of the DPP nor the functionaliza-
tion of the PP matrix changed the crystallinity of the developed bio-composites, except for
DPP-T/PP-g-IEM.

3.5. Thermal Degradation

The thermal stability of the used fillers (DPP-UT, DPP-T, and (DPP-T)-g-TsCl) was
investigated using TGA-DTG (Figure 12). DPP-UT exhibited relatively higher mass loss
in the range below of 100 °C owing to the early loss of waxes and pectin, in addition
to the vaporization anhydrous water. In addition, two loss stages were distinguished
within the range of 200 to 400 °C. The first stage appeared between 200 and 260 °C due
to overlapping and delayed decomposition of waxes, pectin, and holocellulose (cellulose
and hemicellulose), whereas the second stage, between 260 and 400 °C, was due to the loss
of holocellulose and lignin. For DPP-T, a relatively low initial weight loss below 100 °C
was found, which occurred due to the disappearance of anhydrous water. Furthermore, a
major mass loss was observed between 200 and 400 °C, representing the overlapping and
simultaneous decomposition of holocellulose and lignin. The TGA-DTG results for (DPP-T)-
g-TsCl exhibited a significant mass shortfall of approximately 60% at the temperature range
below 200 °C. This fast and drastic degradation was believed to be due to the accelerated
breakdown of cellulose, as driven by the chloride molecules acting as bleaching agents [53].
The effect of the chloride molecules on the thermal stability of date palm fiber was observed
during processing of the bio-composite within a close temperature range.
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Figure 12. (a) TGA and (b) DTG curves of DPP-UT, DPP-T, and (DPP-T)-g-TsCL

The DTG results for the developed bio-composites (DPP-UT /PP, DPP-T /PP, DPP-T /PP-g-1EM,
and (DPP-T)-g-TsCl/PP-g-AcAm) at different filler loading levels in reference to the neat
polymer are illustrated in Figure 13. Slight weight loss below 100 °C was noticed in all
bio-composite samples, which occurred due to evaporation of anhydrous water existing
as internal moisture in the filler. Another point to note is the small peak around 165 °C,
which appeared in all bio-composite samples, representing the melting point of the PP
polymer [54]. This peak was not observed in the neat polymer sample, since no mass
loss was attributed to this peak and only a phase change occurred due to the melting
of the polymer (solid-liquid state). It can be noted that the appearance of this peak for
the composite samples was due to the combined overlapping degradation of hemicellulose
in the same temperature range assigned to the melting of PP. Above 200 °C, for all compos-
ites the degradation occurred in three stages. The first decomposition stage appeared in
the range between 225 and 340 °C, which was attributed to the degradation of hemicellu-
lose in the filler. The second stage was between 340 and 450 °C, suggesting simultaneous
decomposition of polypropylene, hemicellulose, and cellulose. The third degradation stage
occurred above 450 °C, when the polymer and filler were completely decayed with residues
of the bio-composites related to the filler ash combined with the decomposition of lignin.

In general, for all bio-composite samples, improved thermal stability was observed, as
indicated by a slight shift to the right of the main decomposition peak as the filler content
increased. This trend was found in all samples except for the treated filler. As was con-
firmed earlier, the chemical treatment to applied the fillers eliminated wax, impurities, and
pectin, as well as some of the non-cellulosic materials (lignin and hemicellulose). Thus, no
major shift or change was observed in the major degradation peak for the treated samples.
On the other hand, it was found that the compatibilizers play a crucial role in improving
the thermal stability of the developed bio-composites. It is worthwhile noting that func-
tionalizing both the polymer and filler produced composites ((DPP-T)-g-TsCl/PP-g-AcAm)
with improved thermal stability compared to the bio-composites fabricated using only
functionalized polymer (DPP-T /PP-g-IEM).
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4. Conclusions

In this research work, two schemes for the surface modification of lignocellulosic DPP
and PP were developed and assessed to manufacture bio-composites. The first scheme
involved a novel chemical treatment of DPP and functionalization of PP using IEM compat-
ibilizer. This scheme had never been performed before, and this is the first report on the use
of this new compatibilizer. The first process resulted in good performance for the developed
bio-composites, as the mechanical properties, including the tensile strength and modulus
and flexural strength and modulus, exceeded the thresholds of neat PP. In the second
scheme, the functionalization of both DPP-T and PP resulted in higher water absorption
resistance but lower tensile strength compared to the first scheme. In both schemes, FTIR
spectra confirmed the occurrence of the chemical bonds and the filler treatment effect
on the surface. Furthermore, an XRD test was performed to elucidate the physical be-
havior of chemically treated DPP. The results showed that the crystallinity was altered
due to the introduced chemical crosslinking. The DPP-T/PP-g-IEM crystallinity increased
the most, which agreed well with the obtained mechanical properties. The SEM results
confirmed the filler—-polymer compatibility of both schemes. The rough surfaces of both
DPP-T and (DPP-T)-g-TsCl promote mechanical interlocking, which is crucial in enhancing
the performance of the developed bio-composites. The DTG analysis showed slight im-
provements in thermal stability for the developed bio-composites because of the chemical
linkage. Furthermore, the chemical modification of the fibers affected the polarity by
exposing OH functional groups and introducing chemical crosslinking at the filler—polymer
interface. However, the objective of functional groups is to improve filler-polymer wetta-
bility, whereas compatibilizers are often employed to improve the mixing efficiency and
bio-composite manufacturing performance, irrespective of the surface compatibility.

Further research works can be pursued to investigate the application of such func-
tionalization techniques to other types of polymers and natural fillers to provide a better
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bio-composites. Optimal compatibilizers should be produced, evaluated, and properly
integrated into hybrid bio- and nano-composites.
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