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Foreword

The Palmae family includes a wide variety of species, and they are considered the main source
of livelihood for a significant portion of the world population.

Unfortunately, their byproducts (secondary products) are often regarded as waste, despite that
they represent a sustainable material base for a wide spectrum of industries ranging from compost,
wood substitutes, and pulp to fiber reinforcements for advanced composites.

ByPalma is the only conference solely focusing on the byproducts of palm plantation around
the globe and their current and potential applications. This includes all Palmae family, such as Date
palms, Coconut palms, Oil palms, Doum palms, sugar palms,...etc.

This conference highlights the great potential of valorization of palm byproducts towards a
sustainable bioeconomy!

The main aims of the ByPalma 2023 conference:

¢ Bringing together researchers and practitioners working in the area of industrial utilization of
palm byproducts and providing a live dialogue and exchanging experiences between them.

e Rediscovering palm by-products and maximizing their added value via industrial technological
advancement that can help in the environmental sustainability and circular bioeconomy.

e Establishing an international network of scientists, engineers, artisans, and industry
professionals active in the area of palm byproducts R&D, manufacturing, and crafts.

ByPalma 2023 conference covered a wide range of trends in palm byproducts in wood
substitutes, composite reinforcements, biotechnology, fertilizers, food, paper, textiles, and bioenergy.

ByPalma 2023 conference was held concurrently with the International Conference and
Exhibition for Dates, organized by our strategic partner the National Center for Palms and Dates,
bridging the gap in the palm economy by integrating the primary and secondary products of palms.

ByPalma 2023 was the main gathering for celebrating and rediscovering palm byproducts!

Majid L. Altamimi
Conference Chairman
Hamed El-Mously
Conference Co-Chair
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Mechanical Properties of Nano Date Palm versus Nano Titanium Dioxide
Particles Reinforced Composites: Experimental Characterization
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Abstract. This research work is about characterization of the mechanical properties of two newly
developed nanocomposite materials. The produced nanocomposites are made by mixing either Nano
date palm particles (NDPP) or Nano Titanium Dioxide particles (NTiO2P), as a reinforcement filler,
with recycled polypropylene (rPP). Particularly, downsizing the date palm microfibers generated
from waste to Nano-sized lignocellulose fillers has been accomplished by using a ball milling
machine. The powdering process is conducted at a high speed of 12 cycles (2 cycles per hour). The
manufacturing process involves making composite sheets using a twin-screw extruder in a hot melt
state followed by compression molding. After that, test specimens are prepared following ASTM
standards and then tested in a Universal Testing Machine (UTM) setup. Results revealed that the
highest tensile strength of the reinforced polymer can be accomplished at 3% wt. NDPP and 6% wt.
NTiOzP. These filler loadings increased the tensile strength by 48% and 63% over the neat rPP,
respectively. Moreover, the flexural strength of NDPP-based nanocomposite increased by 30% at 3%
wt. while the strength of NTiO,P-based composite was improved by 33% at 6% wt. over the neat
polymer. Due to the soft nanofillers, both nanoparticles exhibited a slight decrease in Young’s
modulus; 10.7% and 7.8% at 3% wt. NDPP and 6% wt. NTiO2P, respectively. Similarly, the increase
in elongation at break and flexural modulus for both nanocomposites contribute to improving the
ductility of the neat polymer. The results from the morphological analysis using Field Emission
Scanning Electron Microscope (FESEM) revealed that NTiO,P with 6% wt. has better interlocking
with the polymeric matrix and better filler distribution over 3% wt. NDPP. Results showed that the
viscosity of NDPP-based nanocomposites exceeded that of NTiO2P-based nanocomposites while the
density of NDPP was less. This study indicates that nanocomposites produced from NDPP are
economically feasible as natural fiber and ecologically friendly materials with a great potential for
use in a variety of industrial applications.

1. Introduction

In recent decades, an increasing interest has emerged to explore alternatives to synthetic fibers
prepared from chemicals or petroleum resources due to environmental concerns. One of the
challenges associated with synthetic fibers and composites is their impact on the environment, which
includes increased carbon footprints, pollution, energy-intensive manufacturing processes, and waste
management [1]. Thus, industrial applications often prioritize the use of natural materials. Many
research efforts have been carried out to investigate natural fibers as potential fillers in polymers [2].
Specifically, their biodegradability, low cost, non-toxicity, and adequate mechanical capabilities, the
ecological lignocellulosic fiber made them extensively researched to mitigate the undesired
environmental impact [3]. In addition, the new environmental legislation emphasizes the use of
sustainable alternative materials to reduce the greenhouse gas emissions caused by plastic materials.
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These rules promote the use of bio-composites derived from a range of natural fibers in a number of
applications.

Several studies were performed to investigate the mechanical, chemical, and thermal properties
of extracted fibers from date palm trees, as well as their potential application to strengthen polymers
[4]. To reinforce a polyester composite, date palm fiber (DPF) is recognized as a significant substitute
for several traditional synthetic fibers [5]. In comparison with other natural fiber sources, DPF is one
of the most easily obtainable as waste from a date palm tree is more economical due to its low
processing cost [6], [7]. In a recent research work, it was found that micro DPFs provide extra strength
and ductility to polymer composites [8] due to their inherited properties [9].

Leaflets Pedicel

Midribs

Mesh

Fig. 1 Date palm tree parts.

Date palm fibers are extracted from different parts of the palm tree including stem, netting,
leaflet, pedicel, and midrib as shown in Fig. 1. Filler materials extracted from date palm midribs and
spadix can be used in thermoplastics, thermosets, and bio-composites [10], [11]. Furthermore,
polypropylene (PP), a popular thermoplastic belonging to the polyolefin family [12], has a linear
structure that enables it to be melted and remolded several times [13]. It is a versatile, hydrophobic
polymer that can be used in a wide range of applications [14]. Due to its high softening point and
maintains consistent mechanical properties at ambient temperature [15]. Other notable features of PP
include dimensional consistency, impact resistance, and a high strength-to-weight ratio [16]. As a
result, PP has been widely used in commercial applications while being reinforced with a variety of
synthetic fibers and particles [17]. Despite some efforts to use post-consumer plastic polymers as
matrices for fiber reinforced polymer applications [18], the feasibility of using natural fiber
composites is limited due to several factors. The inhomogeneous distribution of particles and the
misalignment of fibers in the surrounding polymer have a significant impact on the overall
performance of bio-composites, which limits their applicability for load-bearing applications. As a
result, they are not yet fully commercialized.

Research showed that powdering fibers into micro scale can enhance their homogeneity in the
polymer matrix. Examples from literature include rice husk with a particle size of 500 um [19], pine
nutshell and corn straw micro fiber [20], DPF with 150 pm particles [21], and snail shell (53-63 pm)
[22]. In general, incorporation of microfibers improved interlocking between fiber and matrix that
resulted in improving the mechanical performance and thermal stability of the bio-composites.
Although, the natural microfibers have showed prominent improvement in mechanical properties of
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underlying bio-composites, the use of nanoparticle fillers can be further investigated to explore
possible further developments [23]. If successful, several industries concerned with for example food
packaging applications, aerospace, automotive, electronics, and biotechnology, may show interest in
producing nanosized biomass fibers due to their higher surface area and aspect ratio, as well as its
promising characteristics associated with possible cost reduction [24], [25]. Along this direction,
[23], [26] highlighted the potential use of Nano date palm particles (NDPP) from mesh-part in the
palm tree to reinforce polymer composites. The nanocomposite comprises oil palm bio-ash/phenol-
formaldehyde (PF) with 1 % wt. filler content improved internal bonding strength, thermal stability,
and crystal degree of these composite [27]. Moreover, the Nano eggshell/PP with 4% wt. enhanced
physical, thermal, and mechanical characteristics [27] and Nano eggshell/rLDPE with 10 % wt.
increased the tensile strength, flexural strength and hardness of the composite but impact energy
decreased with 12 % wt. [28]. In addition, both Nano clay/rPP with 5 % wt. [29] and Nano clay/PP
with 4 % wt. [30] used compatibilizers to improve the mechanical performance of the
nanocomposites.

Recently, numerous nanoscale additives have been exploited in reinforcing virgin polymeric
materials. For example, Nano Titanium Dioxide particles (NTiO2P) is one of the potential inorganic
Nano particles that are utilized to enhance mechanical properties in glass fiber reinforced polymers
[31], [32]. Findings showed that the addition of 0.1 % wt. TiO> reduced the coefficient of water
diffusion by 9% and improved the residual bending strength by 19%. It also increased the residual
inter laminar shear strength by 18% among the nanocomposites [33]. Additionally, the incorporation
of NTiO2P into Polyvinyl Alcohol (PVA)—chitosan (CHI) biodegradable PVA—CHI films resulted in
better water vapor and gas barrier characteristics as well as improved mechanical and antibacterial
properties.

The objective of this study is to create and analyze new nanocomposites made from NTiO2P and
NDPP, which will enhance the strength of recycled polypropylene (rPP). NDPP, a reinforcing
material, will be extracted from date palm agro-residue and processed using ball milling technique
for 3 hours to create a mechanically powdered form. Afterwards, both nanoparticles will be mixed
with the polymer matrix to produce various nanocomposite materials. Finally, the performance of the
created nanocomposites will be characterized experimentally, as well as analyzing their
microstructural morphology to validate the experimental findings.

2. Materials and Methods

The recycled post-consumer polypropylene (rPP) was generously provided by a local
recycling facility in the form of powder. The date palm filler was extracted from the agro-residues of
pedicel part of date palm tree. Firstly, the agro-residues were cleaned by tap water to remove
impurities and dust particles, and then kept in fresh water for one day at room temperature. After that,
it was dried at 105 °C for 15 minutes to ensure moisture release. As shown in Fig. 2, the branches
were chopped into small pieces (8-10 cm) with an electrical sawing machine. It was then crushed
using industrial herbs crush powdering machine (spice & Herb Grinder HR-50B) with 25,000 rpm,
4500 watts, and a capacity of 1 kg to obtain fine powder (micro-size). Then, microfibers were filtered
into an Octagon 200 shaking machine for 1 hour using 75 pm with ASTM D5510 standard before
being processed by ball milling machine powdered to nano-size. A planetary ball-milling machine
linked to a liquid Nitrogen tank with a SOL capacity was used to further grind the microfibers to nano
scale size particles (MITR Co. China). The milling procedure was carried out following the process
reported in [34]. It is worthwhile to mention that no chemical treatment was used to produce NDPP.
The material of the chamber and balls made of zirconium oxide materials, and the rotational speed
was 400 rpm.
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Date Palm Pedicles Crusher (3 h)
Collection

Ball milling grinding with liquid
N2 tank (12 cycle)

Fig. 2 Flow chart showing NDPP production.

Next, in a laboratory-sized double screw extruder (Nanjing TengDa Machinery Co., Ltd., China)
with ten 180 °C heating zones, the extracted NDPP was blended with the rPP-powder as indicated in
Fig. 3. The 160-rpm double screw spinning speed was maintained consistently. The extruded material
was cooled down at room temperature and crushed into small pellets using crusher machine attached
to double screw extruder prior to compression. The following step involved using a compression
molding machine (Carver, USA) and a stainless-steel mold with dimensions of 230x230x3 mm to
create sheets with (3, 5, and 10) % wt. for Nano Date Palm Composites (NDPC) at 260 °C with 40
MPa pressure under two heated plates. After maintaining the compression for 15 minutes, the heating
elements were turned off to let the sheet cool down for an hour at room temperature. The next step
was to remove the dried sheets from the mold and cut them using a CNC router to create test
specimens. The same process was followed to produce Nano Titanium Composites (NTiC) sheets but
with (5, 6, and 7) % wt., respectively.

Twin-Screw Extruder Nano-composites

10 heating
zones

Compression molding
machine

sayisodwod ssaxdwo))

1h at room
temperature

B % _
; /
e | :
g L
b2 - =
Al o
v - 4

Fig. 3 Nanocomposite fabrication.

Samples for testing NTiC
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3. Testing and Characterization

The morphological, physical and mechanical properties of the manufactured nanocomposites
specimens were characterized through experimental methods. Using a JEM-1400 field-emission
electron microscope (JEOL, Japan) operated at an accelerating voltage of 120 kV, Transmission
Electron Microscopy (TEM) imaging was performed to investigate the morphology of the Nano
particles. The Nano particles were combined with ethanol during sample preparation and then applied
on a copper grid substrate to dry before displaying.

Additional morphological characterization was carried out using a Scanning Electron
Microscope (SEM), including elemental studies (JSM-7800F, Japan) to evaluate the filler geometry.
A small amount of dry powder was sonicated in ethanol for 30 minutes before being placed on a
conductive carbon tape of the sampling stub. All of the specimens were gold sputtered before being
observed.

According to ASTM D638 and ASTM D790, the mechanical properties of test samples were
measured using a UTM machine (tensile strength, Young's modulus, and elongation at break) and a
three-point bending test (flexural strength) to measure the flexural modulus and flexural strength.
Accordingly, the five samples' mechanical characteristics were assessed, and their average testing
results are recorded as discussed in Section 4.

The Melt Flow Index (MFI) test was used to assess viscosity of the material in melt solid state
following the standards ASTM D1238. Melt flow rate was used for NDPC and NTiC at 240°C, 2.16
kg. Furthermore, the samples' densities were measured using a densitometer (MZ-A300, Shenzhen
Qun Long Instrument Equipment, China) according to ASTM D792-13 by using Archimedes’
principle. About 50 g of each nanocomposite specimen were cut and submerged in distilled water at
room temperature, and the volumetric change of the water was calculated. Consequently, the average
of three samples is discussed in Section 4.

4. Results and Discussion
4.1 Morphological characteristics
4.1.1 TEM

TEM was used to investigate the morphology of both types of Nano particles and estimate the
particle size. As shown in Fig.4 (a), the average particle size measurements of NDPP after 3h of
powdering was found to be in the range of 80 to 122 nm, while the particle size of NTiO,P was found
between 47nm to 66 nm, as illustrated in Fig.4 (b). TEM revealed an inhomogeneous distribution of
circular and asymmetrical particle shapes [24]. This indicates that the ball milling process associated
with liquid nitrogen tank had successfully broken down the micro natural fibers into several Nano-
sized components [25]. It appears that the circular-shaped particle's pack-like structure could provide
them with a highly preserved rigidity for useful application in reinforcing composite materials.
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4.1.2 SEM

Fig. 5 (a) reveals that the surface of NDPP is rough and randomly shaped due to the excessive
impact and shear forces generated by ball milling which assisted in disintegrating the lignin and
hemicellulose components on outer surface of the particle [35], [36]. In addition, it shows that
accumulation of particles becomes more apparent when particle size is further reduced. This poses a
challenge to produce effective nanocomposite material. Fig. 5 (b) provides insight into the shape of
NTiO,P that demonstrates smooth surface of the particles with less randomness compared to NDPP.
It has been noted that NTiO,P frequently form spherical aggregates [37]. Several studies have stated
that the development of spherical Nano particles was crucial for a variety of applications because it
enhance their mechanical properties [38]. Consequently, there was an obvious agreement between
grain size measurements revealed by SEM and TEM techniques for the structure and morphological
characterization of both NDPP and NTiO;P.

SEM at the fractured surfaces was performed to assess the interlocking between Nano particles
and surrounding matrix after blending to make composite. The rough surface and low filler content
of NDPP promotes good interlocking with the matrix and in turn improves mechanical properties of
the nanocomposite, as supported by Fig 6(a). The Nano size (47-66 nm) and well dispersion of the
NTiO2P in rPP are recognized to improve the matrix/fiber interfacial linkage, as shown in Fig. 6(b).
However, Fig. 6(c) and (d), confirm the aggregation of the nanoparticles after increasing contents of
NDPP and NTiO2P to 10% and 7%, respectively. At these conditions, achieving uniform dispersion
of nanoparticles becomes difficult [39]. By acting as stress concentration regions and introducing
defects, typically these agglomerates cause cracks and premature breakdowns in nanocomposites.

X600.
© 10pum

ﬁ&ﬂ-} e e ?'—

ig. 5 SEM of (a) NDPP and (b) NTiO2P.
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Fig. 6 SEM of (a) 3%wt. NDPC, (b) 6% wt. NTiC, (c) 10%wt. NDPC and (d) 7%wt. NTiC

4.2 Mechanical properties
4.2.1 Tensile strength

The mechanical characteristics of nanocomposites are determined by the type and filler percentage
weight, the matrix properties, the nano filler-matrix interface, and the distribution of fillers within
matrix. Fig. 7 shows that the tensile strength of the nanocomposites has been improved over the neat
rPP in all cases. This is due to the high surface area of Nano particles [37], the strong interfacial
bonding and the good particle distribution inside the matrix [40] which could contribute to the
creation of a uniform stress distribution.

The slight degradation in tensile strength of the NDPC with 5% wt. and further reduction at 10%
wt. is attributed to agglomeration of NDPP as supported by SEM in Fig. 6(c). Similar observation
can be made for NTiC after increasing the NTiO2P content in the matrix with less degradation
compared to NDPC. As confirmed by TEM (Fig. 4), the difference in results of both composites could
be attributed to the fact that the particle size of NTiO2P is half size of the NDPP which provides more
interlocking with the molecular chains of rPP. A similar conclusion can be made about the elongation
at break as shown in Fig. 8. In addition, both optimum Nano particles content provides a higher
elongation at break (%) than pure rPP, indicating that the NDPC and NTiC have better ductility, as
confirmed by Fig. 8.

An analogous conclusion can be obtained from Fig. 9, which shows that rPP matrix with
incorporation of 3% of NDPP and 6% of NTiO2P in the composites contributed to the greatest
increases in Young's modulus (7.1%) and (10%), respectively. A higher level of interaction with the
polymer chains and strong interfacial adhesion between NDPP and NTiO2P with the rPP matrix have
been associated with this rise.
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Fig. 7 Tensile strength of nanocomposites.
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Fig. 8 Elongation at break of nanocomposites.
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(I54

7%NTiC

To further examine the mechanical properties of the developed nanocomposites, stress-strain
diagrams are presented in Fig. 10. It is clearly confirmed that the developed nanocomposites exhibited
improved both strength and ductility over the neat polymer. As the content of NDPP increases,
mechanical performance is degraded due to the issue of agglomeration. However, NTiC outperformed

NDPC owing to the characteristics of the reinforcement.
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Fig. 10 Tensile stress-strain relationship of nanocomposites.

4.2.2 Flexural strength

Clearly, mixing Nano particles with rPP-powder demonstrated improved flexural strength of the
nanocomposites as illustrated in Fig. 11. The highest flexural strength is observed in the case of
3%NDPP and 6% NTiO2P, which is due to the good dispersion of both NDPP and NTiO,P with the
matrix (as supported by the SEM images in Fig. 6). As particle concentration increases, samples show
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a slight degradation in the flexural strength because of the higher chances of Nano particles
accumulation within the samples. A similar trend of the flexural modulus of the nanocomposites
prevails, as shown in Fig. 12. From the obtained results, the 6% wt. NTiC and 3% wt. NDPC exhibited
optimal mechanical properties compared to other nanocomposites with different particle
concentrations.
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Fig. 11 Flexural strength of nanocomposites.
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Fig. 13 Flexural Modulus of nanocomposites.

4.2.3 Melt flow index.

The results of the MFI experiments as shown in Fig. 13 clearly reveal that the MFI of NDPC is
lower than that of NTiC. It implies that the addition of NDPP to rPP increased the viscosity of the
polymer and decreased the flowability of nanocomposite (10%NDPC) to 2.66 g/10 min which is
consistent with the results reported by [41]. It is obvious that when the content of both fillers
increases, the MFI of the composite material decreases. A similar trend is obtained in [42]. In
specific, the addition of NTiO2P up to 7%wt. reduced the MFI to 2.04 g/10min of the NTiC and thus
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increased the viscosity of the nanocomposite compared to the neat rPP. The NDPC likewise follows
a similar trend. Melt flow rate is an indirect indicator of molecular weight, with low molecular weight
is counterpart to high MFI.

I“i“i

rPP 3%NDPC 5%NDPC 10%NDPC 5%NTiC  6%NTiC  7%NTiC
Sample identification

12

MFI (g/10min)
R N =

()

Fig. 13 MFI results of nanocomposites.

4.2.4 Density

In fact, the density of NDPC is lower than the density of NTiC and the neat rPP, thereby at 3%
NDPP the density of NDPC was decreased as shown in Fig. 14. The addition of hard and stiff NDPP
up to 10% wt. and NTiO2P up to 7% wt. increases the viscosity of both nanocomposites. As expected,
the density slightly increased to 0.927 and 0.966 g/cm3 for 10%NDPC and 7%NTiC, respectively.
As a similar trend was reported by [43] and supported by MFI values of both composites as well in
Fig. 13. Additionally, the lower particle size of NTiO2P with good distribution inside matrix gives
less voids inside NTiC compared with NDPC, as illustrated in TEM Fig. 4. In conclusion, the density
values for each nanocomposite are slightly increased than the density value of the rPP matrix. This
could be attributed to the fact that the density of the NDPP and NTiO2P are higher than rPP polymer
[44].
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Fig. 14 Density of nanocomposites.
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5. Conclusion

Nanocomposite materials made from agricultural waste and recycled thermoplastics provide a
viable alternative to synthetic fiber-based composites to design products. This study aimed to explore
the potential use of nanoparticles extracted from palm tree agro-residues and Titanium Oxides as
reinforcing elements in rPP polymers to improve their performance and broaden their potential
applications. Experimental characterizations have demonstrated that all mechanical properties of the
developed nanocomposites were improved in reference to the neat rPP except the modulus of
elasticity which was slightly decreased. The agglomeration of nanoparticles is responsible for
decreasing mechanical properties as their concentration in the polymer grows. In contrast, density of
nanocomposites increases for the same reason. Overall, the tensile properties of NTiC are higher than
NDDP while the opposite is true for the flexural properties. Therefore, this confirms that the newly
developed nanocomposite has a high potential for further development. In future, coupling agents and
appropriate modification processes will be applied to enhance the attributes of the developed
nanocomposite materials.
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Abstract: Growing interest in utilizing and processing natural fibres (NF) to create biodegradable
and sustainable composites as environmental concerns upsurge globally. Date palm trees (DPT)
account for more than 4.5 million tons of waste annually worldwide, making it one of the most
abundant agricultural biomass waste in the MENA region. This study evaluated the biological
resistance of thermoplastic composites developed from polylactic acid (PLA) and recycled polyvinyl
chloride (RPVC) reinforced with date palm fibre (DPF) at different contents (10, 20, 30, 40 wt.%)
and fibre size (250 — 500 pm and >1,000 pm). Composites where exposed to the brown-rot
fungus; Irpex lacteus, and white-rot fungus; Tyromyces palustris, to evaluate its resistance to
biodegradation. Results showed that composites developed using PLA had higher weight loss (%)
when compared to the same samples but reinforced with RPVC. Composites with higher DPF content
showed high rates of decay when used with different polymer matrix. Also, DPF length had a
significant effect on the disintegration of the composites. DPF/PLA reinforced with 40 wt.% DPF
showed the highest weight loss (WL%) reaching 5.61% and 5.46% when exposed to Tyromyces
palustris and Irpex lacteus respectively. On the other hand, the biodegradation had a direct impact on
the disintegration of the composites developed where the WL%, of PLA composites developed with
40 wt.% DPF showed 61.40%.

Abbreviations: DPF, date palm fibre; natural fibre composite; fibre; DPT, date palm tree; DPFRC,
date palm fibre reinforced composite.

Funding Sources: This research did not receive any specific grant from funding agencies in the
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1 Introduction

The increasing global environmental concerns and awareness along with the shortage of natural
resources have urged the investigations on developing biodegradable composites as a substitute for
non-biodegradable and petroleum based composites [1-3]. Their low cost, low density and
biodegradable characteristics shed the light on natural fibre composites as a substitute to synthetic
polymer composites. Due to the potential for the end products to be carbon negative and have
biodegradable characteristics, composites reinforced with lignocellulosic fibre have gained high
interest. The composite's durability, however, is significantly reduced by the hydrophilic nature of
lignocellulosic fibres. Due to the ease of obtaining wood fibres, wood plastic composites (WPCs),
which are lignocellulosic fibre composites made from a combination of wood-based materials and
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polymer matrices, occupy a large portion of the lignocellulosic fibre composite market. However,
due to the forestry regulations and legislations and alternative request was emerged [4—6].
Agricultural industries produce massive amounts of agro-waste each year. Lignocellulosic residues
alone exceed 600 million tonnes per year globally, and they are poorly managed. Several factors, such
as low cost, low density, biodegradability, availability, absence of associated health hazards, and they
are relatively non-abrasive. Recycling of natural fibres (NF) by incorporating them into composites
to manufacture renewable and biodegradable materials has drawn considerable attention as a
biodegradable reinforcing material [6,7] and can help in waste reduction and reduce the cost of the
composites developed [8]. It's possible that different types of plant fibres appeal to different regions
thus numerous studies have been done on the use of various lignocellulosic materials in thermoplastic
composites. In these investigations, thermoplastics were combined with a variety of materials,
including wood, hemp, cotton, wheat straw, rice husk, leaf, oil palm, banana fibres, and many more.
Date palm fibre (DPF) is one of the most abundant agricultural biomass waste in the MENA region,
with over 2.8 million tons produced annually and 4.5 million tons produced globally. This waste is
either incinerated or deposited into landfills causing serious environmental pollution as well as death
of important soil microorganisms [1,9,10]. Several researchers have investigated an industrial
application that can utilize this huge amount of biomass waste within the waste management scheme
that are being implemented by most of the countries [5,11-17].

This study is considered as the first to be conducted on assessing the microorganism-based
degradation of composites reinforced with DPF. This was achieved by utilizing two different types
of fungus in this experimental work which are the brown-rot fungus, Irpex lacteus, and white-rot
fungus, Tyromyces palustris. Understanding the durability of composites reinforced with DPF paves
their way to its utilization in outdoor industrial applications, such as wood plastic composites (WPC)
that undergoes different environmental conditions such as air, light, heat, or microorganism that affect
their durability. The mechanical and physical strength of the composites evaluated in this study has
been previously reported by the same research team [5,12].

2 Materials and Methods
2.1 Materials

Raw DPF surrounding the date palm stem, known as DPF sheath or mesh, were supplied by Valorizen
Research and Innovation Centre, Egypt. DPF were washed with distilled water to remove dust and
dirt from the fibres surface. The DPF were then dried in an oven at 60 °C for 24 hours to ensure that
the fibres have minimal moisture content. Fibres were then grinded using Retsch cutting mill (SM
100, Germany) equipped with a 2 mm sieve. The grinded DPF were sieved through several mesh
sizes 1,000 um, 500 um, 250 um where the fibres retained on each sieve mesh were preserved in
sealed polythene bags to avoid any moisture absorption from the atmosphere. Furthermore, polymer
matrices were obtained from Ecodeck Ltd, a UK leading composite manufacturing company, in pellet
form. The pellets were dried in an oven at 60 °C for 24 hours to ensure that the polymer have minimal
moisture content.

2.2 Processing of DPF composite

The DPF and thermoplastic polymer matrix, PLA and RPVC, were processed in a Brabender
Plastograph twin-screw mixer (with Cam blades for mixer type NSOEHT) at 190 for RPVC and
170 °C for PLA with screw speed of 50 rpm for 10 minutes for both polymer matrices. Samples with
four different mass proportions (10, 20, 30, 40 Wt.%) and two different fibre diameter size (250 —
500 um and >1000 pm) were produced. This was achieved by initially feeding into the mixer the
required amount of polymer for each batch allowing it to completely melt for 3 minutes, and
subsequently feeding in the DPF for 7 minutes to obtain a uniform mixture. Thus, the resulted mixture
was grinded to pellets using Retsch cutting mill (SM 100, Germany) equipped with a 2 mm sieve.
The grinded pellets were compression moulded into a 100 mm (L) x 100 mm (W) x 4 mm (T) mould
using an electrically heated hydraulic press. Compression moulding procedure involved pre-heating
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at 190 °C and 170 °C for RPVC and PLA respectively for 10 minutes without applied load followed
by 5 minutes compressing at the same temperature under 10 MPa pressure, and subsequently cooling
under load until the mould reached 35 °C. The compression molded composite was cut using a band
saw machine SEALEY SM1304 to achieve 20 mm (L) x 20 mm (W) x 4 mm (T) samples to be tested
for biodegradation and disintegration. Tables 1 and 2 present the blend ratio, DPF diameter (um) and
code of each treatment. .

Table 1 Blend ratio, DPF diameter (um) and sample code for DPF/PLA composites

Sample DPF size (um) Blend Ratio*
Bl PLA DPF
(Wt.%) (Wt.%)
A N/A 100 0
B 250 — 500 % 10
C >1000
D 250 — 500 %0 20
E >1000
F 250 — 500 20 30
G >1000
H 250 — 500 0 40
I >1000

Table 2 Blend ratio, DPF diameter and sample code of DPF/RPVC composites

Sample DPF size (um) Blend Ratio*
Bl RPVC DPF
(Wt.%) (Wt.%)
J N/A 100 0
K 250 — 500 % 10
L >1000
M 250 — 500 %0 20
N >1000
0 250 — 500 70 30
p >1000
Q 250 — 500 60 40
R >1000

2.3 Fungal biodegradation

A laboratory decay tests using mini block specimens 30 mm (L) x 10 mm (W) x 4 mm (T) were
undertaken to assess biological resistance of the developed composites against Pinus sylvestris solid
wood control samples. Sterile culture medium (20 ml), prepared from malt 40 grams and agar 20
grams in distilled water (1 L), was placed in 90 mm diameter Petri dish with a small piece of mycelium
of a freshly grown culture of Tyromyces palustris (Berk. et Curt) Murr. as a brown rot fungus and
Irpex lacteus HHB 7328 as a white rot fungus. The culture was incubated for 2 weeks at 27°C and
70% HR to allow full colonization of the medium by the mycelium. Samples were supported on sterile
plastic mesh to prevent contact with culture medium [18]. All samples, previously oven dried at 60°C
to constant weight, were sterilized with radiation and three blocks (two treated and one control) were
placed in each Petri dish under sterile conditions, and all treatments were duplicated. Incubation was
carried out for 8 weeks at 27°C under controlled humidity conditions of 70% RH in a climatic
chamber WTB BINDER TYP KBF 240. At the end of the test period, 8 weeks, mycelia were
removed, and all specimens were oven-dried to constant mass at 60°C and weighed. Weight loss
(WL) was expressed as a percentage of the initial oven-dried weight of the samples according to
equation 1:

: Mo — Mg .
Weight loss (%) = X 100 (Equation 1)
0
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Where My is mass of oven-dried sample prior to the test, and Mr is mass of oven-dried sample after
the test.

2.4 Disintegration analysis

The degradation test by composting was carried out according to ISO 20200 standard. The test
determines the degree of disintegration of the materials when exposed to composting at laboratory
conditions. For this test, previously dried and weighed 20 mm x 20 mm specimens were buried in a
compost medium for 90 days. The sample weight in each reactor represents 5 % wt. of the total wet
weight of compost. The compost medium consisted of 55 % wt. water and 45 % wt. of synthetic solid
waste. The solid waste composition was 40 % wt. sawdust, 30 % wt. rabbit feed, 10 % wt. mature
compost, 10 % corn starch, 5 % wt. saccharose, 4 % wt. cornseed oil, and 1 % wt. urea. Samples of
each composition (by triplicate) were removed from reactors every 10 days, cleaned, and dried at
55 °C until constant weight. The biodegradation (degree of disintegration) was calculated with the
equation 2:

: Wo — Wi :
Weight loss (%) = ———— x 100 (Equation 2)

Wo
Where W is the weight of the sample after certain time into the controlled compost soil and Wy is the
initial dry weight of the sample. All tests were triplicated to ensure reliability in results

2.5 Microstructure analysis

Scanning Electron Microscope (SEM), TESCAN-VEGA 3 (Czech Republic) field emission was used
to examine the microstructure of the composites developed to ensure the homogeneous mixture
between the DPFs and PLA. Also, samples were obtained by sticking the samples on a carbon
adhesive tape. Afterwards, the samples were coated with a thin layer of gold film using Edwards S
150B sputter coater to provide electrical conductivity. Following coating, samples were observed and
operated with 30 kV coupled with an Energy Dispersive X-rays (EDX) analyser unit.

3 Results
3.1 Fungal biodegradation

Decay resistance of mini blocks samples obtained from the modified composites panels and Pinus
sylvestris wood control samples against Tyromyces palustris and Irpex lacteus is reported in Figures
1 and 2. After 8 weeks of fungal exposure, the results clearly demonstrate that the fungal activity of
the test decay fungi was high enough under the test conditions, and this allowed us to compare the
decay resistance (mean percent mass loss) for the composites panels. The mass losses caused by both
tested fungi species were drastically decreased when compared with the control specimens. Slight
mass loss of < 5 % was recorded with the modified composites against the brown rot fungus
Tyromyces palustris while the percentage of mass loss in the control samples recorded approximate
30%. Meanwhile, the modified composites performed well against Irpex lacteus and sustained a mass
loss of < 5% while the control specimens suffered a mass loss of 28%. The present results strongly
indicate that the modified composites exhibited a significant improvement in the decay-resistance
when compared with the solid wood control samples. This can be attributed to the water-repellent
effect of the used polymer, PLA and RPVC, which play an important role in preventing the wood
based modified composites from absorbing moisture during fungal exposure leading to un-
appropriate conditions for fungal decay. As expected, the pure thermoplastic specimens (PLA and
RPVC) exhibited no fungal decay. Meanwhile, by adding the DPF with the rest of treatments, distinct
mass losses were recorded. Most likely, small amount of DPF (probably on the surface) was
biodegraded, but polymer matrix was intact.
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Fig. 1 Decay resistance of PLA/DPF composite and control solid wood samples (Pinus sylvestris)
against Tyromyces palustris and Irpex lacteus.
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Fig. 2 Decay resistance of the RPVC/DPF composite and control solid wood samples (Pinus
sylvestris) against Tyromyces palustris and Irpex lacteus.

These data indicated that all DPF modified composite samples showed significant resistance against
both brown and white rot fungi used in this trial when compared to the control solid wood samples
(Pinus sylvestris) Figures 3 and 4. The biodegradation rate (%) is drastically less than the control
samples, although the wt.% of DPF is high (40%). Wt.% drop in control sample is 30%, while it is

only 5% in sample with 40% DPF.
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Fig. 3 Decay resistance of the modified DPF composite and control solid wood samples (Pinus
sylvestris) against brown rot fungus Tyromyces palustris (TYP)

g
Fig. 4 Decay resistance of the modified DPF composite and control solid wood samples (Pinus
sylvestris) against white rot fungus Irpex lacteus (IRL)

In this context, it seems that the DPF modified composites could be used as wood alternative in the
above ground applications such as frames, outdoor decking, windows, and furniture. The obtained
data revealed an increasing in the mass loss percentages by the addition of DPF. It seemed that the
fungal durability of the produced biopolymer composites is governed by many factors like moisture
absorption and biodegradability of natural fiber. Christian (2019) has stated that moisture absorption
increases with increase in fiber volume fraction. Meanwhile, the biopolymer composites
manufactured with hydrophobic biopolymers (like PLA and RPVC) show significant resistant against
fungal degradation when compared to the control natural wood blocks [19]. These results were
supported with those obtained by Bari et al. (2018) who stated that the natural fibers can be protected
from fungal degradation by making them less hygroscopic and less susceptible to fungal enzymes.
The gained fungal resistant was attributed to the surface modification of natural fibers by
thermoplastic addition treatments and thereby reduces the moisture content below fungal requirement
for growth [20]. The same behavior was noted by Mohareb et al. (2015) who found a considerable
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fungal resistant for the reinforced biopolymer composites using thermoplastic polyester polymer with
flax and jute fabrics [21]. Consequently, the noticeable fungal durability reported in this study with
the produced biopolymer composites made them suitable for use in the above ground hazard 3

applications.

3.2 Disintegration

Figure 5 shows the results of the disintegration test which caried on pure PLA and PLA/DPF with
different DPF content and fibre size. Results were calculated after duration of 90 days of exposing
the samples to composting at laboratory conditions. Results show a significant weight loss which
indicated disintegration for all samples. The amount of weight loss and disintegration are varied
according to the DPF content and fiber size. In general, results indicate that as the DPF loading and
size increased the disintegration of the composites material increased. Microorganisms attacked DPF
which penetrated through the voids formed within the composite due to the processing technique and
the weak interfacial bonding which led to void and crack formation within the samples. Which result
in a disintegration to samples. This is clearly seen in the images of the samples, whereas samples turn
to be very brittle and brakes easily. Therefore, the soil burial tests conducted with these produced
composites showed that the microorganisms load in soil biodegrades and disintegrate the DPF and
the PLA composites by creating holes, cracking over it and promote microorganisms’ growth and
thereby accelerated their degradation [22,23]. On the other hand, samples made of DPF/RPVC
showed very low disintegration which can be considered neglected weight loss. The minimal weight
loss occurring might be due to voids present by the processing technique which might have affected
exposed DPF not RPVC. Figure 7 shows sample C before (to the left) and after (right) of the
disintegration test. The image indicates the high disintegration of the sample by the microorganisms.
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Fig. 5 Biodegradation of DPF/PLA composite with different DPF loading content and size
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Fig.7 DPF/PLA (90/10) composite with > 1,000 um before the test (top) and after the test (bottom)

3.3 Microstructural analysis

The microstructure of thermoplastic composites, DPF/PLA, developed with > 1,000 um DPF size
and varying weight fractions contents (10, 20, and 30) wt.% is shown in Figure 8. It was observed
that samples reinforced with 40 wt.% DPF content went under complete disintegration where it was
very difficult to conduct the microstructure analysis. The presence of the voids within the
microstructure of the composite was due to the weak interfacial bonding between the polymer matrix
and the DPF which enhanced the biological attack leading to the degradation of DPF, thus
disintegration of the matrix. As the size of the fibre increased, more voids were present which
accelerated the biodegradation rate of the samples. It was noticed the fibre structure undergoes
smudging. The fungal attack was randomly done where it was noticed that in Figure 8 (#C) the decay
occurred longitudinally and split the DPF in the longitudinal direction, but in Figure 8 (#G) the decay

occurred at the end or tip of the DPF.
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4 Conclusion

Due to its biodegradability, WPC production is continually subject to strict regulations and market
restrictions, despite significant efforts to improve its mechanical and physical properties. Fungal
attack and decay have an impact on the biodegradability, and texture of thermoplastic composites
reinforced with DPF. Temperature, microorganisms, radiation, moisture, and other environmental
factors all affect rate of disintegration and degradation. Therefore, this study paves the way for
introducing 100% biodegradable WPC composite or utilizing recycled thermoplastic to produce WPC
using DPF as a reinforcement. The mechanical and physical strength of the developed composites
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DPF/PLA and DPF/RPVC met the requirements for production as WPC in earlier studies conducted
by the same authors. Understanding the disposal and biodegradability resistance to microbial
exposure is essential for WPC indoor and outdoor applications. Comparing DPF/PLA to DPF/RPVC
composites, more significant disintegration results were shown. This is because RPVC does not have
the same biodegradable properties as PLA. Results revealed that samples subjected to fungal decay
and disintegration lost weight to a greater extent when the content of DPF was higher. When exposed
to Tyromyces palustris and Irpex lacteus, respectively, the DPF/PLA composites with a 40-weight
percent DPF showed the highest weight loss percentages, reaching 5.61% and 5.46%, respectively.
On the other hand, the biodegradation had a greater effect on the disintegration of the composites
created, with the weight loss caused by biodegradation in PLA composites made with 40 weight
percent DPF showing a 61.40% rate.
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Abstract: Surface modifications of bio-filler and polymer matrix is critical in natural fiber reinforced
composites to improve compatibility with the hosting polymer. The literature contains only a few
studies on grafting bio-fillers to improve their reactivity with polymer matrix. This study focuses on
introducing crosslinking between Date Palm Particles (DPP) and Polypropylene (PP) using new
methods. The experimental setup starts with chemical modifications of PP that result in the formation
of PP-g-mTMI. Following that, the two components are blended together, forming a urethane link
between the filler and the polymer. Following the fabrication of bio-composite sheets based on the
Taguchi design, various specimens were prepared and tested thoroughly to assess their chemical
properties, thermal stability, and mechanical properties. The results of the experiments revealed an
improvement in the interfacial adhesion of the filler/polymer, which was confirmed by experimental
mechanical characterization and Scanning Electron Microscope (SEM) analysis. The new composite
demonstrated improved strength, ductility, and overall durability, demonstrating its potential as a bio-
based polymeric material.

1 Introduction

Modern bio-composites are comprised of plastic polymer matrix and agricultural waste
serving as natural fillers. These materials remain a subject of significant research and development
endeavors, as indicated by recent investigations [ 1, 2]. Recently, there has been an increasing interest
in utilizing natural fillers to make bio-composites due to attractive attributes, such as cost-
effectiveness and environmentally friendly nature [3]. The primary benefit of these composites is
their capacity to enhance environmental sustainability through the utilization of biodegradable waste
materials [4]. Nevertheless, the viability of incorporating natural fillers into composites is affected by
multiple aspects, which impose constraints on their appropriateness for load-bearing purposes, hence
impeding widespread commercial implementation [5, 6]. Among those, the uniform dispersion and
orientation of fillers within the hosting polymer matrix, which have a substantial influence on the
overall performance and crucial determinants of the quality of bio-composites [7, 8]. Natural fillers
are commonly classified according to their botanical sources [9]. Perhaps, flax, hemp, palm, and jute
are considered particularly the most significant ones due to their distinct strength, elasticity, and
extensive availability. Additional fibers include kenaf bast, sisal leaf, henequen, pineapple leaves,
cotton seeds, and coconut fruit [10, 11]. The utilization of bio-composites that integrate natural fillers
has shown comparable performance to conventional composites made from glass or carbon fibers,
indicating a significant advancement in the field of bio-composites [12, 13]. Consequently, a
significant portion of bio-composites has been successfully commercialized across various industries.
However, several issues related to sustainability and performance are still in the phase of research
and development. These concerns encompass aspects such as fiber architecture, geometry,
orientation, volume fraction, impregnation, matrix compatibility, and the necessary quantity of fibers
to attain the desired mechanical properties [14, 15].
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The interfacial bonding between the natural filler and surrounding matrix is primarily driven
by chemical interaction, and mechanical interlocking. The inherent incongruity between hydrophilic
plant fibers and hydrophobic polymers is essentially due to their distinct nature [16, 17]. Additionally,
the existence of pectin and wax components, which form a defensive coating around the fiber, may
impede the mechanical interlocking process with nonpolar polymer matrices. The presence of a large
number of hydroxyl groups (OH) significantly increases their contact with the matrix [18, 19]. Hence,
in order to attain maximum mechanical interlocking and bonding, it is imperative to chemically
change both the natural filler and polymer matrix. This alteration boosts the capability of the
reinforcing fillers to function as load-bearing components, so bestowing strength and stiffness upon
the resultant bio-composites [20, 21]. Numerous studies in the field of chemistry and physics have
been conducted with the aim of enhancing the adhesion between fillers and polymers [22, 23]. Bio-
composites with enhanced compatibility, mechanical properties, water absorption, and thermal
stability can be achieved through the chemical alteration of fibers and the irradiation of polymers
[24-26].

This study presents a new route to functionalize PP to enhance the crosslinking in bio-
composite by introducing a chemical linkage between filler and polymer. The process was analyzed
utilizing the Taguchi statistical model to assess the impact of several parameters on its mechanical
and physical characteristics. Following that, the efficacy of the developed bio-composite was
evaluated using a series of physical and topographical investigations.

2  Materials and Methods
2.1 Chemicals and Modifiers

The current study utilizes various chemicals, including acetone as a solvent (99%, Sigma-
Aldrich, USA), dicumyl peroxide (DCP, 98%, Fisher, USA) as an initiator, 3 Isopropenyl a, o
Dimethylbenzyl Isocyanate (mTMI, 95%, Sigma-Aldrich) as a functional group, and styrene (St,
99%, Sigma Aldrich) as a copolymer. Scheme 1 illustrates the chemical configuration of the mTMI
modifier used in this study. All chemicals were used in their original form, and the synthesis
procedures involved a mixture of PP and solvent in a solid-state phase placed in a round bottom flask
connected to a magnetic stirrer. Achieving a well-dispersed functional group distribution at the filler-
polymer interface is crucial for an effective synthesis process.

——————————————————————————————————

Scheme 1. Chemical structure and properties of mTMI.

The PP homopolymer powder, which was donated by INEOS, a company based in the United
Kingdom, possesses a density of 0.905 g/cm’® and a melt flow rate of 2.15 g/10 min under the
conditions of 230 °C and 2.16 kg. In order to obtain natural fibers from date palm pedicles, a two-
step process was employed. Initially, the pedicles were subjected to physical separation, resulting in
the formation of small pieces. Subsequently, these pieces were ground using a cryogenic ball milling
machine, followed by sieving through a 100-mesh sieve. In the instance of an additional collection of
samples, the date palm powder denoted as DPP, underwent a new chemical processing procedure, as
outlined in reference [27]. Figure 1 shows both untreated and treated DPP. The average density of the
DPP was experimentally measured and determined to be 0.79 g/cm’. F
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(a) (b)
Fig. 1. Images of DPP (a) untreated, (b) treated.

2.2 Chemical Functionalization

PP is dipped in acetone to make a mixture, DCP as an initiator and mTMI as a functional
group were blended to the mixture and then stirred at 60 °C for 15 min. In some cases, St was also
added to the mixture before the addition of mTMI. The product was then cleansed with distilled water
to remove unreacted chemicals. The functionalization conditions and used amounts of PP, DCP, St
and mTMI are used as input parameters for statistical parametric analysis which will be discussed in
Section 2.1. The reaction procedures for the coupling of polymer and filler are presented in Scheme
2 (a).

1
1
1
1
1
: DCP, Acetone H CH;
—_— -
! /{,\l/sr .
60 °C, 15 min
: n + CHS
! P CH,
: H,C N=C=0
X H,C N=C=0
1
1
1

PP mTMI PP-g-mTMI
Scheme 2. Schematic representation for PP-g-mTMI formation.
2.3 Bio-Composite Fabrication

The initial phase of the production process encompasses a hot melt mixing procedure, in which
dried filler and polymer materials are blended. The procedure commences by precisely measuring
and amalgamating the constituents in predetermined ratios to generate a sheet using a mold with
dimensions 270 mm x 270 mm % 3 mm. The blending procedure is conducted utilizing a laboratory-
scale single screw extruder that is outfitted with two heating zones operating at temperatures of 175
°C and 185 °C, respectively. Furthermore, the screw of the extruder revolves at a velocity of 500
revolutions per minute. Following the extrusion process, the material undergoes a cooling phase until
it reaches ambient temperature. Subsequently, it is manually divided into diminutive grains before the
compression stage. In a second stage, the blend is subjected to compression molding in order to
produce bio-composite sheets, which are utilized to fabricate test specimens. In order to effectively
eliminate any moisture that has been adsorbed, the mixture is subjected to a drying process for a
duration of 15 minutes within an electric oven set at a temperature of 105 °C. Afterwards, the mold
is filled with the molten mixture, and compression is applied utilizing a molding machine operating
at a temperature of 180 °C and a pressure of 40 MPa [28, 29]. The compression is sustained for a
duration of 15 minutes prior to the cessation of the heating source, thereby facilitating the cooling
process of the sheet. In order to finalize the procedure, the molded components undergo a curing
process whereby tap water is applied to the outer surface of the heating plates within the compression
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molding machine for a duration of 2 minutes. Scheme 3 depicts the coupling reactions of DPP/PP-g-
mTMI, showcasing the incorporation of urethane groups.

CH, '

g :

1

H, 1

1

H CH,4 :

HO Melt Mixing :
— (S 1

1

HO Extruder CH, :
1

H3C II\]—C=O :

hod OH ,

1

“ |

- 1

DPP DPP/PP-g mTMI :

Scheme 3. The chemical reaction of DPP/PP-g-mTMI.
2.4 Bio-Composite Characterization

Fourier Transform Infrared Spectroscopy (FTIR) was employed to examine the chemical
functional groups that are connected to the surface of the manufactured bio-composites. The
examination was conducted utilizing a Cary 630 Fourier Transform Infrared (FTIR)
spectrophotometer, which efficiently acquires comprehensive spectral data with high resolution
throughout the whole spectrum. The device functions within a spectral range spanning from 650 to
4000 cm™, with a resolution of 16 cm™ and performing 64 scans.

In order to examine the crosslinking between the filler and matrix at the interface of cracked
specimens that have undergone tensile testing, a scanning electron microscope (SEM) of the JSM-
7800F model manufactured by JEOL in Japan was utilized. In order to mitigate the interference
caused by electrostatic charge during the inspection process, a procedure was employed wherein the
broken sample's end is strategically laid on an aluminum stub and afterwards coated with a thin layer
of gold.

The mechanical characteristics were evaluated using experimental setup as detailed in the
ASTM D638 and ASTM D790 standards [30]. Five replicates of each test of the produced bio-
composite have been evaluated to obtain the average values for statistical data including tensile and
flexural strengths, tensile and flexural moduli and strain at break. These average values were then
recorded.

In assessing the physical attributes, we measured two key characteristics: density, and water
absorption. To determine the density of the tested specimens, a densitometer was employed. Each
sample, weighing 2 grams, was submerged in distilled water at room temperature, and the change in
water volume was measured. The average density, calculated from five replicates, was subsequently
reported. Furthermore, we assessed water absorption following the ASTM D570 standard [31]. Five
dried specimens were immersed in distilled water at room temperature for 24 hours. The proportion
of water adsorbed by the bio-composite specimens was determined by evaluating the change in
sample weight before and after placing in water.

In order to examine the thermal degradation of the bio-composites, Thermogravimetric
Analysis (TGA) was accomplished and related Derivative Thermogravimetric (DTG) graphs were
developed. The samples were enclosed in an aluminum container and exposed to a heating process,
reaching a temperature of 600 °C. The heating rate was set at 10 °C per minute, and the entire process
was conducted in an environment filled with nitrogen gas to prevent any reactions. Following that,
the samples were further cooled to the ambient temperature.

3  Design of Experiment for Polymer Functionalization Parameters

In order to evaluate the performance of bio-composites using a functionalized polymer, we
established four control factors (filler content, mTMI as grafted modifiers, DCP, and St) with three
levels each. These levels were determined based on preliminary tests and existing literature sources
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[32-35], as presented in Table 1. Optimization can be a time-consuming and costly process when
employing a full factorial design involving four parameters, each with three levels, as it necessitates
conducting a total of 81 experiments. Hence, Taguchi Lo Orthogonal Array (OA) consisting of nine
experimental runs was employed, as depicted in Table 2.

The aim of this analysis was to optimize the mechanical properties, specifically tensile and
flexural properties, using a "larger is better" approach, while simultaneously minimizing water
absorption using a "lower is better" approach. The Signal-to-Noise (S/N) ratio and Grey Relational
Analysis (GRA) were utilized to evaluate the impact of process parameters on mechanical properties.

Table 1 Composite manufacturing parameters and their levels.

Factors Levels
Lower | Center | Higher
Filler Content (v.%) 10 20 30
Grafted Modifiers (mTMI) (v.%) 1 5 10
DCP (v.%) 0.5 2 3
St (v.%) 0 1 2

Table 2 List of experimental runs based on Taguchi algorithm.

Identification Experimental setup
Filler Content (v.%) mTMI (v.%) DCP (v.%) St (v.%)
10 (a) 10 1 0.5 0
10 (b) 10 5 2 1
10 (¢) 10 10 3 2
20 (a) 20 1 2 2
20 (b) 20 5 3 0
20 (¢) 20 10 0.5 1
30 (a) 30 1 3 1
30 (b) 30 5 0.5 2
30 (c) 30 10 2 0

3.1 Taguchi Method

In the present study, Grey Relational Analysis (GRA) was employed to optimize various process
parameters pertaining to distinct response variables. The General Rating Assessment (GRA)
consolidates multiple variables into a single grey hierarchical grade. The feasibility of assigning equal
weight to all GRA response variables may be called into question, as different applications may
prioritize these variables in varying ways. Therefore, the utilization of the Analytic Hierarchy Process
(AHP) and Taguchi-Grey approach was employed to determine the optimal process parameters to
make composites with desired properties.

The AHP commences by establishing a hierarchical structure for the problem at hand and
subsequently defining the criteria for evaluating the goals. The AHP method comprises the following
steps:

Pairwise comparison

Within this context, the term "criteria" refers to the distinct set of outcomes that require
optimization. After identification of these outcomes and structuring the problem, an assessment is
conducted to determine their relative significance in attaining the overarching objective. In order to
assess the significance of a particular matter, professionals are consulted in order to obtain their expert
opinions and insights. The assessment provided by the experts is represented as a square matrix
denoted as (V1), where 'l' denotes each individual expert (1=1, 2, ..., L). The dimensions of the matrix
are n X n, where 'n' represents the number of responses being considered. Every element (ajj) in matrix
Vi represents a numerical value that is assigned by the Ith expert to compare the responses of i and j,
according to the Saaty scale [36]. The scale is illustrated in Table 3. If the condition i1 equals j is
satisfied, then the variable ajj is assigned a value of 1 in Eq. 1.
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Table 3 Rank rules for pairwise comparison.

Value Definition
1 ‘I’ and °j’ are equally important
3 ‘1’ is slightly more important than
5 ‘1’ is important than ‘j’
7 ‘1’ is much important than ‘j’
9 ‘1’ is absolutely important than j’
2,4,6,8 Intermediate values

Calculate the geometric mean of experts’ opinion

In order to mitigate the potential influence of bias resulting from the excessive dominance of a
singular expert perspective, it is common to request experts to deliver their viewpoints individually.
In the subsequent stage, the experts' total rating is computed. The prevailing and extensively utilized
approach for this computation is the utilization of the geometric mean, as demonstrated in Eq. 2.
Equation 3 represents the collective scoring matrix.

by = / n | ag Vi, jand1i, ] @)
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Normalize the aggregate score matrix
Using the geometric mean, the individual scores obtained are then normalized based on Eq.
4. Equation 5 illustrates a depiction of the standardized matrix.

bii ..
pij = —— Vi, j 4)
L, b
P11 Piz -+ Pin
W = p:21 p:zz pz:n (5)
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Calculate the weight of response variables

Finally, Eq. 6 is utilized to establish the weights allocated to the response variables. These
weights convey the relative significance of one response compared to others, such as the importance
of factors like tensile strength, flexural strength, and water absorption in enhancing the material
performance.

n
i=1 Pij

m Vi€]j =1,2...,n (6)

Wi =

Consistency Check
A matrix that possesses a Consistency Ratio (CR) value below 0.1 is designated as a
consistency matrix. A CR score exceeding 0.1 indicates the presence of a discrepancy in the pairwise



Scientific Books Collection Vol. 159 37

comparison. The inconsistency matrix is in violation of the concept of transitivity. Hence, it is
imperative to amend the pairwise comparison matrix in the event of an inconsistency.

CI
CR= = 7)
where,
Amax—n
1 = Amexn ®)

The Random Inconsistency Index (RI) in Eq. 7 denotes the average Consistency Index (CI)
for a specific criterion, n. This CI is calculated by considering different entries inside the reciprocal
matrix of the same order. The major eigenvalue of the pairwise comparison matrix, V, of order n, is
denoted as Amax in Eq. 8. Equation 9 can be utilized to calculate Amax.

Amax = Zi:l,bij
Taguchi-Grey Relational Analysis (Taguchi-GRA)

In order to calculate the Global Relative Gain (GRG) using the Taguchi-Graphical
Representation of Analysis (Taguchi-GRA) technique, the following steps are implemented:
Calculate S/N ratio for response variables

Taguchi categorizes the response characteristic into three types based on the Signal-to-Noise
(S/N) ratio: "bigger-the-better", "smaller-the-better", and "nominal-the-better". Each of these types
employs a distinct equation to transform the response function into the S/N ratio. In this research,
since both maximizing and minimizing responses are under consideration, Eq. 10 and Eq. 11 will be
employed to calculate the S/N ratio for the respective objectives.

)

Wi

. 1 1
xi (1) = —10logy, (;Z;cl=1 %) (10)

Xl(i (i) = —10log, (%ZE=1 Y§(i)) (11)

Where, 'n' denotes the overall count of experimental runs, 'yi (i)' signifies the observed value
for response variable 'i' (where '1' ranges from 1 to 'h') derived from experiment 'k' (where 'k' ranges
from 1 to 'h").

Normalize the value

To integrate these units into a unified value, the normalized Signal-to-Noise (S/N) ratio offers
a dimensionless measure for response variables. The calculation of the normalized value depends on
whether the objective is maximization or minimization, and this is accomplished through Eq. 12 and
Eq. 13, respectively.

0(:Y s 0/:
Xi; (1) _ X () —minx; (i) (12)

max xp (i) —minx{ (i)

X]t (1) _ maxxﬁ(i)—xﬂ(i) (13)

max xﬁ(i)—min xﬁ(i)
Calculate the grey relational coefficient (GRC)

The Grey Relational Grade (GRC) is employed to elucidate the connection among normalized
data when the optimal result is achieved. This relationship is expressed using Eq. 14.
Amin+t {Amax
Ag ()+ CAmax (14)
Where, C is a coefficient with a distinct value that ranges from 0 to 1. A value of {=0.5 is
chosen in situations where there is a requirement to decrease certain parameters while simultaneously
optimizing others. This decision prioritizes the equitable consideration of both maximizing and
decreasing absolute deviations. The symbol Ax(i) in Eq. 15 represents the discrepancy between the
normalized value and the reference sequence for the i answer. The symbols Amax and Amin are used
to denote the highest and lowest values of Ak(i), correspondingly.

vk () =
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A (D) = [xp () — xi (D] (15)

Where, x; is the maximum value of X (i) and it represents the reference sequence.
Calculate grey relational grade (GRG)

The GRG for all response variables is determined by computing a weighted average GRC
value, as described in Eq. 16.

8k = Tty wiyk() (16)
In Eq. 16, wi is the weight of the response vector derived from the AHP.
The predicted GRG is eventually determined using Eq. 17 as follows:

8pre = ot + Z?:l ( 80pt — Stor) (17)

Where,
Otot: the total mean of GRG;
dopt: the average of GRG at the optimal level of each process factor;
n: the total number of parameters.

4 Results and Discussion
4.1 Chemical Attributes

PP-g-mTMI and PP-g-(St-mTMI) FTIR display absorption at 2253 cm™ due to N=C=0
stretching, absorption at 1755 cm™ due to the C=0 group. While the band at 1602 cm™ is tracked to
the stretching frequency of C=C aromatic from the mTMI group as shown in Fig. 2. This indicates
that the functionalization is accomplished, and that the NCO group is grafted onto the PP surface
using peroxide or peroxide with styrene. After mixing, the NCO absorption band disappears and a
new absorption band appears at 1739 cm™! which confirms the reaction between the NCO and OH
groups on the polymer and filler surfaces, respectively. In comparison, the FTIR spectra of DPP/PP-
g-mTMI shows absorption at 1657 cm™!, which is related to the stretching frequency of the C=0 group
and the C=C aromatic stretching at 1576 cm™.

PP-g-(St-mTMI)

PP-g-mTMI

PP

1 T 1
4000 3500 3000 2500 2000 1500 1000

Wavelength (cm™)
Fig. 2. FTIR spectra of PP, PP-g-mTMI, and PP-g-(St-mTMI).

A noticeable change in the infrared spectrum was observed during the melt mixing procedure
of DPP and PP-g-mTMI. The distinctive peak observed at a wavenumber of 2255 cm™!, which is
associated with the N=C=0 functional group, was no longer present in the subsequent product. A
visible enhancement in the strength of the C=0 signal at 1736 cm™ was found, suggesting the
occurrence of urethane (-NH-C(O)=0) bond formation [37, 38]. Moreover, upon the polymer's
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mixing with the filler, a prominent broad peak emerges at 3350 cm !, signifying the presence of OH
groups associated with the filler biomass. The aforementioned conversion presents irrefutable proof
of a chemical reaction occurring between the functionalized polymer and the filler, as illustrated in
Fig. 3. Figure 3 presents the FTIR spectrum of the developed coupled bio-composite, together with
the unfunctionalized form, for the purpose of comparison.
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Fig. 3. FTIR spectra of the base and crosslinked bio-composites.

4.2 Mechanical Properties

4.2.1 Tensile Properties

The mechanical performance of bio-composite materials is influenced by various attributes,
such as the bond at interfacial zone between the polymer matrix and the filler, as well as the
mechanical properties exhibited by both the resin and fiber. The efficacy of stress transmission
between the matrix and fillers in bio-composites composed of pure polymer is contingent upon
several factors, including particle shape and size, dispersion condition, surface area, and particle
content. In order to enhance the load transfer occurring at the interface between fibers and polymers,
coupling agents are utilized to treat fillers and modify the surfaces of both fibers and polymers.

Enhanced interfacial adhesion between the polymer matrix and fillers is realized through the
application of chemical treatment and modification, which contributes to the superior surface features
of the fillers. This, in turn, contributes to an expansion in tensile strength. It is important to
acknowledge that the tensile strength is subject to variation based on factors such as filler loading,
treatment process, and coupling agent. Fig. 4 (a-c) displays the experimental outcomes pertaining to
the tensile strength of bio-composites, taking into account the treated filler and functionalized
polymer employed in the study.

The enhanced performance of functionalized polymer-based bio-composites in terms of
tensile characteristics is illustrated in Fig. 4 (a), when compared to DPP/PP bio-composite. The
improvement is especially notable in samples containing 10% and 20% filler content, particularly
when incorporating functionalized PP with the isocyanate functional group. This observation implies
that the presence of the isocyanate group facilitates profound connection between the filler and the
PP matrix, hence enhancing their compatibility.

The inclusion of stiff particulate fillers into a polymer matrix can boost Young’s modulus by
virtue of the amplified surface area of these particles engaging with the polymer matrix. The Young's
modulus of the developed bio-composites has a comparable pattern to the tensile strength, as depicted
in Fig. 4 (b). Nevertheless, it is worth noting that the Young's modulus has exhibited considerable
enhancements in each of the three-fiber loading (10%, 20%, 30%). The most substantial increase has
been recorded in the case of DPP/PP-g-mTMI when contrasted to the pure polymer. The observed
increase in Young's modulus in treated filler bio-composites can be attributed to the elimination of
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non-cellulosic constituents that are originally present on the surface of individual fibers. In addition,
it is worth noting that coupling agents have a crucial role in improving the ability to transfer loads
and boost stiffness, as can be observed from the Young's modulus values.

The experimental findings demonstrate that the incorporation of 10% DPP into the coupling
agents develops a substantial enhancement in the tensile properties of PP. Furthermore, the tensile
strength of the bio-composites undergoes significant improvement as a result of the suggested
chemical crosslinking process. In general, the incorporation of chemical crosslinking serves to
enhance the tensile properties of bio-composites, with the exception of bio-composites formed from
PP-g-mTMI. The increase in filler content is associated with a deterioration in mechanical
performance, which can be attributed to the heightened micro-agglomeration of particle fillers at
higher loading rates.
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Fig. 4. Tensile characteristics of the produced bio-composites; a) Tensile strength, b), Young’s
modulus, and c) Elongation at break (The dashed line represents the neat polymer value).

4.2.2 Flexural Properties

The visual representation of the experimental results pertaining to the flexural strength and
modulus of bio-composites is depicted in Fig. 5 (a) and (b), respectively. These findings are based on
the application of a treated filler and a functionalized polymer. Significantly, when a filler loading of
10% was employed, the flexural characteristics demonstrated their peak values, and discernible
enhancements were observed in the majority of instances with the utilization of functionalized
polymer. This implies that the filler efficiently redistributes the load as a result of its heightened
contact with the functionalized polymer.

The flexural strength values, which are influenced by the functionalization process, exhibit
similar tendencies to those reported in the tensile strength. The flexural strength of a material
generally exhibits a decline as the loading of fillers increases. However, it constantly remains higher
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than the highest strength of the polymer without fillers in the majority of instances. The efficacy of
the suggested techniques for compatibilization has been demonstrated by the enhancement of the
bonding between the filler and polymer. This is supported by the observed increase in the levels of
flexural stress that the bio-composites can withstand.
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Fig. 5. Flexural characteristics of the produced bio-composites; a) Flexural strength and b) Flexural
modulus.

4.3 Morphological Analysis

Figure 6 depicts the morphology of shattered surfaces of functionalized polymer-based bio-
composites in comparison to DPP/PP bio-composites. The compatibility between the surface of the
polymer and the filler surface is clearly demonstrated, as it is influenced by both chemical bonding
and mechanical interlocking mechanisms. The filler's rough texture is of significant importance in
permitting enhanced polymer penetration onto the filler surface during the mixing procedure, thereby
establishing a robust mechanical interlock between the filler and the polymer. Additionally, the
process of functionalization serves to improve the interfacial adhesion between the filler material and
the polymer. This is demonstrated by the strong adhesion seen between the two components, as well
as the lack of fiber pull-out from the polypropylene matrix. It is worth noting that chemical bonding
plays a critical role in facilitating the penetration of the polymer into the interfacial regions. This is
attributed to the beneficial interaction that occurs between the surfaces of the filler and the polymer.
As a result, the efficient transfer of load takes place in both the filler and the polymer matrix, leading
to anticipated enhancements in the physical and mechanical characteristics of the bio-composites.
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Fig. 6. SEM micrographs at fractured regions of tensile specimens of the developed bio-
composites.
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4.4 Physical Properties

4.4.1 Density

The density of bio-composites is a vital characteristic that significantly influences their
appropriateness for various industrial applications. It frequently serves as a viable substitute for pure
polymers or synthetic filler-reinforced polymers. In general, a rise in filler content is associated with
a decrease in density. The observed result can be ascribed to the decreased density of the fibers in
comparison to the pure PP, as depicted in Fig. 7. In the context of DPP/PP, it can be observed that the
composite material demonstrates the lowest density. Subsequently, the bio-composites that include
functionalized polymers have a somewhat higher density. Notably, the incorporation of isocyanate
groups is emphasized in these bio-composites. The growth in density seen in the bio-composites based
on functionalized polymers can be ascribed to the combined impacts of chemical treatment,
functionalization, and bonding mechanisms.
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Fig. 7. Experimental densities of the developed bio-composites.

4.4.2 Water Absorption

Comparison of water absorption values of the developed functionalized polymer-based bio-
composites at different volume fractions of fillers are presented in Fig. 8. Generally, it is found that
the water absorption increases with the increase in filler content. Generally, it is shown that the
DPP-g-mTMI based bio-composites exhibit the minimum water absorption capacity when compared
with DPP/PP bio-composite. This might be an attribute of the higher hydrophobicity of the
filler/polymer bonding in case of DPP-g-mTMI. In addition, results indicate that water intake of
DPP/PP bio-composites are higher than other types of developed bio-composites due to the absence
of chemical bonding. It can be stated with confidence that the bio-composites incorporating polymer
functionalization are better in terms of water absorption reduction compared to DPP/PP, and hence
increase the durability/stability of the date palm plastic bio-composites.
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Fig. 8. Water absorption of the developed bio-composites
4.5 Thermal Degradation

The thermal behavior of functionalized polymer-based bio-composites compared to neat
polymers, and the DPP with unfunctionalized polymer is analyzed using DTG tests as shown in Fig.
9 (a and b). An insignificant weight loss between 100 and 170 °C relative to the filler content is
noticed. This is probably corresponding to water disappearance which is present in the form of inner
moisture in the filler. After that, the degradation occurred in two phases. The first phase, between 225
and 340 °C, is related to thermal ruin of hemicellulose and lignin in the filler. The second phase
suggests that the decomposition temperature of polymer matrix with the filler residue start at 350 °C.
Above 490 °C, the filler and polymer were entirely decomposed with only residues of the bio-
composite because of the filler ash. However, it is perceived that the temperature at largest rate of
decomposition accelerates with the rise in the filler content except for the case of unfunctionalized
polymer-based bio-composite. On the other hand, it is found that chemical crosslinking effectively
facilitated the thermal stability of the developed materials. Overall, DTG characteristics showed good
thermal stability after the filler addition, and it is improved potentially in case of using coupling
agents.
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Fig. 9. DTG curves of the developed bio-composites, a) DPP/PP, and b) DPP/PP-g-mTMI.

4.6 Statistical Analysis and Optimization

Experts’ opinion

In addition to the selection and determination of variables (input and response), the expert
opinion was evaluated to rate the response in terms of their value with the weight of each response.
The key goal is to improve the performance of bio-composites on the basis of coupling agents and
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their amounts in high-performance applications. A total of five experts in the field of composites were
asked to compare the value of one parameter to the others on a basis of scale of importance as
described in Table 3. The weighted matrices established by the experts were then combined using the
geometric mean method. The unified mass matrix is shown in Table 4. It is then normalized, and the
response variables were ranked based on the weights they achieved. The ranking and weight of the
variables are shown in Table 5. The accuracy of the pairwise comparison received from the experts
in Table 4 is also evaluated. It has been observed that Amax is 6.5 and Clis 0.1. IR for n = 6 is 1.28.
Accordingly, from Eq. 7, CR is equal to 0.079, which is smaller than the threshold value of 0.1. The
pairwise comparison among response variables collected from experts is therefore authentic. As a
consequence, it is obvious from Table 5 that the most critical material properties of the bio-composites
i1s water absorption, followed by flexural strength, tensile strength, flexural modulus, and Young's
modulus and elongation at break.

Table 4 Experts’ unified pairwise comparison matrix.
Dimension 1 2 3 4 5 6

Tensile Strength (MPA) - 6.30 5.69 0.44 4.74 0.54
Young’s Modulus (GPa) 0.16 - 1.57 0.18 1.24 0.13
Elongation at Break (%) 0.18 0.64 - 0.22 1.03 0.19
Flexural Strength (MPa) 2.28 1.93 4.58 - 7.64 0.56
Flexural Modulus (GPa) 0.37 | 0.80 0.97 0.30 0.24

Water Absorption (%) 1.86 | 7.54 6.59 1.78 5.14 -
Table 5 Weight of response variables and their ranking.

Dimension Weight | Rank
Tensile Strength (MPa) 0.22 3
Young’s Modulus (GPa) 0.05 5
Elongation at Break (%) 0.05 6
Flexural Strength (MPa) 0.26 2
Flexural Modulus (GPa) 0.06 4
Water Absorption (%) 0.35 1

Taguchi analysis based on AHP and GRA

The obtained response variables are shown in Table 6. Also, Table 7 shows the S/N ratio and
the normalized values of all response variables. The grey shaded cells denote the best and worst
experimental runs based on S/N ratio and normalization.

Table 6 Taguchi experimental setup and obtained response variables of the developed Bio-

composite.
Factors Responses
Identification Cl;lriltz; ¢ mTMI | DCP St TS vM | EB FS FM WA
o v.%) | (v.%) | (v.%)
(v.%)
10 (a) 10 1 0.5 0 3244 | 2.84 | 2.57 | 56.56 | 2.01 0.225
10 (b) 10 2 1 32.07 | 3.19 | 2.47 | 55.12 | 1.72 0.208
10 (¢) 10 10 3 2 32.67 | 3.06 | 248 | 56.43 | 1.35 0.236
20 (a) 20 1 2 2 2896 | 2.49 | 2.28 | 53.47 | 1.58 0.344
20 (b) 20 3 0 29.56 | 2.65 | 2.44 | 53.37 | 1.61 0.422
20 (¢) 20 10 0.5 1 27.61 | 271 | 2.52 | 53.53 | 1.41 0.429
30 (a) 30 1 3 1 2648 | 2.22 | 2.31 | 45.15 | 1.21 0.633
30 (b) 30 5 0.5 2 2361 | 1.92 | 2.56 | 45.74 | 1.41 0.612
30 (¢) 30 10 2 0 2462 | 191 | 24 | 4941 | 1.35 0.616
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Table 7 S/N ratio and the normalized value of the response variable of the developed Bio-composite

Identification S/N Normalized value

TS YM | EB FS FM | WA TS YM EB FS FM WA
10 (a) 30.22 | 9.07 8.2 | 35.05 | 6.06 | 12.96 | 0.979 | 0.774 1 1 1 0.93
10 (b) 30.12 | 10.08 | 7.85 | 34.83 | 4.71 | 13.64 | 0.943 1 0.663 | 0.888 | 0.693 1
10 (¢) 30.28 | 9.71 | 7.89 | 35.03 | 2.61 | 12.54 1 0.917 |1 0.702 | 0.99 | 0.216 | 0.886
20 (a) 2924 | 792 | 7.16 | 34.56 | 3.97 | 9.27 | 0.631 | 0.516 0 0.75 | 0.525 | 0.548
20 (b) 2941 | 846 | 7.75 3455 | 4.14 | 7.49 | 0.691 | 0.637 | 0.567 | 0.745 | 0.564 | 0.364
20 (¢) 28.82 | 8.66 | 8.03 | 34.57 | 298 | 7.35 | 0.482 | 0.682 | 0.837 | 0.755 0.3 0.35
30 (a) 28.46 | 693 | 7.27 | 33.09 | 1.66 | 3.97 | 0.355 | 0.294 | 0.106 0 0 0
30 (b) 2746 | 5.67 | 8.16 | 33.21 | 2.98 | 4.26 0 0.011 | 0.962 | 0.061 0.3 0.03
30 (¢) 27.83 | 562 | 7.6 | 33.88 |2.61 | 4.21 | 0.131 0 0.423 | 0.403 | 0.216 | 0.025

Table 8 shows the rank of all nine experiments based on obtained GRG and GRC calculations.
The findings reveal that experiment number 10 (a) reflects the best optimized mixture (10 v.% Filler
content, 1 v.% mTMI, 0.5 v.% DCP without St) as the GRG value is closer to 1.0. While the lowest
GRG value is obtained for the experimental run 30 (a) (30 v.% Filler content, 1 v.% mTMI, 3 v.%
DCP, and 1 v.% St).

Table 8 Ranking of experiments of the developed bio-composite.

Grey Relational Coefficient (GRC)
Identification GRG | Rank
TS YM EB FS FM WA
10 (a) 0.96 | 0.689 1 1 0.877 10.933 1
10 (b) 0.898 1 0.597 | 0.817 | 0.62 1 0.886 2
10 (¢) 1 0.858 | 0.627 | 098 | 0.389 | 0.814 | 0.865 3
20 (a) 0.575 | 0.508 | 0.333 | 0.667 | 0.513 | 0.525 | 0.562 4
20 (b) 0.618 | 0.579 | 0.536 | 0.662 | 0.534 | 0.44 | 0.556 5
20 (¢) 0.491 | 0.611 | 0.754 | 0.671 | 0.417 | 0.435 | 0.534 6
30 (a) 0.437 | 0.415 | 0.359 | 0.333 | 0.333 | 0.333 | 0.362 9
30 (b) 0.333 | 0.336 | 0.929 | 0.347 | 0417 | 034 |0.376 8
30 (c) 0.365 | 0.333 | 0464 | 0.456 | 0.389 | 0.339 | 0.385 7

Significant Process Parameter of the developed Bio-composite

The mean response value at different levels of input parameters is shown in the interaction
plot (Fig. 10). From the interaction plot, it can be found that the optimal value of the process
parameters is reached when the process parameters are at 10 v.% filler content, 10 v.% mTMI, 1 v.%
DCP without St. Based on the average response GRG in Table 9, the parameters significance is ranked
as follow: filler content, St, mTMI and DCP.
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Fig. 10. Optimal parameters using GRG for DPP/PP-g-mTMI based composite.

Table 9 Response significance of the developed bio-composite.

Optimal Max- -
Level 1 | Level 2 | Level 3 Condition Min Significance
Filler Content (v.%) 0.895 0.550 0.374 Level 1 0.520 1
mTMI (v.%) 0.619 0.606 0.595 Level 1 0.024 3
Peroxide (v.%) 0.614 0.611 0.594 Level 1 0.020 4
Styrene (v.%) 0.625 0.594 0.601 Level 1 0.031 2

Confirmation Experiment

The output of the validation test using the optimal process parameters is calculated by the
AHP-GRA tool as reported in Table 10. The GRG for the validation test is found to be 0.94, which
indicates an increase of about 0.74% over the original optimal setting.

Table 10 Confirmation Experiment.

Initial setting Prediction Experimental
(Best Run) (Optimal (Confirmation)
Conditions)
Tensile Strength 32.44 - 33.1
Young’s Modulus 2.84 - 2.44
Elongation at Break 2.57 - 2.72
Flexural Strength 56.56 - 56.73
Flexural Modulus 2.01 - 1.97
Water Absorption 0.225 - 0.231
Grey Relational Grade 0.933 0.9 0.94
Percentage Improvement in GRG 0.74%
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5 Conclusion

This article presents a novel surface modification approach utilizing mTMI compatibilizer to
boost the reactivity of polypropylene (PP) with natural date palm fillers, thereby making functional
bio-composites. Through Taguchi design methodology, nine distinct specimens were fabricated from
bio-composite sheets and subjected to comprehensive mechanical, chemical, and physical property
testing, alongside thermal stability assessments. Key input parameters, including filler, mTMI,
peroxide, and styrene contents, were systematically varied to optimize the urethane reaction,
predominantly influencing mechanical properties and water absorption. Design of Experiment
techniques enabled the determination of optimized parameter values leading to optimal responses.
FTIR spectra analysis confirmed the presence of grafted functional groups and chemical crosslinking
between filler and matrix. Enhanced mechanical performance of the bio-composites, compared to
base counterpart composites and neat PP in some instances, was observed due to the introduced
urethane reaction between functionalized PP and treated date palm fibers. The drop in strain at failure
indicated a decrease in ductility of the bio-composites. SEM images supported visual confirmation
of achieved filler/polymer compatibility, attributing rough surfaces of treated date palm fibers to
mechanical linking crucial for enhanced bio-composite performance. DTG analysis revealed a slight
improvement in thermal stability attributed to chemical crosslinking, where compatibilizers
facilitated enhanced mixing efficiency during manufacturing, irrespective of surface compatibility
between filler and matrix.

Additional research may be performed to explore the application of such grafting routes to other
types of natural fillers and polymers to make a better breed of bio-composites. Optimum
compatibilizers should be targeted, assessed, and properly incorporated into hybrid bio- and
nanocomposites.
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Abstract. To preserve the environment and its resources for future generations, research must focus
on alternate methods of producing materials that begin with an environmentally friendly and
sustainable source. In view of this, nanosize reinforcing fillers were obtained from date palm
agricultural waste without use of any toxic chemicals. Date nanofillers (DNF) with typical filler sizes
ranging from 30-110 nm in width and 1-10 mm in length were obtained using rotary mechanical ball
milling methods. This filler was then dry blended with the polypropylene (PP) to make a
biocomposites thin film to study processability characteristics of this fillers. The loading of this filler
was kept in the range of 1-5wt. % and film were melted cast through a slit height of 0.6mm. The
resulting PP/DNF biocomposites films were subsequently analyzed by various analytical techniques
to established structure property relationship. The change in thermal properties with loading of this
filler was investigated using thermogravimetric analysis (TGA) and differential scanning calorimetry
(DSC). TGA study showed that the thermal stability of film samples improved up to 20 °C when
compared to the neat PP, representing an 8% enhancement. While the DSC measurement indicated
that the crystallinity of the highest filler loading sample reduced from 52.89% to 41.79% in
comparison to the PP sample. The surface morphology of some samples shows the compact and
smooth feature, indicating the incorporation of fiber fillers could improve the structure of polymer.
Therefore, study gave some insight into the processing behavior of such composites, which may be
useful in some packaging applications.

Introduction

In numerous industrial applications, a wide range of agrowaste residue of lignocellulosic fibers or
fillers are being investigated as naturally occurring reinforced materials for polymer-based
composites. An enormous amount of residues derived from bio-mass, and food crops available in
nature to be used as sustainable source for formulation of variety of bio composites that the composite
material sectors looking for desirable properties, like low-cost cost, eco-friendliness, and
renewability. The strategy for using these plant-based fillers could be viewed as a type of eco-system
support that offers socioeconomic innovation for local agriculture [1]. Nonetheless, due to laws and
regulations concerning sustainability and environmental impact, the development of biocomposites
that utilize natural fillers and polymers has progressed considerably in recent time [2].
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Similarly, nanofillers, be it in the form of particles or fibers, organic or inorganic can dry melt blended
with different polymer matrices. Moreover, nanofillers has large surface area, and high aspect ratio
that improve physical, mechanical, and chemical properties of the matrix relatively at low loading
and thus making them useful reinforcing additives for a wide range of engineering composite
fabrication [3]. Natural filler can be made in a variety of sizes, shape and often free of defects and
therefore has the possibility to overcome the limits of conventional micrometer-scaled material. The
uniform distribution of nanoparticles, which provides the mechanical, thermal, and molecular
mobility as well as the change in relaxation behavior, is responsible of the higher interfacial
interactions between the matrix and filler materials [4]. However, micro accumulation of particles
from nanoscale filler materials leads to plastic zone deformation and this will improve the brittle,
mechanical, and fracture properties of the materials. Filler materials that have a larger to smaller
geometrical ratio are of greater interest and are therefore more suitable for use as reinforcements in
the formulation of nanocomposite. [5]

These naturally occurring fillers, which are derived from lignocellulosic materials, are classified as
supramolecules and consist of polymers such as lignin, cellulose and hemicellulose moieties arranged
in a three-dimensional structure. Lignocellulose nanofillers are a form of nanoscale cellulose fibril
that contains lignin and can be obtained from plants, wood, agricultural and forest residue [6]. In
particular, film based lignocellulosic nanofillers show higher antioxidant properties and superior
thermomechanical abilities when compared to pure cellulose nanofibrils. The presence of aromatic
phenylpropanoid unit in lignin is attributed to the UV-blocking abilities and thus making these
nanofillers suitable for food related applications [7,8].

In the past, some researcher has already tried to extract date palm nanofillers. For example, Mahmoud
Al-Safy et al. used mechanical ball milling to produce a nano-sized lignocellulosic filler from date
palm microfibers. In this work, high-speed cycles of ball milling are carried out at different intervals,
and the particles with sizes ranging from 27 to 122 nm were reported to be obtained [9]. Similar to
this, a rigorous mechanical ball milling procedure was used in another investigation to produce nano
and microfiber from the date palm lignocellulose. After conducting 99 cycles of 15 minutes each, the
authors reported obtaining irregularly shaped nanofibers with diameters ranging from 1 to 10 mm in
length and 30 to 110 nm in width [10].

The impact of reinforcing natural fillers on the thermal properties of polymer matrix composite
material is demonstrated by various literature. Numerous study analyzes the thermal impacts of
several types of reinforcement with varying ratios and sizes. Thermogravimetric analysis (TGA) is a
technique that analyse changes in weight in relation to temperature and time using an extremely
sensitive microbalance. This instrument is very sensitive and accurate in recording weight and
temperature. Most often, weight loss occurs as the temperature rises because different components
are progressively eliminated from the matrix. Moreover, the ratio of a polymer matrix's constituent
parts and particular filler directly influences the processing conditions and determine how effective
or inefficient for a particular composite system. Similarly, natural filler reinforced composites'
thermal stability is an important factor to take into account because the processing temperature is vital
to the composites' formulation.

The thermal, mechanical and other properties of the composite alter with temperature due to the
degradation of the natural fillers components, namely cellulose, hemicellulose, and lignin [11].
However, extensive research into new natural fillers/fibers, their physical treatment and chemical
modification, and hybridization have all advanced recently to address some of the drawbacks of
natural filler reinforced composites melt processability. In general, the use of nanoscale fillers at low
concentrations of reinforcement (often less than 10% weight percent) can generally result in better
thermal characteristics. In our previous work, it was demonstrated that the dimensional stability of
injection molded composites of polypropylene reinforced with date palm nanofiller has a low
coefficient of thermal expansion (CTE) [12].

Similarly, in another work, polypropylene biocomposites with lemon leaves and fig leaves with
loadings ranging from 20 wt% to 40 wt% were produced using an injection molding procedure. It has
been shown that these fillers exhibited good thermal stability. The maximal decomposition
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temperature for lemon and fig leaves was 305°C and 320°C, with residue remaining after 500°C being
26.5 and 29.7, respectively [13]. Thus, a large filler loading of up to 40 weight percent or more is
needed to obtain satisfactory thermal characteristics from these natural fillers based polymer
composite. Moreover, due to higher processing temperature the thermal degradation of the fillers is
obvious. Therefore, the novelty of this study consists of the casting of composite thin film under
precise and appropriate processing conditions, with minimum filler degradation in the molten state
of the chosen polymer. Thus, in this work, a thin film of polypropylene with a comparatively low
filler loading (1-5%wt%) was obtained using nanosized natural fillers from the waste date palm by
simple ball milling techniques. The thermal properties of this film, including stability, mass loss, and
surface morphology have been carefully studied.

Materials and Methods

Melt casting of composite thin film: The biocomposites thin film was formulated using
polypropylene homopolymer (PP 3030) with a density of 0.9 g/cm® and melt flow index (MFI) of
3 g/10) which was obtained from the National Industrialization Company (TASNEE) Saudi Arabia.
Moreover, waste fiber portion of the trunk of a fully grown date palm (Phoenix dactylifera L.) tree,
located in a King Saud University campus in the Riyadh region of Saudi Arabia was used to
production of the lignocellulosic nanosize fillers (NF). These fillers finally used as a reinforcement
additive for composite film of the PP. Initially, a mixture grinder was used for crushing waste fibers
into small particles, and a series of selected ASTM EI11 standard sieves were used for dry sieving.
These sieves having a serial number 14050979 and 12020883 corresponding to aperture size of
63(um) and 38(um) respectively. They were arranged in descending order with a vertical vibration
sieve shaker (ELE Sieve Shaker, UK) and fine powder was collected. Finally, this powder was
subjected to ball milled treatment using a planetary ball mill (Pulverisette 7 Premium, Fritsch Co.
Germany) to obtained nanoscale fillers. These fillers were found to be between 1 and 10 mm in length
and 30 to 50 nm in diameter on average. Their morphological details and image have been given in
our earlier work [10]. A micro-compounder (Xplorel5 cm?, The Netherlands) was used to dry melt
oven-dried nanofillers in the 1-5% weight loading range and PP with the addition of PP based
compatibilizer (PRIEX 25097: Maleic anhydride modified polypropylene (PP-g-MA), having
0.45 % of grafting). A melting temperature of 180°C, a screw speed of 100 rpm, and a mixing period
of 10 minutes were maintained in a speed-controlled mode. The molten material was thereafter fed
through a film device with a 0.6 mm slit height and a 65 mm wide film die. This film device also
equipped with the air knife, speed and torque controlled roller and parameter controlled unit. Table 1
shows the formulation of these composite films, and Figure 1 depicts a digital image of such a films.

Table 1. List of biocomposites film produced in this work.

Sample ID. Composition of DNF (wt. %)
Film 1 PP (98) + PRIEX (2)
Film 2 1% (NF) + PP (97) + PRIEX (2)
Film 3 2% (NF) + PP (96) + PRIEX (2)
Film 4 3% (NF) + PP (95) + PRIEX (2)
Film 5 4% (NF) + PP (94) + PRIEX (2)

Film 6 5% (NF) + PP (93) + PRIEX (2)
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Fig. 1. Digital images of PP films, A) Neat PP, B) Film 2(1% (NF), and C) Film 6 (5 % (NF).

Analysis of functional group:

Fourier transform infrared spectroscopy (ATR-FTIR) analysis was carried out using a (Thermo
Scientific, Winsford, UK) Nicolet iN10 FTIR microscope having a germanium microtip. The analysis
was carried out in the wavenumber range of 650—4000 at a resolution of 6 cm™' over 16 scans.

Thermal Analysis

Thermogravimetric analysis (TGA) was performed using Shimadzu thermal analyzer (Model: DTG-
60H). The alumina pan was filled with ~ 10-15 mg of the sample. Subsequently, the samples were
heated from room temperature to 900°C at heating rate of 20°C/minutes. The analysis was done under
a nitrogen atmosphere with a flow rate of (50 cm®/min) and accordingly, the corresponding weight
loss was recorded. In order to study the thermo-molecular behavior of fillers, a differential scanning
calorimetry (DSC) (Shimadzu DSC-60, Japan) was used. These film samples were heated from room
temperature to 250 °C at a rate of 10 °C/minutes. The average of three readings were recorded and
the degree of crystallinity (Xc) was calculated by using below equation,

AH
X (%) =—"T"—x100
(I-D)AH,
where AHm is the calculated enthalpy of melting for the composite, @ is the weight fraction of PP

and AHo is the theoretical enthalpy of melting for 100% crystalline PP which is reported to be
209 J/g[13].

Analysis of Mechanical Properties

The tensile properties of the composite samples films were determined using a Hounsfield H100 KS
series tensile testing machine (Salfords, UK) at a rate of 10 mm/min crosshead speed. The PP
composite films were cut into a rectangular shape of 40 mm X 5 mm X 0.5 mm and at least five
measurements were taken for each specimen, and the mean values were reported.

Morphological Analysis

Scanning electron microscopy (SEM, JSM-6360A, JEOL, Japan) was used to analyze the
morphological properties of these composite films. This analysis was carried out on the neat PP and
composites film samples. A small portion of the sample was placed directly on the conductive carbon
tape and gold sputtered before analysis.
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Results and Discussion

FTIR analysis was utilized to examine the variations in the functional groups of the filler and the
matrix composition with processing conditions. The FTIR measurement indicated that the functional
groups of the filler and matrix maintained their intensity. FTIR spectra of film samples are presented
in Fig. 2. The film 1 sample showed significant peaks at 2851 ¢m™ and 2922 cm’, which
corresponded to the C-H stretching of polymeric molecular chains of the PP. The intensity of these
peak increases in rest of the samples due to contribution of C-H functional group of cellulose, lignin
and hemicellulose components of the lignocellulosic nanofiller. Similarly, another prominent peak
appears at 1732 cm™! due to the presence of C=0 from the maleic anhydride and lignin. In addition,
the peaks at 1219 cm™, 1371 cm™, and 1438 cm™!, were assigned to the C-C bending of polymer
backbone structure [14].

Film 6

Film 5

MW
W

Film 2

Absorbance (a.u.)

Film 1

L T S T ) T T T ' T ' T . T
500 1000 1500 2000 2500 3000 3500 4000
Wavenumbers (cm™)

Fig. 2. FTIR spectra of film samples.

Furthermore, the =C-H bending vibration is associated to the 968 cm™ peak, and the CHz rocking
vibration is assigned to the 704 cm™' peak. Similarly, for the film samples, the broad peak of the O-H
group vibration also presents at approximately 3452 cm™'. It should be noted that the addition of fillers
caused a gradual change in the peaks' intensities because of their functional groups. These findings
are consistent with the previously reported analysis [15].

Similarly, TGA curves of film samples are presented in Fig. 3a. It was observed that the neat PP
shows single stages degradation behavior capered to the film samples. It is due to fact that all
lignocellulosic biomass inherently hygroscopic in nature and contain about 5-6% of moisture. This
fact was also observed in our previous study, wherein this nanofillers evaporates the moisture in the
range of 70°C-130°C. However, overall the thermal stability of these nanofillers is considerably
superior than that of microsize fibers at the processing temperature employed. [10]. In the case of
composite film samples, the initial decomposition temperature for both the films i.e., Film 3 and Film
4 is found to be 281.9°C and 279.5°C, respectively. These values were higher than the samples of
Film 2 and Film 1, which is found to be around 261.6°C and 276.5°C, respectively.
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Fig. 3. TGA (a) and DTG (b) curves of film samples.

It was probably due to the good componential interaction in film composite, contributing to the stable
thermal degradation behavior with improved heat resistance. In addition, the weight loss behavior of
both film composites is consistent with that of the film 2 sample, suggesting that their biocomponents
interacted well with one another and can be clearly seen in DTG curves (Fig. 3b) On the other hand,
film 4 and film 5 exhibited higher peak decomposition temperatures of 320.7°C and 318.6°C,
respectively, compared to film 2 at 315.7°C and film 1 at 316.0°C. These thermal results demonstrated
that the developed composite film has excellent thermal stability and may be employed in a variety
of packaging applications capable of withstanding high temperatures.

Similarly, Fig. 4 shows the dynamic thermogram (heating and cooling), and Table 2 summarizes the
details of the analysis of the neat PP and the film composites. It is observed that the composite films
have been shown to have nearly constant melting temperatures (Tm), but their crystallization
temperatures (Tc) were found to be higher than those of the virgin PP. This suggests that the filler
particle addition has a greater impact on Tc, yet total crystallinity is observed to be somewhat lower
than that of PP. This could be due to the large amount of fillers that may limit the mobility of the
polymer chain, and hinder crystal growth development, and thereby induce a decrease in crystallinity.
Furthermore, the decrease in the enthalpy of melting implies that the polymer chain's mobility is
reduced. The polymer chain may be interrupted by these stiff filler particles, preventing the chain
from reassembling in an orderly manner. This might be because of the fillers' poor or negligible
nucleating ability. These results are consistent with previously reported work [16].
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Fig. 4. DSC thermogram of samples A) Crystallization peaks B) Melting peaks of the samples.
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Table 2. DSC characteristic of the film composite samples.

Samples Tc °C Tm°C ATm(J/g) Xe (%)
Film 1 109.51(£0.50) 162.81(x0.40) 111.75(£3.17)  51.90(+4.28)
Film 2 114.62(0.87)  161.74(=1.08)  95.23(%4.75)  46.72(%5.67)
Film 3 116.85(x0.57)  162.20(x0.60)  87.13(£4.02)  43.99(+4.17)
Film 4 117.63(x0.67) 162.45(x1.32)  87.27(£5.50)  42.42(£3.41)
Film 5 118.06(x1.08)  163.96(+0.85)  83.49(£6.30)  40.72(£1.75)
Film 6 119.05(x0.87)  164.85(x0.50)  80.89(£8.47)  40.43(£2.46)

Mechanical characteristic of the polymer cpmposite film can alter by a variety of factors, including
the types and particle size of the renforcing addtives, loading percentage, particle-matrix adhesion
and processing condtions used to make such composites. The effective stress transfer between the
filler particles and matrix determines the maximum strength that nano composites film sustained
under uniaxial tensile loading. Table 3 highlights the key mechanical parameters of these films. It is
observed that both the tensile strength and elongation at yield slightly increase or remain constant in
the samples having less fillers loading i.e film 1 and 2 which having filler loading 1% and 3%
respectively. This could be attributed to the good dispersion of the filler and adhesion with the matrix.
Similar fact was also reported in various cellulose reinforced polypropylene system [17]. On the
other hand, higher loading amount of the filler leads to decrease in this properties compared to the
neat PP. This reduction can be attributed to the PP chains' limited mobility a result of the addition of
high filler amount which may be beyond the percolation threshold of the composites system, and
rigidity of the filler. These results are in good accordance with the previously reported studies [18,19].

Table 3. Mechanical characteristics of film composite samples.

Samples Tensile Strength Elongation at Yield
at Yield (MPa) (%)
Film 1 32.03 (£1.40) 10.36 (£1.01)
Film 2 34.86 (+1.12) 11.67 (£1.06)
Film 3 34.22 (£2.05) 10.26 (+£0.63)
Film 4 32.98 (+£0.88) 9.98 (+0.87)
Film 5 30.96 (+1.08) 8.71 (+0.68)
Film 6 30.28(£1.61) 8.03 (+0.50)

Analysis of surface morphology

Fig. 5 displays the SEM image of Film samples mixed with different amount of fiber fillers. From
Fig. 5A, the sample of Film 1 had flat surface morphology with wrinkle-like and protuberant features.
This was because the asymmerical interaction between polymeric chains. When mixed with fiber
fillers, the morphology had changed for Film samples, and the apparent feature had become compact
and smooth, indicating the incorporation of fiber fillers unformaly distributed and could improve the
filler-matrix adhesion. Howeve, at higher filler laoding, filler pull out and the agglomeration effect
and void are also observed.
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Fig. 5. Scanning Electron Microscopy images of A) Neat PP, B) Film 2(1% NF),
C) Film 3 (2% NF), D) Film 4 (3% NF), E) Film 5 (4 % NF), and F) Film 6 (5% NF).

Conclusion

In this work, nanofillers from the waste lignocellulosic biomass of date palm was utilized to formulate
PP based thin film. This filler was employed as such without any chemical modifications with attempt
to use industrial viable melt process, and formulated successfully. The uniform and flexible composite
film with the average thickness of 0.25mm was casted by controlling various processing parameters.
The functional analysis shows presence of both the filler and matrix. The thermal stability of theses
composite films was found to be good enough while the crystallization behavior of the composite
indicated that the crystallinity of the composites film was lower than that of the neat PP due to the
nanofillers' low or non-nucleating ability. The crystallinity of the neat PP is about 51.90% which is
reduced to 40.43% for the highest loading of the nanofillers composite sample (Film6). The tensile
strength of the films having 1wt.% and 2wt.% loading of the fillers displays tensile strength of
34.86 MPa and 34.22 MPa, which are higher that the neat PP. Similarly, the surface morphology
indicates uniform distribution of the nanofillers. The lack of oxidation of the filler and good thermal
stability suggest that such composites film are suitable for room temperature packaging applications.
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Abstract. Current research is carried out for newly developed of Bio-CPNC biomaterial
nanocomposite for dentistry applications. The developed Bio-CPNC is invented of clay-based
polymer CPNC and palm-tree micro-fibers, where CPNC is composed by nanotechnology of HDPE
and MMT nanoclay. The research contains the methodology of design, processing, testing and
characterization mainly focusing on mechanical and fracture properties, microstructure morphology
and testing of thermal effect changes due to surrounding temperature changes. The necessity for
finding new biomaterials and new techniques for dental materials for restoration and orthodontics
with high biocompatibility with human bones and tissue are the aim for developing this natural bio-
nanocomposites to be instead of using ceramics and metals like titanium. The new developed bio-
CPNC dental material have special mechanical, thermal and fracture properties to resist the effects of
occlusal loads of mastication with sustainability without expecting bad effects with orofacial esthetics
and normal lingual ability because it is green. It can be applied for different types of orthodontics like
crowns, bridges and dental implants. The study included processing, design, testing and
characterization of different properties. The testing included detailed fundamental experimental work
for investigation of the changes of mechanical and fracture properties based on fracture mechanics
science. The results and comparison are promising where they are showing large enhancement of the
mechanical, fracture and thermal properties of Bio-CPNC in comparison to the polymer material
which encourage the researchers, dentists, and dental-companies for extra research to stabilize these
natural green Bio-CPNC nanocomposite for dental applications with reducing the cost where all
materials components are available locally in comparison to use of conventional ceramics materials
or expensive zirconia composites.

Introduction

It is known that polymers suffer from degradation phenomena. These result in materials with low
tensile strength, low toughness, and poor physical properties, leading to material deterioration,
fracture, cracking, and failure. There are several types of degradation process, for example, thermal
degradation, chemical degradation, environmental stress cracking, environmental stress fracture,
stress corrosion of polymers, hydrogen embrittlement, biological degradation, thermal de-
polymerization, uv degradation and oxidation of polymers . Thermal degradation occurs by de-
polymerization, and side-group elimination. Polymer thermal degradation has certain mechanism for
initiation then propagation, bifurcation and failure [1-32]. There are several methods of polymer
stabilization to reduce degradation like using additives such as anti-oxidants, anti-ozonants, and uv
absorbers. Degradation of polymeric materials leads to changes in properties such as mechanical
properties, for example, tensile strength, and physical properties, for example, color and shape. These
are caused by environmental factors such as exposure to high temperatures or direct sunlight, and
contact with chemicals. The main result of these processes is crack formation in polymers and
polymer-based materials [1-32]. Thermal degradation of polymeric materials is caused by molecular
deterioration. High temperatures cause the molecules in long polymer chains to separate and react
again with other molecules; this weakens the material as well as causing cracks [1-22]. As the polymer
degradation instability and fracture mean deterioration of the polymer properties and appearance, the
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degradation has main several reasons such as heat effects (thermal degradation and thermal oxidative
degradation when in the presence of Oxygen), light (photo-degradation), uv degradation, mechanical
energy, radiation, ozone, etc. The different types of polymer degradation (thermal, mechanical,
chemical and biological) have various serious reactions undergone by polymers such as de-
polymerization, cross-linking, side group elimination, substitution and reaction of side group among
themselves [1-22]. In addition to the effects of reducing the mechanical and fracture properties of the
polymers, chalking, color changes, cracking initiation and propagation. The degradation in majority
cases has similar mechanism. As in the case of thermal degradation , the initiation process start in
general by oxidation in addition to thermal stresses on the polymers, then it can propagate following
by branching , bifurcation and finally termination and separation producing total failure [1-32]. Saudi
Arabia is one of the major producers of plastic in the world. It can be easily imagined how much
money can be saved from recycling the plastics especially if we used in this purpose low cost domestic
green material for changing it to useful high functional nanocomposites or nano-micro-composites
with enhanced new advanced properties such as mechanical properties, thermal properties, fracture
and degradation properties. To manufacture sustainable polymers many researchers have conducted
research projects where they depended on adding anti-oxidants and stabilizers to the polymers for
enhancement of the polymer properties [1-20]. They realized some results for producing stabilization
for the polymers while the degradation could not be prevented. The polymers suffer from oxidation
process which can be happened during any period of lifetime of the polymers starting from
manufacturing stage to storage stage and use stage. Oxidation badly affects the mechanical properties
of the polymers such as reducing the tensile strength, harming the impact capacity and deteriorating
the toughness rather than the fracture resistance. In addition, it can deteriorate the thermal properties
of the polymers, color and appearance and changing the molecular weight of the polymers. On the
other hand, based on the detailed structure of the mouth and teeth, detailed applied loads of teeth
occlusal and masications, problems of fracture and failure, problems of bond, problems of thermal
effects, heavy weight, short lifetime, high cost, and problems of implementations of previous
materials of ceramics and metals for dental applications, the current developed bionanocomposite is
useful for solving the dentistry problems. The developed bio-nanocomposite pplications in the field
of dental biomaterials include the dental crowns of all types and design, dental bridges of all types
geometry, dimensions and design based on the patient age and orofacial anatomy, dimensions and
structure as shown in figures (1, 2). The developed bionanocomposite is also can be applied for design
and implementation of partial denture and complete dentures as shown in figure (3). This applications
are very important due to the unique properties of developed bionanocomposites from both
engineering side and medical side. Thses are because of the suitable special properties for
orthodontics like high strength, high mechanica properties, light weight, ease of implemenation, high
thermal resistant, high fracture resistant, safe contact to mouth tissue, ease of cleaning, ease of design,
low cost, and compatiblity with tissue. Therefore, current study is devoted to the investigation of
engineering side and engineering properties where they are the main task of any dental biomaterials
for any orthodontics applications.
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Experimental Work Method

The study purposes include reducing environmental pollution by reducing polymer degradation,
Producing new, low-cost, nano—micro, green, highly functional materials, producing long-life
orthodontic material for safe dentures with low thermal conductivity and good mechanical and
fracture properties, controlling the degradation and failure of polymer products, and use of domestic
materials for producing advanced, highly functional, green materials. The research can also use waste
polyolefin compounds and pre-used polyolefin systems which mechanical, chemical, and thermal
properties, have been previously affected due to environmental conditions, where it is known that
prolonged exposure of polymers to thermal effects, especially sunlight, reduces their mechanical and
thermal properties, resulting in degradation, fracture and failure. This causes environmental pollution
and has adverse effects on human health and the economy. To solve these problems by reducing
pollution and thereby protecting health and saving money, new composites made of polyolefin matrix,
using a special method, with nanoclay and palm tree microfibers are produced. These waste materials
are a source of serious environmental pollution, and this adversely affects health and quality of life.
Then, it can be recycled to produce highly functional green nanocomposites using green nanoclay
particles and palm tree microfibers fillers. These nanocomposites can be applied to produce dental
biomaterials which enhance mechanical and fracture properties and reduce thermal effects of
temperature. Processing consists of several steps like mixing, extruding, and pelletizing. The melted
polymers are mixed at certain stages with nanoclay and palm tree microfibers. These new nano—micro
composites will incorporate mainly domestic materials. They are highly functional materials with
modified mechanical and thermal properties and degradation, and fracture resistant. Detailed
characterizations of thermal, mechanical, and fracture properties are predicted. Saudi Arabia is one
of the major producers of plastic in the world. Thus there is a huge waste stream creating a big
environmental problem. It can be easily imagined how much money can be saved from using these
huge amount of plastic wastes. If we used low cost domestic green material as nanoclay and palm
tree fibres for changing the polymers to useful high functional nanocomposites or nano-micro-
composites with new enhanced advanced properties such as mechanical properties, thermal
properties, fracture and degradation properties. Polymers also suffer from thermal degradation,
fracture, thermal cracking and these lead to failure after a short period of time. This affects the quality
and has an adverse effect on health. Degradation of polymer products also causes environmental
pollution and can be occurs despite the addition of chemical stabilizers during polymer processing to
reduce or prevent this phenomenon. As the polymer degradation instability and fracture mean
deterioration of the polymer properties and appearance, the degradation has main several reasons such
as heat effects, light, uv de-gradation, radiation, etc. The different types of polymer degradation
(thermal, mechanical, chemical and biological) have various serious reactions undergone by polymers
such as random chain scission, de-polymerization, cross-linking, side group elimination, substitution
and reaction of side group among themselves. In addition to the effects of reducing of the mechanical
and fracture properties of the polymers, chalking, color changes, cracking initiation and propagation,
general reduction in most of other desirable physical properties have dangrous effects. The procedure
would reduce environmental pollution, control the degradation process, modify the mechanical and
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thermal properties of polymers, and make it safe for human consumption. The results of tests are
promising as shown in figures (10-13) for thermal effects while figures (6, 7, 8, 9, 15) show
mechanical and fracture mechanics tests on pre-cracked sample ofmade of bionanocomposites. The
bionanocomposites tests made of HDPE and LLDPE (50% -50%), nanoclay layer and palm date fiber
layer. We mixed polymers with both nanoclay and palm tree fibers producing nanocomposite to be
used in production of bionanocomposites. The proposed procedure would solve these problems by
mixing nano- and microscale domestic natural green materials with polymeric materials. In current
research, the authors are aiming to share in solving the existing problem of degradation without using
chemical stabilizers or antioxidants. It is through changing the polymers to nanocomposite with
enhanced mechanical, fracture and thermal properties which can make it more durable and fracture—
resistant by adding green nature nano and micro particles of Montmorillonite clay MMT and palm
trees micro fibers. The authors expect better results than the antioxidants applications which may be
registered as a patent. In another research phase, the authors may use an oxidants and stabilizers in
addition to the domestic green natural material to check the differences. The research proposes
nanocomposites of nanoclay and palm fobers based polymer nanocomposites using a melt-processing
method with the addition of specified ratios of nanoclay particles and palm tree microfibers by mixing
them using a twin extruder and high shear mixer as shown in Figs (4, 5). This method helps to prevent
environmental pollution and will benefit the economy, as well as reducing degradation problems and
solving the problems associated with traditional polymer composites. The bionanocomposites are
made of the new nanoclay—palm tree microfiber / polymer nanocomposites. The research is
experimentally. Characterizations and testing of the materials are carried out in the laboratory and in
the field. The main techniques used for characterization depend on scanning electron microscope
SEM, and tests are performed for mechanical and fracture properties in addition to checkingof the
thermal effects. Additives of antioxidants and stabilizers can represent some type of contamination
but it is known that antioxidants and stabilizers represent very few amount which their effect can be
ignored and accepted in the polymers without affecting the final product. For the same reason,
additional antioxidant and stabilizers may be not added to the polymer during process to minimize
the effect of these additives on the mechanical and fracture properties of the final product. But
anyway, adding it to the polymer matrix has no bad effect since it is very small ratio. In case of using
wastes or recycled polymers, for avoiding any deterioration of mechanical and fracture properties
mainly or any other property of the final product of HDPE, LLDPE and HDPE/LLDPE, due to excess
of antioxidants or stabilizers additives, we minimized it or preventing it at all in some samples for
checking and testing purposes. The solid and liquid contaminations should be removed easily while
melted contamination will make a big problem for removing by methods such as the sink and float
method. The liquids or the contaminations which can be melted in water such as dust, soil, ink, or
others can be removed by the washing. The antioxidants and stabilizers used in the current research
are CESA Antioxidant PA-31 and CESA uv stabilizer PA-788-51 produced by CLARIANT. The
structure of the Montimorillonite MMT type consisting of two layers of tetrahedral atoms of silicon
sandwiching one layer of octahedral atoms of aluminum. It is known that anti-oxidants and
stabilizers represent very few amount which their effect can be ignored and neglected and can be
accepted in the polymers without badly affecting the final product. For the same reason, additional
antioxidant and stabilizers may be not added to the polymer during process to minimize the effect of
these additives on the mechanical and fracture properties of manufactured nanocomposites.

Materials

The main materials used in the research are polymer systems (HDPE), nanoclay of montimorillonite
type MMT, and palm date fibers.

1. Polymers
The polymer systems are HDPE. They are collected and classified, then granulated and grained to
powder. Then, they are extruded with adding nano clay (5% ) to enhance both of the mechanical,
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thermal properties and fracture properties. Adding palm tree fibers (5%) to the polymers only or to
the nanoclay and polymers will enhance the thermal properties.

- I x
400 nm\ /,mu nm

(a)Montmorillonite MMT (b) Dimensions ( width 100 (¢) Thickness ( 1.0 nm) and shape
nanoclay bonded layers. nm , length 400 nm) of MMT of single MMT nanoclay layer.
nanoclay bonded layers.
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Fig. 4 Nanoclay layers, agglomerated nanoclay particle, nanocly layer, HDPE exfoliated nanoclay,
Intercalated nanoclay dispersed in the polymer matrix, and agglomerated nanocly.

2.Nano clay

Structure of MMT consists of as shown in Figs. (4 ). MMT particle consists of one aluminum sheet
sandwiched between two silicon sheets, as shown in Fig. (4). Clay sheets are bonded together in
agglomerated particles by the effect of moisture or wetting from any source since it is strongly
hydrophilic material. Clay can just be exfoliated to layers of (1.0 nm) thickness if it is mixed with
high shear mix process by using device like co-rotating or counter co-rotating twin screw extruder or
roll mill. The nano composite made of polymer and nanoclay can only be made if the clay particles
are separated in layers with insertion of the nanoclay layers in the polymer and in the same time
intercalation of polymers between the nanoclay layers.

3.Palm tree fibers

Palm tree fibers is produced by collecting the fibers leaves and fronds fibers of the palm tree which
are available in all areas of Saudi Arabia. Then it will go through some steps of preparation until
producing it in final form of micro and nano fibers. It is collected from the palm trees fronds as dry
or green. Then the green palm tree fronds are left in the sun until drying naturally then it is washed
and cleaned. All of them are dried in an oven with low temperature. Then it is grinded using grinding
machine. Then it is sieved to pass through sieve # (400) of size < 38 microns. The passing material is
used in the composite by mixing it to the polymer through the twin screw extruder through adding it
mechanically by putting it in the side feeder while the polymers are in the main feeder (Fig. 5). The
extruder and feeders are under computer control, as shown in the figure (5). The non passed fibers
through the sieve are grinded once again for the same use.
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Bionanocomposite
samples

Fig. 5 Computerized lab station operating co-rotating twin screw extruder, and CPNC
nanocomposite samples

4.Clay polymer nanocomposite and palm tree fiber

The product material of the extruder is in the form of grains or powder. Then the powder is used in
the casting and molding of the bionanocomposite sheets and plates for testing of mechanical fracture
and thermal properties. The bionanocomposite samples include layered and non layered
bionanocomposites to simulate the dental biomaterials for different orthodontics applications like
crowns, bridges and complete dentures. It also is checked under variable and constant
temperatures. The materials also are tested for each of mechanical and fracture properties in addition
to the microstructure investigation. We do not add other additives like stabilizers or antioxidants for
uv or others because adding more antioxidants or stabilizers may badly affect the mechanical
properties or other properties like producing cracks and fractures.

Preparation Steps of Bio-CPNC

The preparation of the polymers go through several steps before preparation for extruding to prosuce
the bionanocomposites. These steps include each of collecting of the polymers with Identification
and classification of the polymer, preparation for grinding to grains or pellets with collecting the
grinded materials and then producing it in the shape of powder, preparation of nanoclay, preparation
of palm tree fibers, extruding with mixing the nanoclay, extruding with mixing the palm tree fibers,
extruding with mixing of both nanoclay and palm tree fibers. Then , it is followed by re-extruding of
the nanoclaypolymer composite with adding the palm tree fibers, some cases are extruded for
producing sheets and plates which are made to test the mechanical, fracture and thermal properties,
sample are designed as layered nanocomposite and tested to check the effect on temperature changes.
Some samples are tested under variable cyclic tempreature degree as shown in figures (10-12), while
others are tested under effect of constant temperature degree as shown in figure (13). The main
equipment and devices for processing, characterizations, processing and testing include computerized
twin screw extruder with (L/D = 40) where (L) is length of each screw and (D) is the diameter of each
screw, with five temperature zones, computerized granulator, computerized mixer, and pelletizer as
shown in figure (5). The characterization and testing equipment include mainly scanning electron
microscope SEM and displacement control Universal testing machine for mechanical and fracture
properties testing.
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Testing, Results, Analysis and Characterization

The research procedures and techniques include the experimental work, characterization and testing.
The experimental program included each of procurement of clays and polymers, materials
preparation, and processing of the nanocomposites, using a twin extruder, mixer, water bath and
granulator. The characterizations will include analyses using of SEM microscope. The tests include
mechanical properties testing, fracture properties testing, and thermal properties testing. Mechanical
properties testing and results are shown in figures ( 6, 7, 8,) and table (1). Also, testing of fracture
properties as fracture toughness is carried out as shown in figures (9, 10, 11) and table (2). In addition,
testing of thermal effects are checked as shown in figure (12,13), while microstructure morphology
is shown in figure (14) for each of HDPE, MMT nanoclay, micro fibers of palm tree, CPNC and bio-
CPNC.

1.Mechanical properties

Testing method and details are introduced for investigating of mechanical, fracture and thermal
properties. The testings are carried based on the ASTM international standard specifications for
plastics testing for each of testing of Mechanical properties as mainly tensile strength. The
mechanical properties testings are based on ASTM D638 standards for testing of tensile strength
using dumbbell-shaped specimens as shown in Figs. (6, 7, 8) and table (1). The mechanical properties
test investigated that the results of bio-CPNC are enhanced better than the original pue polymers with
large ratio of about (70%), as shown in the figures of stress-strain relations and table (1) indicating
the enhancement and change ratios of the results which are included in the table (1) and calculated
based on the equation (1).

BioCPNC result—O0riginal HDPE result
Original HDPE result

1% (1)

Enhancement (change)ratio = |

oy
=Y
=]
g

\

wur gy

\
R

(b) Pure HDPE test sample (c) BioCPNC test

19.0 mm

(a) Sample dimensions

(d) Machine for preparing test

Samples

Fig. 6 Dumbbell-shaped specimen for tensile test ASTM D638: (a) sample dimensions based on
ASTM standard, (b) Test sample for pure HDPE, (c) Test sample for pure BioCPNC , (d) machine
for cutting the test sample based on ASTM D 638 standard
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(a) HDPE Sample length during testing
showing the starting of deformation and
elongation

(b) HDPE Sample length during testing
showing the deformation and maximum
elongation

Fig. 7 Tested sample of pure HDPE under tension load showing the deformation and elongation

during testing
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(b) Stress-strain of tensile for BioCPNC

Fig. 8 Stress-Strain curves for tested samples of: (a) pure HDPE and, (b) BioCPNC for tensile test
based on (ASTM D638)

Table 1 Mechanical properties testing showing the enhancement of bio-CPNC properties in
comparison to pure HDPE properties.

Pure (High density bio-CPNC Enhancement (Change) ratio%
Property polyethylene) Bionanocomposite
HDPE Polymer made of asEq.( 1)
matrix (95%(HDPE)Polymer
+3% MMT nanoclay Enhancement (change)ratio =
+ 2%(palm tree micro _ BioCPNC — Original HDPE Y
fibers) =1 Original HDPE 1%
Tensile strength at 15.5 26.5 [2%522%519, =709% ( Large increase of tensile
break ( Mpa) B strength)
Elongation ratio % 630 7.4 [7-46‘3230] % = —98% (Large Decrease of
elongation)
Young’s modulus 1188 1959 [m]% =65% ( increase of Modulus of
of elasticity (E) 1188 -
elasticity)
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2.Fracture properties

Fracture properties testing are carried out based on ASTM D 5045 testing of fracture toughness based
on using single edge notched specimens tested under 3-point load, shown in Fig.(9). Testing of
fracture behavior of inclined cracks ( mixed modes ) based on the International specification and
stress intensity factors with comparing it to result of Mode I specimens and non cracked specimens
as shown in Figs. (9, 10, 11). The results of the fracture mechanics tests indicated that the fracture
behavior is completely changed from to linear elastic fracture mechanics and elastic-plastic fracture
mechanics EPFM where some cases can be considered as LEFM similar to brittle materials. The
results are concluded and shown in table(2) and figures (9, 10, 11). The test was carried out for mode
I crack to check the critical stress intensity factor at the crack tips due to the concentration of stresses
under loading which may also called as fracture toughness K, as indicated by the equations (2, 3 ).

Kie = oy (ma)*> (F) 2)

F=[1.07 (1+3.03 a/b)] / [2 (3.14 a/b)*> (1-(a/b))!~], 3)

Where, (F) is correction factor for edge cracks in finite sheet under uniform tensile stress, ( a ) = half
crack length, (b) = sample width, (o, )= critical stress at fracture. The sample dimensions are 120 mm
length, 12 mm width and 2.0 mm thickness, half crack length (a) = 2.0 mm. The test for mixed mode
cracks was carried out under the condition of plan stress fracture mechanics since the samples were
made of thin sheets of thin thickness. Some samples were pre-cracked at the middle at the edge from
just one side to be cracked with single edge crack of length a = 2.0 mm and crack width of about 0.3

mm. The elastic fracture energy Gr is calculated through equations (4, 5), for elastic energy release rate
for plane stress condition.

Gr= (Kic)’/E 4)

Where, Gr = Elastic energy release rate, Kic =Fracture toughness which equals critical stress intensity
factor for mode I crack.

Kic = 6 ( 3.14 2)°3 [MPa (mm)®*/mm?] (5)

Load P
| 2 |
a=W/2

4

W= (2-4) B

K, 3 o
mm L=4 W —>|

(a ) Dimensions of test sample based on ASTM D5045

(b ) Pure HDPE test sample under testing operation (c ) BioCPNC test sample under testing operation

Fig. 9 Single Edge notch beam ( Single edge crack) SENB test specimens for fracture toughness
testing based on ASTM D5045 : (a) Standard specimen dimensions based on ASTM D 5045,
(b) Specimen of pure HDPE under testing, (¢) Specimen of BioCPNC under testing
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Fig. 10 Single Edge notch beam ( Single edge crack) SENB test specimens for fracture toughness
testing based on ASTM D5045 : (a)Specimen of pure HDPE under testing, (b) Specimen of
BioCPNC under testing

(a) Test sample

shape of (b) Sample during (c) Samples before and after during
uncracked and testing testing

pre-cracked
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Fig. 11 Test specimens of model, mixed modes fracture for internal and edge cracks in addition to
testing of uncracked specimen of pure HDPE and BioCPNC: (a) Test speciments shape, (b) test
specimen under testing operation, (C) tested specimen before and after testing

As shown in Figure (11), it is presenting the dteailed fracture test procedures for mixed mode
cracks under tension and samples of pre-cracked pure HDPE and Clay-Palm tree fibers-HDPE
BioCPNC nanocomposite, Pure HDPE pre-cracked samples before testing, during testing and after
testing.
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Table 2 Fracture properties testing showing enhancement of bio-CPNC properties in comparison to

pure HDPE.
Pure (High bio-CPNC Enhancement (Change) ratio%
Property density Bionanocomposite made
polyethylene) of (95%(HDPE)Polymer +
HDPE Polymer 3% MMT nanoclay + Enhancement (change)ratio =
matrix 2%(palm tree micro _  BioCPNC — Original HDPE 1o
fibers) - Original HDPE °
Fracture tougl;rsless 54 62 [625_454]% =15% (increase of fracture
(Ky) (Mpa. (mm)™ toughness)
Elastic Fracture Energy 3.72 10.33 [10'33_3'72]% =177% (Large increase in
k 3.72

(Gr) (Mpa.mm) fracture energy)

3. Thermal properties

Thermal properties Testing include testing of the thermal behavior of the layered bionanocomoosite
under cyclic variable heating-cooling and constant temperature degrees for the samples designed and
produced of composed layers of bio-CPNC made of HDPE, MMT nanoclay and palm tree mico fibers
as shown in the model in Fig. (12) layered cross section of bionanocomposite of polymer matrix,
palm-tree fibers and nanoclay particles, where figures (13 a, 13b, 13c) show the results of the tests.
Regarding the quality of product lifetime, thermal, mechanical and fracture properties are studied in
addition to the characterization of microstructure morphology of the hogenity, distribution showing
the well distribution and bonding. Filler of nanoclay particles will enhance mechanical, fracture and
thermal properties while palm tree micro fibers will enhance additionally the thermal properties of
the polymer matrix. The exfoliated Nanoclay layers will intercalate and strengthen the polymer matrix
by connecting between the polymer chains as reinforcement layers. It can reduce the possibility of
crack nucleation by closing the cracks produced during manufacturing stage. It can close the pre-
existing internal cracks by interlocking between the crack surfaces. Therefore, nanoclay helps in
enhancement of mechanical and fracture properties. This result will enhance the lifetime of the
nanocomposite making it longer than the lifetime of pure polymer matrix. Results of cyclic tests of
thermal effect on bio-CPNC bionanocomposite made of polymers matrix and MMT nanoclay-palm
tree fibers indicate that when the teprature degree of the surrounding climate was about (32) °C
degree, the bio-CPNC can reduce it to be between (15 to 18) °C degrees only, as shown in figures
(13a, 13b, 13c¢). Under cyclic thermal changes when the climate temperature degree was between (3
to 4)°C degrees, the bio-CPNC containing nanoclay and palm tree fibers could change the temperature
effect to be about (13-14) °C degrees as shown in figures (13a, 13b, 13c). These reseults of cuclic
tests show that the bio-CPNC can control and prevent the temperature effect to be almost constant
temperature suitable for human use and for keeping the dental materials of orthodontics, crowns,
bridges and implanes safe from severe temperature changes and make the human teeth and human
health safe. Regarding the tests under constant temperature as shown in figure (13), it shown that the
bio-CPNC material could control the temperature changing to reach at (37) °C degrees after (72)
hours exposure to effect of constant temprature of (40) °C degrees, while the normal polymer material
of HDPE and LLDPE reached the (37) °C degrees temperature after just (4) hours exposure to thae
same degree under same conditions. The tests under both cyclic or constant temperature degree show
thae big difference between Bio-CPNC and other materials for controlling the temperature effects.
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Fig. 12 Critical cases of designed layered-BioCPNC samples of BioCPNC of HDPE polymer
matrix, palm-tree fibers and MMT nanoclay particles, which tested for thermal properties
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Fig. 13 Thermal test results: (a) Results of palm tree fibers thermal effect tests on temperature
effect, (b) Results of Nanoclay thermal effect tests on temperature changes, and (c) Results of
Nanoclay-palm tree fibers thermal effect tests on temperature changes under variable temperature
degrees showing the relations between temperature degree ( °C) and time (hrs)
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4. Microstructure Characterization using SEM

The microstructure morphology of each of HDPE, MMT-nanoclay, palm-tree fibers CPNC and Bio-
CPNC made of HDPE-MMT- palm tree fibers are examined as shown in Fig. (14) included the clear
difference between particles types, size and dimensions, bond between particles without defects or
cracks which proove the development and enhancement of the mechanical and fracture properties
whown in tables (1, 2) and relations between stres and strains of tested samples. HDPE powder
(SEM), Melt HDPE (SEM), Clay/polymer nanocomposite, Clay/polymer nanocomposite (SEM),
MMT Nanocly layers (SEM), MMT nanoclay layers (SEM), Palm tree fibers microstructure , and
Palm tree fibers ( SEM) shown in Fig. (14) are showing new results of processing of the natural
nanomaterials to develope green bio-nanocomposite. Regarding the materials, the main materials
which used in the research are polymer systems HDPE, nanoclay ( Montimorillonite type MMT) and
palm date fibers ( micro fibers of size less than 38 micron ). The polymers include the most famous
types and applied which are HDPE. The materials are collected and classified and grained to powder.
Then they are extruded with adding nano clay (5%) to enhance both of the mechanical and thermal
properties in addition to enhancing of the fracture properties. Adding palm tree fibers (5%) to the
polymers only or to the nanoclay and polymers will enhance the thermal properties.

Fig. 14 HDPE powder (SEM), Melt HDPE (SEM), Clay/polymer nanocomposite, Clay/polymer
nanocomposite (SEM), MMT Nanocly layers (SEM), MMT nanoclay layers (SEM), Palm tree
fibers microstructure , and Palm tree fibers ( SEM).

Discussion

Regarding nanoclay, MMT nanoclay particles structure consists multi-layered particles bonded to
each others where MMT clay particle consists of one aluminum sheet sandwiched between two
silicon sheets, as shown in Fig. (4). Clay sheets are bonded together in agglomerated particles by the
effect of moisture or wetting from any source since it is strongly hydrophilic material. Clay can just
be exfoliated to layers of 1.0 nm thickness if it is mixed with high shear mix process by using device
like twin screw extruder or 2 or 3 roll mill. The nano composite made of polymer and nanoclay can
only be made if the clay particles are separated in layers with insertion of the nano clay layers in the
polymer and in the same time intercalation of polymers between the nano clay layers. Therefore the
nano clay layers should be exfoliated by the method of high shear mix through the extruder as shown
in the figure (5). We have a new advanced and computerized twin screw extruder of L/D= 40 screws
and five zones of temperature with advanced data acquisition system as shown in the Fig.
(5). Nanoclay is natural or synthesized material in the powder shape with particle thickness is one
nanometer. It has very special and unique properties in several aspects such as unique structure, high
aspect ratio, large surface area, mechanical and thermal properties. These unique properties make it
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convenient for manufacturing advanced green nanocomposite. Clay layers can be exfoliated or
delaminated to separate platelets as shown in Figs (4). The properties of these platelets include
geometry with dimensions of thickness = (1 nm), Width = 100 nm, length=400 nm, aspect ratio
(width/thickness - length/thickness) = 100 — 400, surface area = 700 — 800 m?/g, coefficient of linear
thermal expansion=5.9 (10 m/m.K), specific heat capacity=920 (J. kg'.K''), and thermal
conductivity factor=0.15 (W/m.K). It is applied in many fields of advanced technologies and
industries such as automobiles, aerospace, electronics, electrical devices, constructions, packaging,
coating, medicine, biomedical engineering, ....etc. The production of nanocomposite material goes
through several stages of preparation, mixing and processing. There are several methods for the
processing such as mixing the nanoclay during polymerization process, Sol-Gel method and melt
processing method. The most suitable method of processing for polymers is melt processing
technique. The main general approach to produce clay/ polymer nanocomposites is to disperse
exfoliated nanoclay layers (filler) in the polymer (matrix), as shown in figure (4). Palm tree fibers are
produced by collecting the fibers leaves and fronds fibers of the palm tree. Then it will go through
some steps of preparation until producing it in final form of micro and nano fibers. It is collected from
the palm trees as dry or green. Then the green fronds are left in the sun until drying naturally then it
is washed and cleaned. All of them are dried in an oven with low temperature. Then it is grinded
using grinding machine. Then it is sieved to pass through sieve # (400) of size < 38 Micrometer. The
passing material are used in the composite by mixing it to the polymer through the twin screw extruder
through adding it mechanically by putting it in the side feeder while the polymers are in the main
feeder. The extruder and feeders are under computer control, as shown in the figure (5). The non
passed fibers through the sieve are grinded again for the same use. The effect of each of nanoclay and
palm tree fibers on the polymers in the developed bionanocomposites in the tested samples for
temperature effects was checked by using layered system of nanoclay and palm date fiber separately
and together. The presults are shown in the figures (10-13). In current paper, the materials are very
cheap since we are using polymers and natural green Saudi materials of nanoclay and palm tree fibers.
In addition it can be used in many applications since it enhance not only the thermal properties but
also the mechanical and fracture properties. The main properties of the palm dates fibers areincluding
each of coefficient of linear thermal expansion= 3.7- 5.4 (10 ° m/m.K), specific heat capacity=1800
(J.kg '. K1), thermal conductivity factor = 0.17 (W/m.K). The effect of fibers on the thermal behavior
is shown in Figs. (12, 13). The produced Bio-CPNC material of the extruder is in the form of grains
or powder. Then the powder is used in the casting and molding of the test samples. The samplesy are
composed of several layers. Then, the samples are tested to check the thermal properties effect of
temperature changes under both variale and constant temperature degrees.. It also is checked under
constant temperature in the lab in special control room. The materials also are tested for each of
mechanical and fracture properties in addition to the microstructure investigation. Regarding the steps
of the study, polymers went through several steps before preparation for extruding and graiding as
collecting of the polymers, identification and classification. Collecting the grinded materials and then
producing it in the shape of powder. Then, the other steps include each of preparation of nanoclay,
preparation of palm tree fibers, and then extruding with mixing both of the nanoclay, and palm tree
fibers. Extruding with mixing both of nanoclay and palm tree fibers (re-extruding of the nanoclay
polymer composite with adding the palm tree fibers, Then, sheets and plates of bio nanocomposites
are made to test the mechanical, fracture and thermal properties, as shown in figure (12,13). Sample
are made for characterization of microstructure morphology , homogenity, distribution and bond.
Some samples are tested to check the effect of temperature changes under both variable and constant
temperature degrees, as shown in figures (12, 13). Some cases are produced using nano clay and palm
tree fibers without surfactants while other cases will produced using surfactant of octadecylamine.
The surfactant of the nanoclay is organic material. Since the nanoclay and palm tree fibers are
hydrophilic and thermosetting material while polymer systems are hydrophobic and thermoplastic
the nanoclay and palm tree fibers are better to be surface modified by surfactant for bonding reason
to the polymers. It is usually known that the degradation of polymers accelerates the failure process
of the final product. Therefore, the polymers are reinforced with nanoclay sheets to reduce the fracture
and degradation. It will make bond to the polymer through the surfactant layer of the nanoclay. The
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nanoclay layers are modified by surfactant organic layers of Octadecylamine [my paper] which
facilitate the bond with the HDPE. It will reduce or prevent the cracks and increase the mechanical
(such as tensile strength, hardness), fracture properties (such as fracture toughness, crack propagation,
crack initiation, crack branching,...) and thermal properties (such as linear thermal expansion factor,
thermal conductivity factor, and specific heat capacity). Some test samples are designed as layered
composite where the samples layers made of bionanocomposite as shown in figure (12). Some
samples were tested under constant temperature degree, while the others are tested under effect of
variable temperature degree as shown in figures (12, 13). The results show the effects of nanoclay
and palm tree figers on the changes of the temprature where the bionanocomposite materials are
reinforced by nanoclay and palm tree fibers with very small ratios as shown in Figs.(12, 13). Nanoclay
is added as (5%) by weight. Also, different ratios of palm tree fibers have been added such as 5-20%.
The research work is using mainly of the recycling of clean polymers. For avoiding any bad effect
of possible presence of contaminations on the mixing process or product of bionanocopmpsite, the
research took into consideration polymers without contaminations. Any contaminations presence in
the polymers will produce weak points and cause stress concentration which will produce plastic
zones and fracture when the stresses reaches the critical value at the vicinities of the defects. This
means it will produce fracture process and failure. It also represents the main cause of the
deterioration of the mechanical properties in addition to the fracture properties. The most common
method of the separation is the float-sink method. Any contaminations are removed if it found by
identification, classification and then removal, cleaning, washing and drying steps can be done for
the polymers. Removal of possible contamination is very important for purity of the final
product. For checking the thermal properties effects of each of nanoclay and palm tree fibers in order
to be sure that the results of the research are promising for both of thermal insulation effects and
cracking resistance effects, two simple experiments were done. First test for checking the fracture
mechanics resistance by comparing between samples made of pure polymers and others made of
CPNC made of HDPE mixed with (5%) nanoclay and palm-tree fibers. For testing the thermal effects
of nano clay and palm tree fibers, samples are made to check the effect of each of nanoclay and palm
tree fibers on temperature as shown in figures (12, 13). As a test example, temperature decrease from
32 °C to be 18 °C and keep it at 14 °C when surrounding temperature is at 3 °C. This phenomenon is
clear in the figures (12,13). Adding 5% of nanoclay to the polymer systems HDPE can enhance the
mechanical and thermal properties by about (70%). Adding the same ratio of palm tree fiber can
enhance the thermal properties. Therefore we made layers composed of NC only to enhance the
mechanical properties. In the same time we made another layers made of Polymer and nanoclay and
palm tree fibers and make a layered composite of these two systems. The polymers are HDPE by
different ratios to enhance the ductility of HDPE producing brittle-ductile nanocomposite. Usually
polymers like HDPE include antioxidants and stabilizers, therefore we did not add stabilizers or
antioxidants because it can cause deterioration of the properties. Effects of contaminations on the
nanocomposite processing of HDPE, will produce defects. Therefore, polymers should be free of
contaminations where the contaminations presence produces weak points and causes stress
concentrations which produce fracture and failure. It also represents the main cause of the
deterioration of the mechanical and fracture properties. Therefore it must be avoided in processing of
nanoclay-palm tree fibers bionanocomposite. The enhancements of the thermal and mechanical
properties of polymers are described by some experiments which are made for this aim mainly during
the last months to check its ability. Regarding the test of mechanical properties as shown in figures
(7, 8, 9) and table (1). It is proved that mechanical properties are enhanced wherethe tensile strength
at break is enhanced from (15.5 Mpa) to (26.8 Mpa), Young’s modulus is changed from (1188 Mpa)
to (1959 Mpa), and the ultimate elongation is changed from (560%) to (28%). Regarding the fracture
properties tests as shown in figures (8, 9, 15) and table(1), it is shown that the fracture toughnes;
critical stress intensity factor (Kic); is changed from (54 Mpa (mm)®®) to (62 Mpa (mm)®° ) while
the elastic fracture energy (Gy) is changed from ( 3.72 Mpa .mm ) to ( 10.72 Mpa .mm ). The
microstructure investigations for morphology, homogenty, distribution, bond between particles, it is
shown from the results in fuger (14). Regarding the microstructure morphplogy of the raw materials
and nanocomposite products as shown in figure (14). It is investigated by scanning emession
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microscope SEM. The figure (14) includes each of microstructure morphology, homogenty,
distribution, bond between particles and there are no defects or cracks. It is showing the converting
of the polymers, nanoclay and palm tree fibers powders to homogenous bio-nanocomposite. The bio-
nanocomposite has uniform distribution of theparticles of nanoclay and palm tree fibers within the
melted particles of polymers. It proves the the well despersion and bonding.

Conclusion

Through the methodology of the idea of manufacturing new bionanocomposite material for mainly
denestry applications and results of each of the mechanical, fracture and thermal properties the
research, it is proved that the current new bionanocomposites is promising for dental applications
including different types. In addition to the main aim of bionanocomposite made of palm-tree fibers,
nanoclay and polymers for the denestiry applications of orthodontics like crowns, bridges, implantes
and complete denture, the nanocomposite products of the research can be applied in many fields like
thermal insulators, packaging, wires and rods, textiles and threads, sheets and plates, tents , cover of
computers, 3-D printers, and many other applications The results of this research are very important
because the results will have a significant impact on the denestiry fields, medical fields and
environment with providing new job opportunities for assisting the economy. They adversely affect
health by solving the important dental, meciacl and environmental problems for practically protecting
human health through using new technologies and domestic materials of polymers, nanoclay, and
palm tree microfibers, to produce stable, highly functional nanocomposites with good mechanical
fracture and thermal properties for orthodontics..
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Abstract Large quantities of date palm frond waste generated from the pruning process are
accumulated or burned in burn barrels, harming the environment and having very little economic
value. However, because of the lack of data revealing the characteristic magnetic properties of biochar
derived from date palm fronds, further research on low-cost and sustainable strategies could offer a
new composite material and serve to extend the way for novel applications. In this study, we prepared
biochar derived from palm fronds via pyrolysis under a limited-oxygen atmosphere at a lower
temperature of 300 °C for 2 h. We introduced a facile strategy for the production of magnetic biochar
with various doses of annealed steel sludge material via ball milling. Various amounts of annealed
steel sludge material (5%, 15%, and 25% w) were added to date palm frond biochar, and the obtained
product was fabricated by ball milling. The physicochemical characteristics of the magnetic biochar
composite were subsequently analyzed using scanning electron microscopy (SEM), energy-
dispersive X-ray spectroscopy (EDS), X-ray diffraction (XRD), Fourier-transform infrared
spectroscopy (FTIR) spectroscopy, and UV-vis spectroscopy. Our findings showed that the ball
milling method is a successful step for producing date palm fronds with magnetic biochar material
possessing rough and packed pores, as shown by SEM. XRD patterns assumed the existence of
magnetic phases of iron oxide (magnetite (Fe3O4), hematite (a-Fe2O3), and maghemite (y-Fe.O3) at
different generated peaks. FTIR outputs exhibited the abundant presence of various oxygen-
containing functional groups (- COOH and -OH) on the surface of magnetic biochar material, which
help to create chemically reactive sites to adsorb potential surrounding species. The UV spectra
showed a noticeable enhancement of the optical properties of the magnetic biochar with an increase
in the sludge dose for light absorption in the visible region from wavelengths of 400 — 700 nm . This
result signifies the synthetic optimization and potential application of magnetic biochar materials for
composites that could be employed in targeted uses including soil amendment, water remediation and
energy applications.
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1. Introduction

Cultivation of palm trees is an old practice that has been used for thousands of years in the arid regions
of the Middle East, the Arabian Peninsula, and North Africa. The importance of palm trees as a direct
source of nutrients and materials, such as for building, fabrication, and furnishings, has sustained the
human population in desert regions and has expanded cultivation to other countries with appropriate
environmental conditions. (Chao & Krueger, 2007). Date palm tree agriculture in the Kingdom of
Saudi Arabia is one of the largest vendors in the global market, with an estimated 1,565,830 tons
produced in 2021 and grown within an area of 152,734 ha (FAO, 2023). Over the productive life span
of a date palm, which may extend for up to 50 years, farmers usually trim tree branches and fronds
throughout this period of life. One date palm produces approximately 20 kg of litter annually from
the removal of the branch and annual removal of any dead or damaged fronds (Faiad et al., 2022).
Large volumes of date palm trash are produced by the pruning process. Once gathered, the majority
of this waste is often eliminated, either by incineration or landfilling, causing environmental damage
and low economic value (Abdulrazzaq et al., 2014).

Recent research on the sustainable management of biowaste could offer new composite materials for
environmental and agricultural applications. Magnetic biochar is an advanced material that can be
developed from date palm frond waste and is composed of a highly porous, carbon-rich substance
that is produced by the thermochemical conversion of biomass under anaerobic conditions (Khan et
al., 2022). Typically, the characteristics and properties of biochar govern its application.
Physicochemical characteristics, performance, manufacturing procedures, and economic variables
are among the most essential elements that influence biochar. Its physical and chemical qualities are
determined by the synthesis technique and carbon source (Chen et al., 2022).

Magnetic biochar is an important component for green advanced technologies and the sustainable
future (Zhao, et. al., 2021). The development of magnetic biochar has been applied in water
purification from pollutants (Wang et. al., 2015) and used as excellent electrodes for supercapacitors
(Du, et. al., 2022). Although various technologies are used to prepare magnetic biochar including
thermal treatment, microwave heating, co-precipitation, and calcination (Zhao, et. al., 2021), further
work is required to explore preparing tuned properties of magnetic biochar by the ball-milling
method.

steel sludge material is a common by-product generated from the iron and steel industry. It is
considered as is a fine solid material obtained after wet cleaning and scrubbing during the
manufacturing of steel (scrubber sludge). Fine particles of steel sludge emerge in the form of iron
oxides and calcium carbonate (calcite) (Andrade, et. al., 2006 Roslan, at. Al., 2016). In general, the
resulting chemical composition is composed mostly of oxides and silicates generated by the oxidation
of different additives in steel-making residue (Saeedi, et. al., 2023, Yousef Malkawi, 2003). To
enhance the physicochemical properties, adsorption capacity, and recovery of biochar, its magnetic
properties were combined by adding iron oxides derived from steel-making byproducts steel slag
(Kim et al., 2021). It has been reported to be utilized as a sorbent for wastewater treatment, removing
organic pollutants (B. Chen et al., 2011), dyes (Shin et al., 2021; Theydan & Ahmed, 2012), and
heavy metals such as arsenic (Wang, Gao, Zimmerman, et al., 2015), lead (Wang, Gao, Li, et al.,
2015). However, because of the need for data revealing the characteristic magnetic material of date
palm frond biochar derived from date palm fronds, further research on low-cost and sustainable
strategies could offer new beneficial composite materials and serve to extend the way for novel
applications.

In this preliminary study, we aimed to optimize the conditions and produce magnetic biochar by
mixing various doses of annealed steel sludge with date palm frond biochar by ball milling method
under ambient conditions. The detection of the obtained product was carried out by several analytical
techniques, including SEM, EDS, FTIR, XRD, and UV methods, revealing the physicochemical
characteristics of the magnetic biochar with different doses of annealed steel sludge and exploring
the effect of the annealed sludge dose on the product properties.



Scientific Books Collection Vol. 159 83

2. Material and Methods
2.1 Materials:

The date palm fronds (Phoenix dactylifera) used in this study were obtained from local farmers in the
eastern province of Saudi Arabia. Sludge steel waste was collected in powder form from the Al Rajhi
factory for iron and steel production in Jeddah, Saudi Arabia.

2.2 Preparation of thermally modified steel sludge material

Fig. 1. Elemental analysis of the annealed steel sludge material (wt%)

The as-received steel sludge powder samples were treated using the same strategy as described in our
previous work reported elsewhere (Saeedi et al., 2023). Briefly, a ground soft powder (50 g) was
prepared using a mortar and then sieved through a 1 mm sieve to remove large fragments and solid
clusters. The powder sample was thermally heated to 900 °C in a conventional furnace under ambient
pressure at a rate of 5 °C/min for two hours. The elemental dispersive X-ray (EDX) output of the
thermally modified steel sludge is shown in Figure.l It was observed that the heated steel sludge
exhibited a higher total iron content (70%), which can be better interpreted because of the high
temperature of 900 °C, which tends to influence the magnetic phases of iron oxide structures in the
steel slag material (Saeedi et al., 2023). It is also seen that the oxygen percentage is 29% and the
lower amount of carbon is 2%. Figure 2. shows a simple test of the successful attraction of the steel
sludge material by a magnet, indicating the magnetic enrichment of the as-received sludge powder.

i+

Fig. 2. Magnetic response of steel sludge material to the magnet
2.3 Preparation of date palm frond Biochar:

To create graphitic biochar, we subjected the palm fronds to pyrolysis under a limited oxygen
atmosphere at a lower temperature of 300 °C for 2 h. The elemental dispersive X-ray (EDX) output
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of the thermally modified steel biochar is shown in Figure 2. The carbon content was dominant at
approximately 74%, oxygen percentage at 29%, and lower amount of iron at 1%.

Fig. 3. Elemental analysis of the biochar of date palm frond material (wt%)

2.4 Preparation of date palm frond magnetic biochar by the ball-milling method

We introduced various amounts of steel sludge material (5%, 15%, and 25% w) to the biochar and
magnetic mixture through a facile route utilizing ball-milling technology for 2 h. This technique is an
inexpensive, simple, eco-friendly, and scalable tool [Allugmani et. Al., 2021]. The experimental setup
for magnetic biochar production is shown in Figure. 3.

Ball Milling
Date Palm Fronds Furnace

Biochar + sludge
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Fig. 4. Experimental setup for the magnetic biochar preparation

2.2 Characterization Methods:

To assess the physicochemical properties of the magnetic biochar composites, we conducted a range
of tests. These include scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy
(EDS), Fourier-transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), and UV-vis
spectroscopy.
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3. Result and Discussion

3.1  Morphological analysis
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Fig. 5. Surface morphology of magnetic biochar at sludge doses of 5% (a), 15% (b) and 25% (c),
respectively.

The morphological properties of the surface of the date palm frond biochar at steel sludge doses of 5,
15%, and 15% were investigated using SEM analysis. Figure. 5 (a—c) shows a rough and porous
channel surface. These channels of biochar surfaces were gradually packed because of the
incorporation and accumulation of small steel sludge particles doses during the ball milling process.
These observations have led to the development of biochar surface as a magnetic biochar, providing
areas for the binding effect (Oyekanmi et. Al., 2024; Vijayaraghavan, 2021). Our new strategy can

open up a potential use for date palm frond magnetic biochar as an important tool in soil amendment,
water treatment, and energy harvesting.

3.2 Surface functional groups
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Fig. 6. Surface functional groups on magnetic biochar at sludge doses of 5% and 25

The surface properties were revealed by assessing the functional oxygen-containing groups of date
palm frond magnetic biochar at steel sludge doses of 5, 15%, and 25% via FTIR spectroscopy. As
shown in Figure. 6, functional groups including Fe-O, C-O, C=0, and —OH were detected in the
obtained samples at 5% and 25% of steel sludge for the curve clarity. A characteristic peak around
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448 cm’! typically introduces Fe-O, assigning a modification to the structures of iron oxide
(Feng et. al., 2023).The peak at 1090 cm™ was attributed to the C-O group. The wide peaks around
3385 cm™ ! can be assigned to the vibration of the —OH groups, and the peak centered around
1568 cm™! was attributed to C=O stretching due to the presence of carboxyl groups (Oyekanmi et.
Al., 2024; Son et al., 2021).Thus, FTIR outputs exhibited the abundant presence of various oxygen-
containing functional groups (- COOH and -OH) on the surface of magnetic biochar material, which
help to create chemically reactive sites to adsorb potential surrounding specious.

3.3 Magnetic biochar structure

The crystalline structures of the magnetic date palm frond biochar were evaluated using XRD. The
XRD patterns of the steel sludge steel incorporated into the biochar by ball milling at 5, 15, and 25%
w were in the range of 10-80°, as illustrated in Figure. 7. The XRD spectra of the magnetic biochar
assumed the existence of magnetic phases of iron oxide (magnetite (Fe3Os), hematite (a-Fe>O3), and
maghemite (y-Fe>Os3). The generated diffraction peaks of the magnetic biochar were observed at
21.56°, 23.7°, 33.18°, 34.6°, 39.3°, 49.48°, 50. 44°, 54.64°, 68° and 74.05°, which were closer to
those observed in the published work by (Oyekanmi et. Al., 2024, Son et. al., 2021). This observation
indicates the successful optimization of date palm magnetic biochar using a ball-milling strategy for
targeted applications. Further work is required to study the magnetic biochar patterns developed by
steel sludge particles using a ball-mailing technology.
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Fig. 7. X-ray diffraction (XRD) analysis of magnetic biochar at sludge doses of 5%, 15%, and 25%
3.4 Optical properties

Figure. 8 depicts the UV—VIS absorption spectra of the date palm frond magnetic biochar at various
doses of steel sludge (5, 15%, and 25%). The spectra revealed that an increase in the steel sludge dose
led to a noticeable enhancement in the visible light absorption ranging from 400 to 700 nm. This wide
peak is indicative of the electronic transition, which is associated with the high intensity, indicating a
high concentration of 3d (Fe") depending on the elemental content of C, O, and Fe in the produced
sample [Gherca, et. al., 2022; Wu, et. al., 2023; Saeedi et. al., 2023]. This observation agrees with the
morphological properties observed in the representative SEM analysis shown in Figure. 5 (a—d).
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Fig. 8. UV-VIS absorption spectra of magnetic biochar samples at different sludge doses at 5%,
15% and 5%.

4. Conclusion

In this preliminary study, a facile and sustainable model for the production of date palm frond
magnetic biochar based on the addition of annealed steel sludge doses using the ball-milling method
was developed. SEM analysis proved that the cavities at the biochar surface were filled by annealed
steel sludge particles with an increase in the dose from 5% to 25%. The structural properties of the
obtained samples were investigated, and the presence of magnetic iron oxide was confirmed by XRD
and FTIR studies. The optical properties of magnetic biochar can be controlled by varying the steel
sludge dose. It was shown that the light adsorption detected by UV spectroscopy appeared in the
visible region, thereby allowing the produced samples to serve as potential precursors for the
engineering of advanced composites. Our findings pave the way for an innovative strategy for
converting waste into important products for soil amendment, water treatment and energy harvesting.
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Abstract. A vast amount of agricultural waste, such as dried leaves, stems, pits, seeds, etc., are
produced by date palm trees in Saudi Arabia each year. This waste is an excellent source of
degradable biomass suitable for many uses. Crystalline nanocellulose (CNC) is one of the most
important nanomaterials that can be used in various applications. Due to its unique properties,
which include biorenewability, optical transparency, high mechanical strengths, and sustainability,
nanocrystalline cellulose has become a significant nanomaterial in recent years. In this study, CNC
was isolated from the waste date palm leaves and used for the production of PA-modified
membranes for water treatment by reverse osmosis membrane technology. The membranes were
prepared by surface polymerization with the polyamide as a selective layer on the polysulfone
support film. Three membranes were produced, two with 0.01% and 0.02% (w/v) CNC and the
third with PA-free CNC for comparison. Each membrane produced was tested using different
characterization techniques. The polyamide membrane with 0.01% w/v CNC had a higher water
permeability of 43.25 L/m? h bar than the membranes with 0% w/v CNC (36.25 L/m? h) and
0.02% w/v CNC (42.85 L/m? h bar). Under the same conditions, salt retention was also found to be
above 98% for both NaCl and MgSOs4 for the two modified membranes. The contact angle was
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found to be 68.04+3.7, 72.8340.8, and 63.76+5.5 for PA(0%CNC), PA-CNC (0.01% w/v), and PA-
CNC (0.02% w/v), respectively. The 0.01% PA-CNC membrane exhibited a higher water contact
angle, greater hydrophobicity and lower surface roughness. As a result, the isolated CNC might be
appropriate for use as a modifier agent for membrane fabrication and water treatment.

1. Introduction

Water resources occupy a unique position compared to other natural resources. As the main element
of the environment and a necessary component of human life, water is the basis of life as we know
it. Furthermore, water is essential for maintaining a high standard of living and for social and
economic progress. Human health is strongly influenced by water. Diseases, natural disasters and
environmental damage can be caused by contaminated water or by a surplus or shortage of water.
Over the last 20 years, it has become clear that natural resources especially water resources are
finite and should be used wisely to meet people's needs [1]. According to united nation water
statistics, clean water accounts for about 2.5% of the earth's total water capacity. Water scarcity is
the result of high demand compared to available supply and is caused by a number of factors. The
physical environment can be altered by both human activities and natural processes that create some
elements and leave others behind [2]. Due to urbanization, industrialization and overpopulation,
global warming is affecting the availability of water resources. Numerous industries are emerging in
an attempt to meet the challenges of a growing population; however, this places unsustainable
demands on water resources, ultimately leading to their depletion [3].

The date palm (Phoenix dactylifera) is one of the most common agricultural crops in many
countries [4]. This tree has always been essential for the beginning and development of civilizations
in the arid parts of the Arab world [5]. The United Nations Educational, Scientific, and Cultural
Organization has recently acknowledged date palm-related knowledge, customs, and practices as a
component of the global intangible cultural heritage [6]. In addition, much work is being put into
preserving the long-threatened crop, as it is an important symbol of the Arab world's prosperity [7].
The Arab world can benefit from date palms as they are remarkably resilient to harsh environments
and require little care [8]. It is estimated that 2 million tons of dry palm fronds are produced
annually during the date harvest. When the palms are seasonally pruned and grafted, large quantities
of waste biomass are therefore produced [9]. According to estimates in Saudi Arabia, each palm
produces between 20 and 35 kg of biomass waste each year, which amounts to a total of about 1
million metric tons of biowaste [10]. Date palm waste is usually burned on farms or disposed of in
landfills, polluting the environment in date-growing countries. There are numerous thermal,
biochemical and physico-chemical technologies for the sustainable use of date palm biomass. The
date palm has a low moisture content and a high content of volatile components. Due to these
properties, date palm residues are a large biomass resource in date growing countries [11].

Cellulose nanocrystals (CNCs) obtained from different parts of the date palm have been found to
have different properties in terms of shape, surface morphology, degree of polymerization and
surface characteristics. Date palm leaves were selected for the present study as it contains 60-75%
cellulose [12]. CNC provides special uniqueness like non-toxicity, increased thermal stability,
reduced cost, optical transparency, and biodegradability. However, because of its exceptional
mechanical and thermal properties, CNC is frequently used as a reinforcing reagent in polymer
composites [13]. Numerous techniques for separating cellulose from agricultural biomass resources
and converting it into nanocellulose have been documented [14]. The most widely used techniques
to produce nanocellulose include acid hydrolysis of accessible or semi-crystalline amorphous
cellulose [15], the use of a combined nanomaterial containing polyvinyl alcohol and starch [16], and
chlorine-free refining techniques to extract CNCs from date palm leaf sheaths, which are a by-
product after harvesting [17]. In general, it is a laudable goal to seek alternative methods of
converting by-product waste into a useful product in order to reduce the effort and cost associated
with its disposal. This goal can be achieved by promoting research on this topic. In general, nations
that have an agriculturally oriented economy generate a significant amount of waste through the
agricultural sector. This would ultimately be bad for the environment and the economy because the
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problem of global warming is so serious and so much waste is produced [18]. Massive amounts of
waste are produced by date palm plants, most of which is burned and composted, degrading the
environment. The palm industry, especially the date palm and oil palm sector, still lacks effective
waste management [19]. Although numerous studies on the products and uses of palm trash have
recently been published, proper industrial use of these applications is still in its infancy [20].
Therefore, in order to carry out a management plan of recycling such waste into useful products, a
suitable and manageable method of waste extraction as well as beneficial product synthesis is
required [21].

The utilization of cellulose-rich biomass waste from date palms can contribute to the overall
expansion of biorefineries. Therefore, it is possible to utilize the various components of date palm
waste to produce new, sustainable bioproducts such as cellulose [22]. In addition, there would be
major financial and environmental benefits, and high-quality biomaterials with better chemical and
physical properties would be produced. Cellulose is composed of crystalline and amorphous
regions, whereby the proportion of the two regions varies depending on the cellulose source [23].
Nanocelluloses have become a viable substitute for traditional materials used in wastewater
treatment. The literature survey addressed some reports described the use of CNC as filler in
modified membrane technology for wastewater treatment. These include lignocellulosic biomass
CNC [24], sustainable CNC composite for membrane production [25], nanocellulose based
membrane for industrial wastewater treatment [26], etc. Because of their high aspect ratio, surface
charge, surface area, and mechanical strength, they can help achieve this goal by offering highly
effective materials for wastewater treatment. Materials used in wastewater treatment that are based
on nanocelluloses, such as adsorbents, membranes, flocculants, photocatalysts, and disinfectants,
must perform a variety of tasks. The ideal balance between porosity, high permeability, specific
filtration mechanisms, durability, and selective binding must be maintained for nanocelluloses to
perform their functions [27]. This study emphasizes on the use of date palm waste leaves as a
ssustainable and potential source of CNC for the removal of hazardous contaminants and water
treatment. These contaminants may be radioactive, chemical, biological or physical. "Water
treatment" refers to all processes of an entity that uses procedures and other steps to remove
hazardous contaminants. These pollutants can be radioactive, chemical, biological or physical.
Membrane processes account for about 53% of applications in clean water production, wastewater
treatment/purification and water recycling [28].

Membrane separation is one of the most efficient, useful and promising techniques for water
treatment. The removal of pollutants from water is necessary for water treatment with membranes
[29]. A pressure difference is the most common driving force in membrane separation. Reverse
osmosis (RO), microfiltration, nanofiltration and ultrafiltration are membrane separation processes
for water. Reverse osmosis (RO) is a more effective system that can perform several purification
processes simultaneously. Salts and pollutants can be efficiently removed by RO membranes.
Without phase shifting or heating, the water is extracted from dissolved substances in a pressurized
salt solution using a membrane separation technique. In addition, the pH value of the product and
the chemical transformations are only minimally affected [30].

Generally, phase inversion or the formation of a thin film systems can be used to create an
asymmetric membrane structure utilizing various materials. Good chemical, thermal, and
mechanical stability are features of many commercial polymeric membrane materials, including
polyimide (PA), polysulfone (PS), Polyethersulfone (PES), polyvinylidene difluoride (PVDF), and
polypropylene (PP) [31]. Due to their ability to reject salt and permit selective water permeation,
polyamide (PA) membranes are frequently employed in the RO desalination process, which turns
seawater into potable water. However, the polymer backbones, though, they typically lack reactive
functional groups. As a result, membranes made of their materials must be altered to get rid of non-
specific absorption and boost efficiency by using better adsorptive surfaces to enhance membrane
separation [32].
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The objective of this study is to develop sustainable technique to recycle the date palm waste and
isolate the crystalline nanocellulose (CNC) for water treatment. The isolation technique was
performed through three steps pulping, bleaching, and hydrolysis. The isolated CNC was used to
fabricate three polyamide membranes with (0.0%, 0.01%, and 0.02% w/v) CNC. The salt rejection
for sodium chloride (NaCl) and magnesium sulfate (MgSO4) was investigated.

2. Materials and Methods
2.1. Materials

Pure grade of chemicals and reagents were used throughout this study. Polysulfone (PS-20) sheet
was purchased from (Spero, California, United States). 1,3,5-benzenetricarbonyl trichloride (TMC,
98%),1,3-phenylenediamine (MPD, 99.5%) were provided by Merck (New Jersey, United States).
Hexane (99%), absolute ethanol (97%), sodium chloride (NaCl, 99%), sulfuric acid (99.9%),
sodium chlorite (99.9%), sodium hydroxide (99.9%), and anhydrous sodium carbonate (98%) were
supplied by Sigma Aldrich (Hamburg, Germany). Milli-Q® water (©18.2) was used to prepare all
solutions.

2.2. Collection of date palm leaves

Date palm leaves were collected from local farms in Riyadh, Saudi Arabia, and crushed to a size of
about 2 cm using a pulverizer. The pulverized leaves were washed with distilled water to remove
any adhering dust and then air dried and finely pulverized.

2.3. Isolation of crystalline nanocellulose from date palm leaves

The isolation of crystalline nanocellulose (CNC) was performed by alkali pulping, bleaching, and
the acid hydrolysis processes (Scheme 1). By combining the palm leaves powder in a 1:20 ratio
(g/ mL) with a 10 % sodium hydroxide solution, the lignin was removed during the digestion
process. The mixture was then heated at 80 °C for three hours. Following pulping, the fiber was
filtered out and washed with deionized water until the pH reached a neutral level. The pulped fiber
was then bleached using a solution of sodium chlorite at pH 10 and a solid to liquid ratio of
1:20 (g/mL) for 3 h in order to remove dye and color. The pH was adjusted using concentrate
sodium hydroxide solution. After bleaching, the fiber was washed with deionized water three times
and the degreasing fiber was utilized for the isolation of CNCs. By hydrolyzing the fiber from
bleached date palm leaves at 45 °C for 3 hours at a solid to liquid ratio of 1:10 (g/mL), in 200 mL of
64% sulfuric acid solution, the CNCs were obtained. Approximately, 400 mL of cool distilled water
were used to stop the hydrolysis reaction. After centrifuging the diluted suspension for 10 minutes
at 5,000 rpm to obtain the precipitate, distilled water was used to wash the mixture. Until the pH of
the suspension was lowered to pH 5, this procedure was repeated. After washing the CNC
precipitate, the sample was dialyzed by adding distilled water until a neutralized pH of 7 was
reached. The dialysis tube was made of cellulose membrane, and both ends were tied with thread.
The CNC was collected and dried at 50°C overnight. The dried CNC was stored in tight container
for further uses.
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Scheme 1. Isolation of crystalline nanocellulose from date palm leaves through three steps (pulping,
bleaching, and hydrolysis).

The yields of the isolated CNC during the three steps pulping, bleaching, and hydrolysis were
calculated from the following equation:

Weight of pulping sample %

; (0 —
Yield pulping ( A)) Weight of the palm leaves 100 (1)
. Weight of bleaching sample
(00 = X
Yield bleaching (A)) Weight of the pulped sample 100 (2)
. Weight of CNCs
Yield oncs (%) = £ x 100 (3)

Weight of the bleached sample

2.5. Confirmation analysis

The morphological analysis of the isolated CNC was investigated using field emission scanning
electron microscopy (FE-SEM, JEOL-JSM-7610F, Tokyo, Japan). Fourier transform infrared
spectroscopy (FT-IR, Shimadzu, Kyoto, Japan) was used to identify the functional groups that can
be observed on the surface of CNC during the isolation process. Farther, X-ray diffraction
spectroscopy analysis (XRD, Shimadzu-6000, Kyoto, Japan). The thermal stability of the isolated
CNC was evaluated using thermogravimetric and differential scanning calorimetry analysis
(TGA/DSC, Mettler-Toledo, Colombus, United States).

2.6. Preparation of polyamide membrane

The RO membrane was produced in four steps (Scheme 2). In the first step, the support layer of the
PS membrane was modified. In the second step of the process, a (2% w/v) MPD solution was
prepared.
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Scheme 1. Schematic diagram of polyamide membrane synthesis.

The preparation of a (0.1% w/v) TMC solution was the third step. The preparation of a (2% w/v)
anhydrous sodium carbonate solution was the final step. To facilitate interfacial polymerization (IP)
between the MPD and TMC support membranes, a polyamide layer was deposited on the PS. The
PS support sheets were modified by soaking them in an aqueous solution at room temperature for a
whole day before the process began. The PS sheet was then immersed in an aqueous MPD solution
for two minutes. Excess MPD was removed with a rubber roller. After one minute in the TMC
solution (0.1 % w/v), the substrate membranes were rolled over the support surface with a rubber
roller. Finally, they were rinsed for ten minutes in distilled water with a 2% (w/v) anhydrous sodium
carbonate solution [33].

2.7. Preparation of PA-Cellulose membranes

The process for producing PA-cellulose membranes is the same as that described in Section 2.5.
Typically, PA-CNC dispersions were made by mixing 15 mL of MPD in an aqueous solution with
CNC at (0.01%, w/v) and (0.02%, w/v). Sonication was used at different intervals to distribute the
CNC throughout the solution in order to maximize dispersion for comparison PA-CNC free was
also prepared. Using a 30 W power output and 0.5 second on/off pulses, sonication was performed.
To lessen temperature swings while the sample vial was being sonicated, a water bath was utilized.

2.8. Zeta Potential (ZP)

Every membrane surface's zeta potential (ZP) was determined using the SurPASS electrokinetic
analyzer (Graz, Austria). A 1 mM KCI supporting electrolyte solution was used to measure the zeta
potentials of PA-CNC membranes at room temperature. The KCI solution was changed with a
0.05 M HCI solution, and the pH range (2.5-8) was established for each automated titration test.

2.9. Morphological analysis of PA-CNC membranes

Microscopic images of the three synthesized membranes surfaces were taken using a SEM. The
samples of membranes were allowed to dry at room temperature for a full day, and then they were
coated with gold to improve imaging and conductivity.

2.10. Contac angle

The contact angles were used to evaluate the hydrophilicity using a Data Physics SCA20
Goniometer attached to a camera.

2.11. Salt rejection of water

All membranes with a 40 cm? area were characterized by monitoring water flow and salt rejection.
A salt solution with 2 g/L of magnesium sulfate and sodium chloride was used as the feed solution;
each salt was tested separately. We looked at water fluxes and salt rejection at pressures (6—25 bar,
pH 7). All data pertaining to water flow and salt rejection were collected after the device was
compressed for 45 minutes at 28 bar pressure in order to achieve steady-state operation. At room
temperature (21°C), Milli-Q® water was used for all tests.
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Water flux was estimated using the following equation (4):

_ \%
I=57 4)

where water flux (J, L/m? h), permeate volume (V, L), membrane area (A, m?), and treatment time
(t, h), respectively.
The salt rejection (R) was calculated using equation (5):
—(1-%
R% = ( Cf) x 100 (5)
where Cp and Cr represent the concentration of salt (NaCl and MgSQOs) in the permeate and feed
streams, respectively.

3. Results and Discussion
3.1. Characterization of isolated CNC

The form of nanocellulose produced from date palm leaves biomass by acid hydrolysis is crystalline
nanocellulose (CNC). In the current study, the morphological structure of the extracted cellulose
specimen was investigated under SEM. Prior to SEM analysis, the specimen was coated with Au/C
using a vacuum sputter coater to improve their conductivity and the quality of the images that was
captured. It was evident that the appearance of CNC was impacted by the mechanical treatment
procedure [34]. The acid hydrolysis process eliminated the amorphous components leaving only the
CNC. The surface structure of the isolated CNC was investigated under SEM at 20,000x
magnification and an accelerating voltage of 15 kV. The SEM image shows that the formed CNC
exhibit a rod like shape with size 1um (Figure 1a). Some nodular agglomerates have been observed
on the surface of CNC isolated from date palm leaves biomass. This due to the surface was
dominated with hemicellulose and lignin to form bundles [35]. The average length of the particles
was 507£29 and diameter were found to be 70.02+2.

The chemical structure of CNC was ascertained through an analysis of FTIR characterization.
Before being examined using FT-IR, the sample 5 mg was dried in an oven at 60 °C for an entire
night. The ultrasonic homogenizing sample was recorded with a resolution of 4 ¢cm” and a
wavenumber between 500 to 4000 cm™! and scanning rate 20 nm/s and 30 scans.
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Fig. 1. (a) SEM images with particle size distribution, (b) XRD pattern, and (¢) TGA and DTGA
analysis of isolated CNC from date palm leaves.

XRD analysis is a useful tool to study the crystalline behavior of the isolated CNC sample. The
analysis was performed under current flow 40 mA and operating voltage of 40 kV. The XRD device
was set to scan at a rate of 4 s/step, with a step size of 0.05°/min, and scattering 20 angles from 10
to 40° using a Cu-Ka radiation source (A = 1.5406 A). The observed peaks of CNC were appeared
at 15.2° (1-1 0), 22.6° (1 1 0), 34.5° (0 2 0) cellulose crystallography planes of cellulose type II.
According to the intensity of the diffraction peaks, it can be determined the degree of cellulose
crystallinity. The percentage crystallinity index (Crl) of isolated CNC was calculated using the
Segal equation (6). The Crl of CNC was 84.27%.

Crl (%) = 22271am x 100 (6)
I200

The thermogravimetric analyses (TGA) and derivative thermogravimetric analyses (DTGA) were
used to perform thermal stability analyses of isolated CNC. It was found that below 200°C there
was a weight loss of about 15%. This can be attributed to the evaporation of moisture, which is
associated with weight loss due to the hydrophilicity of date palm leaves [36]. The maximum
thermal degradation was found at 385°C with corresponding weight loss of 64.18% (Figure 1d).
The CNC that was separated from the waste date palm leaves biomass using sulfuric acid hydrolysis
had the highest thermal stability, as evidenced by the lowest weight loss of CNCs that was achieved
at a comparatively lower Tmax temperature [37]. As a result of amorphous compounds being
eliminated from the cellulose chain, CNC has improved thermal stability [38]. It can be explained
that the carbonization of polysaccharide chains, which is started with the cleavage of C-H and C-C
bonds, leveled off or gradually decreased over 400 °C. This was the case for CNC isolated from
waste date palm leaves.

The electrostatic or charge attraction/repulsion between particles is quantified by the Zeta potential.
It is among the basic variables that are known to have an impact on stability. Its measurement offers
comprehensive information about the reasons behind flocculation, aggregation, and dispersion. The
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1solated CNC Zeta potential analysis yielded a conductivity of 0.0248 mS/cm and a Zeta potential
charge of -32.9 mV. Studies that have been reported state that the addition of sulfate groups to the
cellulose surface during acid hydrolysis produces CNC with negative surface charge. This prevents
the sedimentation and agglomeration of CNC in aqueous suspension by means of the esterification
of surface hydroxyl groups, which produces sulfate groups [39]. The result is electrostatically stable
colloidal aqueous suspensions. Based on the idea of electrostatic repulsion between the similar
charge of the negative charge (anions), surface charge modification by the addition of sulfuric acid
during acid hydrolysis (sulphate group) introduces anionic functionality to increase the
defibrillation of cellulose. It is well known that negatively charged colloidal particles, or CNC can
form extremely stable, surfactant-free substances [40].

3.2. SEM investigation of PA-CNC membranes

The fabricated PA-CNC membranes were examined under various magnifications using a SEM.
The micrographic images of the blended PS and PA membranes (Figure 2a and 2b) show smooth
surface with no significant pores. Because of the interaction between the CNC and the functional
groups on the PA chain, SEM images of the surface PA-CNC (0.01% CNC w/v) and PA-CNC
(0.02% CNC w/v) showed that they were more evenly distributed on PA (Figures 2c¢ and 2d).
Furthermore, CNC made PA membranes more hydrophilic. Comparing PA-CNC (0.01% CNC w/v)
and PA-CNC (0.02% CNC w/v), it has been found that as CNC concentration increases, the mean
pore size of the support decreases. More MPD solution is absorbed on the support when the pore
size is large enough, which leads to more MPD diffusing into the hexane solution and reacting with
TMC to form a "sheet-like" structure [41]. Figures 2e and 2f show the cross section of the formed
modified) PA-CNC (0.01% CNC w/v) and PA-CNC (0.02% CNC w/v) membranes.



100 3rd World Conference on Byproducts of Palms & their Applications
(ByPalma)

ch 10-01%, s N
ey i
PS

Fig. 2. SEM images of membrane top surface of (a)PS, (b) PA, (c) PA-CNC (0.01% CNC w/v), (d)
PA-CNC (0.02% CNC w/v) and cross-section morphologies for (¢) PA-CNC (0.01% CNC w/v), (f)
PA-CNC (0.02% CNC w/v).
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3.3. FT-IR of PA-CNC membranes

The FT-IR spectra of CNC, PA, PA-CNC (0.01%), and PA-CNC (0.02%) were analyzed in Figures
3a-3d. The FT-IR spectrum of CNC showed a significant absorption peak at 3417 cm™!, which was
due to the presence of H-bond stretching vibration of a hydroxyl group in cellulose. Another peak
was observed at 2916 cm’!, which was related to C-H stretching vibration of cellulose molecules
[42]. C=O stretching of ester was found to be at 1728 cm™'. The absence of the band at 1651 cm !
was due to C=O0 stretch. The relative strength of the absorption was slightly reduced, confirming the
removal of lignin and hemicellulose. The peak at 1581 cm™ was related to the O-H bending
vibration of absorption water molecules. The bands at 1157 cm™!, which corresponded to the
elongation of the ether C-O-C linkage, and 1435 cm!, which corresponded to aromatic ring
vibrations or CHj of the acetyl group, were also linked to lignin. The band observed at 1056 cm™!
indicated the presence of strong C-O stretching of secondary alcohol.
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Fig. 3. FT-IR analysis of (a) CNC, (b) PA, (c) PA-CNC (0.01% CNC w/v), and (d) PA-CNC (0.02%
CNC w/v) measured at wavenumber 500-4000 cm™'.

3.4. Elemental analysis of PA-CNC membranes

An essential tool, energy dispersive spectroscopy (EDS) analyzes the X-rays produced by the
electron beam of the scanning electron microscope (SEM) to determine the elements contained in a
sample. The elemental composition of the fabricated PA-CNC membranes was performed with the
use of a SEM connected to an EDX spectrometer. The obtained results shows that in PA (0% CNC)
membrane the weight% of C and O were 42.94% and 57.06%, however the atomic% for the same
elements were 50.06% and 49.94%, respectively (Figure 4a). In the fabricated PA-CNC membranes,
for PA-CNC (0.01% w/v), the weight% of C, O, and S were 67.51%, 30.08%, and 2.41%, while the
atomic % were 74.19%, 24.82%, 0.99% (Figure 4b). However, in the PA-CNC (0.02% w/v) the
weight% were 71.72%, 21.45%, and 6.82%. However, the atomic% were 79.35%, 17.82%, and
2.83%, for C, O, and S, respectively (Figure 4c).

In addition, the X-rays are limited to the surface area excited by the tiny electron beam, so it is
possible to obtain spectra of specific regions or particles. Hence, by scanning the beam, spectral
information can be produced for the whole field of view, resulting in an elemental map. The
collection and analysis of high-resolution data sets in minutes as opposed to days. Our clients can
see the chemical landscape of their samples right away thanks to this elemental mapping technique.
All elemental mapping images confirm the successful formation of modified membrane with CNC
(Figures 5a-5¢).
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Fig. 4. EDX analysis of the fabricated (a) PA, (b) PA-CNC 0.01% (w/v), and (c) PA-CNC 0.02%
(w/v) using CNC from date palm waste biomass.
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Fig. 5. Mapping images of the fabricated (a) PA, (b) PA-CNC 0.01% (w/v), and (c) PA-CNC 0.02%
(w/v) using CNC from date palm waste biomass.

3.5. Thermogravimetric analysis of PA-CNC membranes

The thermal stability of the PA-CNC membranes produced was investigated using
thermogravimetric analysis. It was found that the weight loss occurred in three successive stages.
The first stage started at 425, 451, and 403 °C, and the weight loss was 3.5 %, 1.5 % and 5.2 % for
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PA, PA-CNC 0.01 % (w/v) and PA-CNC 0.02 % (w/v), respectively. In the second stage, which
started at 539, 556 and 506°C, the weight loss of the membranes was 69%, 56%, and 63% for the
three membranes, respectively. However, in the third stage, a weight loss of 9.2%, 6.4%, and 8.6%
was observed at 671, 696, and 659°C, respectively, for the three membranes mentioned above
(Figures 6a-6¢).
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~ 424°C (3.5%) 100 4 451°C (1.5%)
9 e
S 80+ LR
FRCE é’ 60 1
£ w) 539°C (69% = 4
B éﬂ ng . gn 0 556°C (56%)
2 O2%) 2 696 °C (6.4%)
0 T T T ] 0 r T T ]
0 200 400 600 800 0 200 400 600 200
Temp. °C Temp. °C

PA-CNC 0.02% (whv)
(©)

10 403 °C (5.2%)

80
60
w0 506 °C (63%)

) 658 °C (8.6%)

Weight loss (%20)

0 200 400 600 800

Temp. °C

Fig. 6. Thermogravimetric analysis of (a) PA, (b) PA-CNC 0.01% (w/v), and (c) PA-CNC
0.02% (wW/v).

3.6. Surface charge and Zeta potential of the PA-CNC membranes

As the pH deceased, the zeta potential becomes more negative, indicating an increase in surface
charge. There are notable changes in zeta potential between pH 4.8 and 4.4, where the potential
becomes less negative. At a pH 2.9, the zeta potential becomes positive, suggesting a shift from a
negative charged surface to a positive charged one. The surface of materials often contains
functional groups that can be ionized based on the pH of the surrounding solution. Common
functional groups include carboxyl groups (-COOH) and amino groups (-NH2). The ionization of
these groups can influence the overall charge of the surface. Many functional groups are pH-
sensitive, meaning their ionization state changes with the acidity or basicity of the solution. For
example, carboxyl groups can become negatively charged (-COQO-) at higher pH values and neutral
(-COOH) at lower pH values. Amino groups, on the other hand, can become positively charged (-
NH?") at lower pH values. In your specific case, the Zeta Potential becomes positive at a pH of 2.9.
This may suggest that at lower pH values, certain functional groups on the material's surface are
predominantly in their protonated (positively charged) form. This shift from a negatively charged
surface to a positively charged one can have implications for the material's interactions with other
charged particles, stability, and performance in various applications (Figure 7).
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Fig. 7. Zeta potentials of PA membrane and modified PA-CNC 0.01% (w/v).
3.7. Mechanical properties of the PA modified membranes

In this work, interfacial polymerization was employed to create a thin layer of polyamide linked to
the cellulose on the surface of a commercial polysulfone membrane, with the goal of increasing the
membrane& surface characteristics to reject salts from aqueous solutions. The majority of the
membrane is polysulfone, which is used as a support for the top thin layer (polyamide layer), which
only makes up a small portion, determining its mechanical characteristics difficult. Furthermore, the
mechanical characteristics of polysulfone were investigated in a number of studies, which revealed
that it has high mechanical properties, high porosity, and is employed as a support layer owing to its
unique mechanical properties [43-45].

Cellulose nanocrystals (CNCs) are cellulose-derived nanoparticles with great strength, stiffness, and
biodegradability that can have a considerable impact on molecular motion, relaxation processes, and
orientation in the polymer matrix [46, 47]. CNCs in polymer matrix can limit chain molecular
motion due to physical entanglement, lowering total mobility and influencing characteristics like as
flexibility and ductility. CNCs influence polymer matrix relaxation, which affects glass transition
temperature and stiffness. They also have an impact on secondary relaxation processes, which alter
the creep and stress relaxation characteristics of composite materials. CNCs align inside the
polymer matrix during processing, giving anisotropic characteristics. Oriented CNCs improve
mechanical qualities like as tensile strength and modulus according on processing conditions and
shear pressures. Interfacial interactions between CNCs and polymer matrix significantly impact
composite material performance, with strong adhesion improving load transfer and reducing stress
concentrations. In summary, CNCs in polymer composites provide sophisticated materials for
structural components and biomedical devices, but proper processing settings and interface
engineering are required for maximum potential.

3.8. Contact angles

The flow and antifouling properties of a membrane are influenced by its hydrophilicity [48]. The
hydrophilicity of the membranes was determined by measuring the contact angles of water droplets
on the membrane surfaces with PA (0 % CNC), PA-CNC (0.01 % w/v) and PA-CNC (0.0 % w/v).
The measured contact angles for the prepared membranes are displayed in Table 1 and Figure 8.
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Table 1. The contact angles of water droplets on the surface of fabricated PA-CNC membranes.

Contact angle (°) Membrane
68.04+3.7 PA (0% CNC)
72.83+0.8 PA-CNC (0.01%, w/v)
63.76£5.5 PA-CNC (0.02%, w/v)
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Fig. 8. Water droplets contact angles evaluated on the surface of PA-CNC membranes PA (0%
CNC), PA-CNC (0.01% w/v), and PA-CNC (0.02 % w/v).

Their contact angle of less than ninety degrees indicates the hydrophilicity of the developed
membranes and the decreased fouling during water treatment. The reason for this is that the water
molecules coat the surface of the membrane, obstructing the contaminants from coming into direct
contact with it. Because of its hydrophilicity, the surface attracts polar molecules like water, giving
it a strong polarity. It doesn't take any more pressure to penetrate. All the modified PA-CNC
membranes had reduced contact angles because the membrane surface contains a large number of
hydrophilic groups that increase the membrane's hydrophilicity. This is because the hydrophilic
groups effective surface area is decreased by the aggregation of PA-CNC and the hydrophobic
nature of CNC [49]. Moreover, as CNC % increased, the contact angle values of PA-(0% CNC),
PA-CNC (0.01% w/v), and PA-CNC (0.02% w/v) were (68.04°, 72.83°, and 63.76°, respectively),
due to the hydrophobic nature of CNC nanopowder.

3.9. Water permeability

Chemical content, the membrane surface's charge, and its hydrophilicity all have a significant
impact on the rate of water flow because they influence how the membrane surface interacts with
the solution. This interaction can be mediated by secondary forces like dipole-dipole, electrostatic
contact, hydrogen bonding, and van der Waals [50]. The permeate flow versus applied pressure for
PA (0% w/v), PA-CNC (0.01% w/v), and PA-CNC (0.02% w/v) is displayed in Figure 9. The linear
regression curves between the applied pressure and the flow rate were used to compute the
permeability values. Water permeability at 30 bars were found to be 36.25, 43.25, and
42.85 Lm~h'bar! for PA (0% w/v), PA-CNC (0.01% w/v), and PA-CNC (0.02% w/v), respectively.
All membrane flow rates generally increased in tandem with pressure increases. This concentration
will therefore be allowed. All membrane flux rates generally increased in tandem with pressure
increases. This concentration will therefore be permitted (Table 2).
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Fig. 9. Permeate flux rate of (a) PA (0% CNC), (b) PA-CNC (0.01%, w/v), and PA-CNC (0.02%,
Ww/V) vs. transmembrane pressure.

Table 2. The data obtained for water permeability, salt rejection, and contact angle of all fabricated
PA-CNC membranes.

Salt rejection (%) at 30 bar | Water permeability | Contact angle Membrane
at 30 bar °)
(Lm~h'bar™!)
NaCl MgSO4
99.23 98.89 36.25 68.04+3.7 | PA (0% CNC)
98.21 98.85 43.25 71.00+£0.8 | PA-CNC (0.01%, w/v)
98.45 98.45 42.85 63.76+5.5 | PA-CNC (0.02%, w/v)

3.10. Salt rejection

The salt-rejection potential of all fabricated PA-CNC membranes was investigated using a
crossflow RO/NF system. The salt rejection of the membranes produced for PA (0% CNC), PA-
CNC (0.01% w/v), and PA-CNC (0.02% w/v) is displayed in Figures 10a and 10b.

The salts that were rejected were NaCl and MgSOas, each of which had two grams of salt per liter.
All manufactured membranes typically had rejected ratios greater than 98%, indicating that
modified membranes can be more effective. Poor CNC-polymer interfacial compatibility seems to
have prevented CNC from being entrapped into the modified membrane matrix in the case of
reduced rejection, leading to unselective voids. Moreover, a permeability trade-off was present,
wherein the polymer matrix's hydrophilic CNC rejection was preferred over a greater pore size.
Many studies have examined the impact of interfacial polymerization and PS pretreatment on the
desalination characteristics of membranes based on TMC and MPD. Table 3 displays the
comparison of the produced membranes' flow and salt retention characteristics with those of other
membranes.
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Table 3. Comparative results obtained from PA-CNC 0.01% and previously reported membranes.
Membrane Conditions Flux rate | NaCl salt | Reference
(L/m*h) | rejection %
PA-NMP 82% 15 bar, 2000 ppm 36.0 95.0% [51]
NacCl solution
PA-DMF 12% 16 bar, 2000 ppm 3.98 98.8% [52]
NacCl solution
PASiO2 1% 15bar, 2000 ppm 479 98.9% [53]
NacCl solution
PA-CNC 0.01% 30 bar, 2000 ppm 43.25 98.2% Present
NacCl solution study

4. Conclusion

In the current investigation, the acid hydrolysis method proved effective in separating CNC from
waste date pale leaves biomass. According to the morphological analyses, the isolated CNC had a
crystalline structure resembling a rode-like structure with length Mean about 507 £ 29 nm and a
diameter of 70.02 + 2 nm. According to the FTIR spectra analyses, the resulting CNC was identified
as cellulose species. According to the XRD analyses, acid hydrolyses improved the percentage
crystallinity index; the isolated CNC produced the highest percentage crystallinity index, which was
83.46. The CNC isolated from waste date palm leaves biomass exhibited good thermal stability,
according to analyses of thermal stability, and they may be used modifier for polyamide modified
membranes for water treatment. On the polysulfone support sheet, interfacial polymerization was
used to produce polyamide-CNC membranes. It has been investigated how well the constructed
polyamide membranes reject water and salt. SEM and water contact angle measurements revealed
that the PA-CNC 0.01% membrane had a smoother surface with more hydrophobic. The results
showed that the modified membranes performed better when CNC nanopowder was added. More
than 98% of the penetration rejection of NaCl and MgSO4 was shown by the water flow of a reverse
osmosis membrane factionalized with 0.01% w/v CNC at pressure (30 bar). This is due to large
pores and higher-value PA-CNC wettability, which influence how quickly water molecules pass
through. The results showed that adding functionalized CNC powder increased the prepared
membranes' efficiency.
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Abstract. The increase in using natural surfactants for enhanced oil recovery (EOR) purposes in
recent years is mainly attributed to the widespread global awareness of the environmental effects
the oil and gas industry causes. In accordance with KSA Vision 2030 and the corresponding global
direction, the purpose of this study is to discover a cost effective, readily available, environmentally
friendly, and locally sourced surfactant. This surfactant will help reduce the interfacial tension (IFT)
between reservoir liquids to enhance the reservoir’s productivity and increase its ultimate recovery.
In this study, date seeds have been chosen as the green surfactant source due to the abundance of
such seeds. Al-Khalas, which is a well-known palm tree that grows in Qassim, Al-Kharj, and
Al-Ahsa provinces in KSA was chosen. Properties such as surface tension (ST), IFT, pH, and
density were measured to evaluate the effectiveness of date seeds as a natural surfactant.

ST results showed a reduction from 72 mN/m (of distilled water) to 43 mN/m using the new
surfactant in formation water at 10 wt% comprising a 40% reduction. Moreover, IFT of the new
surfactant with Saudi medium oil (26 API) was 10 mN/m compared to 18 mN/m of a formation
water-oil system which represents a 49% reduction in interfacial tension.

Overall, the novel surfactant studied in this research shows great promise in being an effective EOR
agent in addition to eliminating the negative impacts of regular surfactants on the environment.

Introduction

Crude oil remains a necessity to meet growing energy demands despite a decline in the discovery of
new oil reserves on a worldwide scale [1,2]. Alternative energy sources, while promising, have
continued to fall short of satisfying the world's expanding energy demands. As a result, the energy
requirement is satisfied by a combination of crude oil and alternative energy sources [3]. According
to chronological order, the process of recovering oil from a reservoir can be divided into three
stages: primary, secondary, and tertiary oil recovery [4]. To reduce the quantity of trapped oil in the
pore space of matrix rock, surfactant flooding is an essential method for improving oil recovery. By
reducing the interfacial tension between oil and water and/or by changing the wettability from oil-
wet to water-wet, surfactants are injected to mobilize leftover oil. Numerous cationic, anionic, non-
ionic, and amphoteric surfactants have been studied in the lab under various temperature and
salinity circumstances. Several screening approaches must be used to analyze surfactants in order to
select the best surfactant [5].

The primary objectives of surfactant addition in different petroleum processes include converting
the reservoir’s unfavorable behaviors to more favorable ones to improve hydrocarbon recovery. It
was found that the characteristics of the reservoir rock (rock type, pore shape, and size), fluid
properties, reservoir heterogeneities, and the initial wetting condition of the reservoir rock all
influence the recovery factor in water flooding [6]. As a result, several tertiary recovery techniques,
such as polymer flooding, miscible gas injection, surfactant flooding, and microbial EOR, have
been developed. Therefore, the capacity of a surfactant to alter wettability and enhance water
absorption would be an excellent technique for enhancing oil recovery [7-10].
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Numerous studies on surfactant flooding for EOR in hydrocarbon reservoirs have been conducted in
recent years. These studies are based on mechanisms, measurements, and the influencing factors of
surfactant retention on rocks [11-23]. As an example, Chen and Schechter studied how to best
select a surfactant for wettability alteration. They found that increased levels of surfactants lead to
greater reductions in interfacial tension (IFT) and decreased contact angles. A relatively elevated
concentration is required to transition the rock into the water-wet zone. Additionally, the recovery
factor of oil in spontaneous imbibition experiments rises as surfactant concentration increases. The
brine's salinity affects both rock wettability and surfactant effectiveness, leading to reduced
interfacial tension (IFT) and increased contact angles (CA) compared to distilled water. Moreover,
the cloud point of nonionic surfactants rises with higher salinity levels [24]. Furthermore, additional
research has focused on the impact of surfactant concentration, salinity, temperature, and pH on
surfactant adsorption, but they were only able to examine the effects of these factors in the majority
of conventional reservoirs [21].

Natural surfactants, also known as polar lipids, are obtained from renewable sources such as plants
or animals [25,26]. Sen (2008) noted that some of the typical bio surfactants employed in EOR
include microorganisms like Rhodococcus, Rhamnolipid, Pseudomonas, and Trehalose lipids [27].
However, due to unpredictable performance, challenges with achieving standardized engineering
designs by microbial processes, low oil recovery, and challenges with handling live bacterial
procedures, these bio-surfactants are only rarely used in EOR processes [28]. When Kumar et al.
(2017) performed a core flooding experiment on three distinct sand pack media with surfactant
concentrations of 0.8, 1, and 1.2 wt%, the results gave additional recoveries over water flooding of
24.7%, 25.8%, and 27.6%, respectively, for original oil in place (OOIP) [29]. The recovery rate of
methyl ester sulfonate (MES) derived from Jatropha oil was at 32.07%, 31.00%, and 29.18%,
respectively, for dodecane, heptane, and decane, in a sand pack experiment using distinct alkanes
(dodecane, heptane, and decane) as the oil phase [30].

The most promising production method in reservoir rocks with low permeability was found to be
changing wettability from oil-wet to intermediate/water-wet conditions. With capillary forces
controlling the recovery mechanism, this approach promotes spontaneous imbibition [31].

Currently, the use of non-biodegradable and toxic compounds are not permitted, which has led to
the abandonment of several surfactants in the United States and Europe. These surfactants include
dialkyl quats, linear alkylbenzene sulfonates, and alkylphenol ethoxylates. Hence, finding a superior
surfactant with good surface characteristics from biomass sources to replace the current surfactants
has been the focus of recent studies [26,32—35]. Surfactants should also be thermally stable and
have a good tolerance for the salinity and hardness of brine [36].

Harsh reservoirs condition of high salinity and temperature should be taken into considerations in
surfactant applications. Because it can reduce the chemical stability of the solution by accelerating
breakdown, temperature has significant effects on the performance of surfactant solutions,
especially under reservoir conditions [37]. On the other hand, high temperature has the opposite
effect and speeds up the hydrolysis of surfactants, especially anionic surfactants like sulfates [5].
Cloud point is a common approximation for thermal stability during the screening stage. In some
nonionic surfactant systems, careful temperature management might result in the desired type of
microemulsion because nonionic surfactant solubility in brine decreases with rising
temperature [38,39]. Nonionic surfactants lose their solubility at their cloud point or phase inversion
temperature, unlike chemical EOR techniques where high-temperature reservoirs provide a
substantial difficulty [40].

The date palm (Phoenix dactylifera) is a species of flowering plant in the Aceraceae family of
palms that is grown for its edible fruit known as dates. The species is widely grown in South Asia,
the Middle East, and northern Africa. It has also become naturalized in many tropical and
subtropical areas around the world [37]. The Kingdom of Saudi Arabia is currently the third-largest
producer in the world. The type of the date kernel that been used in this experimental work is from
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the Al-Khalas which is a variety of date that is well-known in the Saudi Arabian provinces of
Qassim, Al-Kharj, and Al-Ahsa. In addition to the surfactant that can be extracted, it was found that
the solid waste can actually be used a fracture sealing-material in drilling operations [41]s. This
means that date seeds are an exceptionally attractive choice to solve problems in both EOR and
drilling sectors.

The goal of this work is to study the date seed’s efficacy as a surfactant source under high
salinity/high temperature (HS/HT) conditions of Saudi reservoirs. The primary goal of this study is
to develop a novel, affordable, readily available, locally sourced natural surfactant that is
environmentally friendly for use in different oil fields, especially EOR applications. This is to be
achieved through the evaluation of this natural surfactant for Saudi reservoirs in HS/HT
environments. To further support this, the new surfactant will be extracted using water with
different salinity values resembling formation brine and sea water in addition to distilled water to
decide which salinity is best suited for this process.

Materials and Methods
Date Seed Preparation

The date type used in this experiment is the Al-Khalas Dates native to the Qassim, Al-Kharj, and
Al-Ahsa regions in the Kingdom of Saudi Arabia. To prepare the date seeds for the extraction of the
surfactant, the seeds were placed in a Memmert convection oven (Grainger®, USA) at 70 °C for
24 hours for drying (Fig. 1). After that, a high-speed blender (Homeelec®) was used to grind the
seeds into a fine powder which was then sieved using a 150-mesh size sieve to obtain the right sized
particles.

Surfactant Extraction

To determine the effect of salinity on the extraction of the surfactant, three types of water were
used: formation brine, sea water, and distilled water.

To prepare formation water, NaCl, CaCl,, MgClz, and NaHCOj (as outlined in Table 1) were
dissolved in 1L of distilled water using a magnetic stirrer in a 2L flask. After the salts were
completely dissolved, water was added to reach the 2L mark finalizing a solution of 168,000 ppm.
The formation water had been selected based on Saudi Khafji field formation water [42].
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Table 1. Formation water composition for a 2L solution.

Component Mass [g]
NaCl 2573
CaCl, 56.56
MgCl, 14.8

NaHCO;3 1.64

In order to prepare sea water, 500 g of the formation water prepared earlier was diluted with
1,722.2 g of distilled water to get a solution of 37,000 ppm. The extraction of the surfactant was
carried out using three date seed concentrations (1, 5, and 10 wt%) in formation brine, sea water,
and distilled water at room temperature (23 °C) and 70 °C. As an example, 10 g of date seeds were
added to 190 g of distilled water at 70 °C and stirred for 24 hours to extract a 5% surfactant solution
with distilled water base. A summary of all the solutions can be found in Table 2.

Table 2. Summary of surfactant extraction solutions.
Surfactant
Concentration [wt%]
1
Distilled Water 5
10
1
23°C Formation Brine 5
10
1
Sea Water 5
10
1
Distilled Water 5
10
1
70 °C Formation Brine 5
10
1
Sea Water 5
10

Temperature Water

After the seed grinds have been stirred in the solution, air vacuum system was built and utilized in
order to filter the suspension and remove any solid materials. This process was done using
Whatman® filter papers with 25 um mesh size which is suitable for core flooding in next studies.
With this, the extraction of the surfactant was completed, and the solutions were ready for testing.

Surface/Interfacial Tension Measurement

A Du-Nouy tensiometer (K9 by Kruss®, Germany) was used to measure the surface/interfacial
tension of the different fluids in this study. As a standard, the surface tension of distilled water and
toluene were measured before any of the study fluids as references to make sure that the equipment
is calibrated and measurements are accurate. Interfacial tension between the different surfactant
solutions and Saudi medium crude oil was measured to determine the optimum concentration of
both brine and surfactant.

Saudi Medium Crude Oil

Saudi medium crude oil of 26 API was used in this study to measure the IFT.
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pH and Density Measurement

The pH of the different samples was measured using a Fischer Scientific® Benchtop pH meter. The
meter was calibrated using stock solutions of pH 7 and pH 4 before conducting the measurements of
the surfactant solutions.

As for density, the DMA 5000 density meter by Anton Paar (USA) was used to conduct
measurements at 25 and 70 °C.

Results and Discussion

Table 3 displays the amount of date seeds retained after drying which was around 95.8% of the
original weight, meaning that 4.2% were lost as moisture during the drying process.

Table 3. Date seed retention amount.
Before Drying [g] After Drying [g] Retention [%]
1376.3 1318.7 95.8

Surface/Interfacial Tension

Toluene was used as a standard solution to calibrate surface tension measurements. At 20 °C,
toluene has a surface tension of 28.91 mN/m. The toluene-based correction factor was found to be
0.94. Both Table 4 and Fig. 2 display the results of the surface tension measurements of the
different surfactant solutions. As expected, the higher the concentration of the surfactant regardless
of the salinity of the brine, the lower the surface tension becomes. The most notable change in
surface tension was that of sea water at 70 °C. At 1 wt% of surfactant, the solution had a surface
tension of around 49.6 mN/m which dropped to 43.1 mN/m at a surfactant concentration of 10 wt%.
Overall, the best performing solution at both 1 and 5 wt% was formation water at 70 °C, which was
only slightly outperformed by 70 °C sea water at 10 wt% surfactant concentration. The very low
standard deviation values indicate the accuracy of the obtained results.

Table 4. Surface tension results for the different surfactant solutions.

Surface Tension [mN/m] (£ SD)
Distilled Water Formation Brine Sea Water
Concentration |3 o, 70 °C 23 °C 70 °C 23 °C 70 °C
[Wt%]
1 51.8+1.1 | 50.1£0.9 | 51.9+1.6 | 453+0.7 | 502+1.2 | 49.6+0.3
5 507+1.0 | 490+1.7 | 50.8+0.8 | 450+1.5 | 47.1+0.6 | 45.5+2.1
10 50.1£2.8 | 47.0+0.9 | 49.7+04 | 43.0+0.7 | 454+1.7 | 43.1+£0.6
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Fig. 2. Surface tension results for the different surfactant solutions.

Table 5. Interfacial tension results for the different surfactant solutions with Arabian medium
oil (API=26°).

Surface Tension [mN/m]
Distilled Water Formation Brine Sea Water
Concentration | 3 o 70 °C 23°C 70 °C 23°C 70 °C
[wt%]
1 18.5 18.2 16.6 15.9 16.9 154
5 18.0 17.1 15.1 13.2 16.0 14.7
10 17.4 16.4 14.2 10.0 15.5 11.3

Table 6. Interfacial tension results for the different water types with Arabian oil without surfactant.
Interfacial Tension [mN/m]

Distilled Water Formation Brine Sea Water
19.8 17.1 17.9
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Fig. 3. Interfacial tension results for the different surfactant solutions.

pH and Density Measurement

The pH measurements are important for such novel materials to study their effect on the equipment
and formations during the different applications in the oil industry. Low pH, which means high
acidity solutions, can cause corrosion and harm the production and injection tubulars and can cause
reactions in the reservoir rocks specially limestones reservoirs. This can be solved using multiple



Scientific Books Collection Vol. 159 119

approaches including, but not limited to, corrosion inhibitors. High pH means high alkalinity which
can cause undesirable reactions with the reservoir fluids and cause undesirable results. pH also can
affect the surfactant adsorption and hence the displacement efficiency.

Table 7. pH values for the different surfactant solutions.

pH
Distilled Water Formation Brine Sea Water
Concentration | 5o 70 °C 23 °C 70 °C 23 °C 70 °C
[wt%]
1 6.78 5.81 6.25 5.89 6.30 6.01
5 5.80 5.70 5.55 5.17 5.77 5.04
10 5.62 4.73 5.27 4.76 5.34 5.03
Table 8. pH values for the different water types.
pH
Distilled Water Formation Brine Sea Water
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Fig. 4. pH results for the different surfactant solutions.

The pH decreases with increasing concentration of the solution. In addition, the pH level decreases
as temperature increases in a solution. To put it into perspective, if we were to increase a solution’s
temperature, the pH of the solution would drop. However, if the temperature were to decrease, the
opposite would happen, and the pH level would increase very slightly. Such reduction in pH may
help with injection in carbonate reservoirs which may work, beside its function as a surfactant, as
permeability stimulation as well.

Table 9. Density values for the different surfactant solutions.

Density [g/cc]
Distilled Water Formation Brine Sea Water
Concentration | 3 o 70 °C 23 °C 70 °C 23 °C 70 °C
[Wt%]
1 1.001 1.001 1.118 1.12 1.026 1.026
5 1.002 1.002 1.120 1.126 1.028 1.028
10 1.004 1.004 1.126 1.140 1.028 1.034
Table 10. Density values for the different water types.
Density [g/cc]
Distilled Water Formation Brine Sea Water
1.000 1.116 1.026




120 3rd World Conference on Byproducts of Palms & their Applications
(ByPalma)

Summary

The natural surfactant derived from date seeds demonstrates notable efficacy in reducing surface
tension and interfacial tension, presenting a viable alternative to synthetic counterparts. Its non-
toxic nature renders it environmentally benign, offering a significant advantage over conventional
surfactants. Moreover, it proves economically advantageous for manufacturers seeking sustainable
alternatives. This experimental study highlights several key findings: the successful evaluation of a
promising, locally sourced, cost-effective green surfactant for oil field applications, particularly
Enhanced Oil Recovery (EOR); its favorable attributes such as availability, affordability, local
production, and environmental compatibility; its substantial reduction in surface tension (43%) and
interfacial tension (49%) compared to seawater; and its stable density under varying conditions,
obviating the need for special handling during injection or production.

Given the promising outcomes showcased in this study regarding the potential application of the
innovative surfactant, several recommendations are proposed for future investigations. Firstly,
further exploration is warranted under reservoir conditions encompassing elevated temperatures,
salinity levels, and pressures. Additionally, comprehensive chemical analyses such as XRD and
XRF are imperative to ascertain the composition and elucidate additional properties. Moreover, it is
essential to broaden the scope of tested properties to include solution viscosity and compatibility
with formation fluids, particularly oils. Furthermore, investigating the surfactant's impact on
wettability alteration is crucial. Lastly, conducting core flooding experiments using limestone and
sandstone core samples is recommended to assess the surfactant's efficacy in oil displacement.
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Abstract. The thickness of the adhesive has a major influence on the shear strength of bonded
assemblies. This work is based on a study of the fatigue behavior of two cracked aluminum
(2024 T351) plates repaired by patch (graphite/epoxy) under cyclic loading. For this we used a
computer code to study the propagation of fatigue cracks to predict the life of the plates repaired
named AFGROW. The first plate was repaired using an adhesive made from date palm waste whereas
the second plate was repaired using FM-73 adhesive. The results obtained from this study show that,
despite the low shear modulus of the adhesive made from date palm waste and the very low film
thickness, the joint bonded with the latter gives good joint strength and a lifetime (number of cycles)
similar to the joint bonded with the FM-73 adhesive when the thickness of the joint of the adhesive
is greater than that of the adhesive made by the waste of the date palm. This shows that the strength
of the bonded joint increases rapidly from very low thicknesses (less than a few hundredths of a
millimeter). Finally, we recommend using the adhesive made from date palm waste for patch repair
as well as for applications such as lightweight construction, electric vehicles or solar panels.

Introduction

Repairing cracks by bonding a composite material patch is a reliable and economical method,
which has proven its effectiveness in reducing the speed of crack propagation by reducing the stress
intensity at the crack heads.

Several experimental studies, modeling or numerical simulations have been undertaken to better
understand the evaluation of the lifespan of mechanical structures [1,2,3,4,5]. Generally, the
prediction of this lifespan is based on the crack propagation speed.

Material and Geometric Model

In this modeling, we consider an aluminum plate (2024 T351) with a central crack and repaired by
patch (graphite/epoxy). This crack of length 2a = 4mm located in the middle of the plate and
perpendicular to the stress plane. The plate considered is stressed in uniaxial traction in the vertical
direction Y. The adhesive joint used in the repair in the first case is the date palm waste adhesive, in
the second case is FM73 adhesive. Fig. 1 presents the geometric model and the configuration of the
crack investigated in this study. Fig. 2 shows the dimensions of the patch. Table 1 groups together
the properties of the material used in this analysis as well as the properties of the patch, Fig. 3 shows
the orientation of the 7 symmetrical plies with a thickness of 0.132mm per ply and Table 2 groups
together the properties of the date palm waste adhesive and FM73 adhesive.
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Fig. 1. Geometric model and the configuration of the crack.

Table 1. Properties of the aluminum (2024 T351) and of the graphite/epoxy.

2024 1351 graphite/epoxy
E;, [N/mm?] 73084.4 172369
Er [N/mm?] - 10342,1
Gy [N/mm?] - 4826,33
Vit 0.33 0,31
VL - 0,13
a,[K1] 2.32.10° -7.107
ar [K] 3,6.10°

Fig. 2. Patch dimensions: width Wp = 90mm, length Lp = 100mm and Dh/2a = 0.
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Table 2. Adhesive properties.

Adhesive made from FM73 adhesive
date palm waste
Gy [N/mm?] 4 413.685
Thicknesses [mm] 1.10° 1.10°

Theoretical Model

We used a computer code to study the propagation of fatigue cracks to predict the life of metal
structures named AFGROW. The NASGRO model is applied to predict crack propagation. The crack
propagation equation used by NASGRO is:

14
=l AK]% (1)

Or:
C, n, p and q: material parameters (see table 3) ;
R : load report;
AK = Kipax — Kop 5
Kpnayx - maximum stress intensity factor;
K,p : crack opening stress intensity factor;
K : critical stress intensity factor;
The function f is f = Kpp/Kmax-
Table 3. NASGRO equation parameters for Aluminum (2024 T351).

AR NEE N N N AN

C n p q

1.7073.10'° | 3.353 0.5 1

Results and Discussion

For a comparative study of the mechanical behavior of the date palm waste adhesive and the FM73
adhesive, we chose two cracked and patch-repaired (graphite/epoxy) aluminum plates (2024 T351)
of identical geometric shapes under cyclic loading, one of the plates bonded by an adhesive made
from date palm waste with a thickness T,»=10mm and the other bonded by FM73 adhesive with a
thickness of Triy=1mm. The adhesive joint is loaded by applying forces to the ends of a joint with a
load ratio R =0.1.
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Fig. 4 present the evaluation of patch (graphite/epoxy) S correction of the date palm waste adhesive
and FM73 adhesive as a function of the crack length. A patching correction factor is proposed to
account for the positive effects of the material and geometric properties of the patch and adhesive
layer.

Fig. 5 shows the crack length as a function of the number of cycles of the date palm waste adhesive
and FM73 adhesive.

For the variation of the length of the crack as a function of the number of cycles of the plate for
the two adhesives which are FM-73 and that of date palm waste, we clearly see that the shape of the
two curves is Almost confused with a difference almost infinitesimal, this lifespan of this crack
propagation can reach 1.1.10° for that of the palm waste adhesive and 1.05.10° for that of FM73.

1 1
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Fig. 4. Patch B correction factor: (a) date palm waste adhesive, (b) FM73 adhesive.
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Fig. 5. The variation of crack length as a function of the number of cycles.
Conclusion

The thickness of the adhesive joint plays a very important role in the strength of bonded assemblies
and has a direct influence on the service life of the structures. The best way to design such operations
is to ensure good adhesion of the joint (structure-adhesive-patch) and reduce shear stresses in order
to avoid patch decohesion as much as possible is to carefully study the thickness of the adhesive. This
work presents a numerical approach to describe the comparison between date palm waste adhesive
and FM73 adhesive.
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The work that we carried out allowed us to deal with the influence of the thickness of the adhesive

on the values of the fracture parameters calculated for a plate subjected to tension containing a central
crack.

After this study, we can conclude that:

v The presence of a patch considerably reduces crack propagation which can delay the rate
of cracking and subsequently increase the life of the structure.

v' The evaluation of the correction factor B of the patch is almost identical for the two
adhesives.

v’ The effectiveness of the date palm waste adhesive is comparable with that of FM73 and
presents a very important natural contribution, because it uses natural and renewable
materials and it could have a lower environmental impact compared to synthetic chemical-
based adhesive, despite its physicochemical properties, and even more so by its mechanical
properties, provided that it plays on the thickness.
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