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Abstract

Natural fibers have drawn a lot of interest for the use of reinforcing materials in composites as a
sustainable and renewable resource. By adopting a compression molding technique and varying
fiber contents (5, 10, 15, 20 and 25 wt%), short date palm mat (DPM) fiber reinforced HDPE and
polystyrene (PS) composites were prepared. Physical, mechanical, structural, thermal,
morphological, and biodegradation properties were examined. 10% DPM fiber reinforced
composites exhibited optimum mechanical properties. The DPM fibers were subjected to
different percentages of NaOH treatment to enhance the fiber-matrix adhesion. The maximum
value of mechanical properties was attained for the composites treated with 5% NaOH. ZnO
nanoparticles as nano filler was also used to improve the mechanical properties of the
composites. The composites with 3% ZnO nanoparticles showed highest mechanical properties.
The produced optimized samples were exposed to various gamma radiation doses, and the results
for all types of composites were best when exposed to 5 kGy of gamma radiation. Further, three
fire retardant additives namely, monosodium phosphate, monoammonium phosphate and
magnesium hydroxide were used in the composites and monoammonium phosphate displayed
best fire retardant properties. A biodegradable composite was developed using various
percentages of DPM fiber and polylactic acid (PLA). 10% DPM fiber reinforced PLA composite
presented highest results. A hybrid composite was made using date palm mat (DPM) and
palmyra palm fruit (PPF) fiber with HDPE matrix. A hybrid composite with 5% fiber content
achieved better properties. Crystalline nanocellulose were extracted from DPM fibers and used
to prepare nanocomposite films. 9% crystalline nanocellulose containing nanocomposite films
revealed highest mechanical properties. The characteristics of these newly created composites

indicate potential applications in various fields.

Keywords: Date Palm Mat (DPM), High Density Polyethylene (HDPE), Polystyrene (PS),

Composite, Gamma radiation, Crystalline nanocellulose.
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CHAPTER 1

Introduction



1.1 Introduction

Rapid progress in manufacturing industries has directed to the necessity for the improvement of
materials with respect to strength, stiffness, density, and lower cost with enriched sustainability.
Composite materials are considered as one of the materials with such improvement in
characteristics showing their potentiality in numerous fields of applications [1]. Composite
material is defined as the combination of two or more materials and the final material possess
superior properties to the properties of individual component of the materials. In the composite
materials discontinuous phases which are called the reinforcement or reinforcing material
dispersed in continuous phases are called the matrix [2]. The reinforcing materials are held
together by a matrix, which functions as an adhesive. This matrix also distributes the applied
load to the reinforcing components. Moreover, it holds the reinforcing materials firmly in place
and protects against the composite damaging its surroundings. Contrarily, the reinforcing
materials in the composite transfer the load on the structure, which give the material strength and
stiffness [3]. On the basis of matrix, composite materials are classified into three categories,
namely metal, ceramic and polymer composite materials. Among these three categories, polymer
composite materials have received much attention owing to their light weight and strength [4].
Usually, polymers are of two types namely, thermoplastic and thermosetting [3]. Thermoplastic
softens and melts when heat is applied and hardens on cooling. It is possible to re-melt and
reformulate thermoplastics. Acrylonitrile butadiene styrene, nylon, polyethylene, polypropylene,
polystyrene, polyvinyl chloride and polyethylene terephthalate are typical examples of
thermoplastic polymers. Thermosetting polymers harden permanently when heated and once
hardened it does not melt for reshaping. Epoxy, polyester, phenol formaldehyde, and
polyurethane are a few common examples of thermosetting polymers. Thermoplastic polymers
are most frequently employed in engineering applications owing to their exceptional chemical
resistance, low shrinkage rate, improved mechanical properties, etc [5,6]. Several
reinforcements, either natural or synthetic, are used to make composites [7]. Numerous synthetic
fibers such as glass, kevlar, and carbon fibers are used as reinforcing material for polymers.

However, synthetic fiber based polymer composites have been used significantly in various



advanced engineering applications. These composite materials are heavy and toxic to human.
Moreover, society’s concern about the environment has gradually increased through the last few
decades [8].

The increasing environmental awareness and community interest, the new environmental
guidelines and unmaintainable depletion of petroleum, led to think about the utilization of
environmentally friendly materials. Natural fibers which are treated as one of the environmental
friendly materials with good properties compared to traditional synthetic fiber [9]. Natural fibers
have noteworthy advantages over synthetic fibers, making them competitive in the modern
industrial applications. The advantages of using natural fibers as reinforcing materials are low
density, light weight, renewability, biodegradability, cheap, good insulation properties, eco-
friendly, non-abrasive, and machine wear [10-12]. The use of natural fiber composites has
extended greatly during the last few years. Natural fiber composites are widely used in numerous
applications such as building and construction, automobile, aerospace, biomedical, sports,
marine, textile and packaging industry [9,13,14]. The Mercedes Benz A-class model utilized
coconut fibers reinforced rubber latex composites for the seats, while the E-class model
employed flax-sisal fiber mat reinforced epoxy composites as door panels. There are three types
of natural fibers, namely animal, mineral and plant fibers. Among these, plant fiber has received
the most attention and is also a widely used reinforcing agent. Plant fibers come in six main
categories, including seed fiber, bast fiber, leaf fiber, fruit fiber, and straw fiber [3]. Extensive
research has been carried out to develop the polymer composites using natural fibers. The natural
fibers such as jute, bamboo, sisal, banana, coir, pineapple, flax, hemp, sugar cane bagasse, oil
palm empty fruit bunch are used for the preparation of composites and the outcomes signified

that natural fibers can be used as potential reinforcing materials [15-24].

A crucial factor in determining the properties of composites is the selection of an appropriate
matrix. In conclusion, choosing a thermoplastic or thermoset polymeric composite is an
important decision. The potential benefits of thermoplastic composites over thermosets include
enhanced toughness, potential recyclability, and shorter cycle times [5]. The utilization of natural
fiber reinforced thermoplastic matrix-based composites is much more widespread, as

demonstrated by several research works and applications in a variety of sectors [25].



Despite their growing popularity, the main shortcomings of natural fibers are their hydrophilic
nature and poor incompatibility between fiber and matrix. One of the main factors contributing
to the high mechanical characteristics of composites is the adhesion between fibers and matrix,
which also plays a significant role in the transfer of loads from matrix to fibers. Weak or
inefficient interactions between fibers and matrix are mostly caused by poor surface adhesion
[22, 26]. A variety of approaches have been used to overcome the shortcomings of natural fibers

and to enhance the properties of composites [24, 27,28].

Date palm (Phoenix sylvestris) and Palmyra palm (Borassus flabellifer) trees are grown
abundantly in Bangladesh. These trees produce a lot of fibers every year. Various portions such
as leaves, naturally woven mat or leaf sheath and fruit stalks from date palm and palmyra palm
fruits are easily converted to fiber. At present, the fibers from date palm mat (DPM) and palmyra
palm fruit (PPF) are not used as resources designed for materials in a systematized way.
Actually, these fibers are thought as an agricultural waste and utilized as fuel in the rural area.
The use of these renewable and green source of reinforcing materials in polymer composite
which can be low cost and ecofriendly. Therefore, the fibers have been transformed into short

fibers for polymer reinforcing materials.

In this work, we have attempted to develop, characterize and optimize DPM fiber reinforced
composites with thermoplastic matrices. The physical, mechanical, thermal, morphological, and
biodegradation properties of the composites are investigated to determine their potentiality for a
variety of applications within the environmental legal outline. In order to improve the quality of
the composite, chemical treatment, nano filler, gamma irradiation, a different matrix material
(PLA), and fire retardant additives are used. We also tried to develop a novel hybrid composite
by the combination of two reinforcing fibers (DPM and PPF) into a single matrix (HDPE).
Crystalline nano cellulose also extracted and used as reinforcement for the preparation of
nanocomposite films. The physical, mechanical, and morphological properties are examined in

order to assess the composites' potential for use in a range of applications.



1.2 Objectives

The objectives of this investigation are to use DPM and PPF fibers as sustainable reinforcing
materials in thermoplastic matrix and to prepare, evaluate and optimize the properties of

composites. The objectives of this study are outlined below:

e To prepare new biodegradable and partially biodegradable fiber reinforced composites
with thermoplastics. Chemical modification of fibers, incorporation of ZnO nano fillers
and gamma radiation are used to enhance the properties of composites.

e To develop and characterize fire retardant composites using fire retardant additives.

e To fabricate and characterize hybrid composites using DPM and PPF fibers with
thermoplastic matrix.

e To prepare and examine crystalline nano-cellulose reinforced PVA, and PVP blended
nanocomposite films. Extraction of crystalline nanocellulose from DPM fiber is
essential for achieving this goal.
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CHAPTER 2

Literature Survey



2.1 Literature Survey

The earliest known applications of composite materials were credited to Egyptians and
Mesopotamians around 1500 B.C. They utilized a mixture of mud and straw to build tough and
long-lasting structures. Straw was used to reinforce ancient composite items like mud bricks,
pottery and boats. The first composite bow was created around 1200 AD, by the Mongols.
Wood, bamboo, bone, cattle tendons, horns, bamboo and silk combined with natural pine resin to

create these bows.

Scientists' discovery of plastics marked the start of the contemporary era of composites. Plastics
including vinyl, polyester, polystyrene, and phenolic were created during the beginning of the
1900s. Leo Baekeland produced Bakelite from synthetic chemicals in 1907 and outperformed in
various applications. Owens Corning developed fiberglass in 1935. By mixing fiberglass and a
plastic polymer, a remarkably durable and light structure was produced and started the

development of fiber reinforced polymer composite [1,2].

Advanced engineering applications have made extensive use of synthetic fiber-based polymer
composites. These composite materials are hazardous to humans [3]. The use of ecologically
friendly materials has come into consideration as a result of rising public concern for the
environment, increased environmental regulations, and the relentless depletion of petroleum.
Natural fibers are light weight, low density, renewable, biodegradable, cheap, good insulation
property, eco-friendly. Researchers are paying attention on the use of natural fiber because of
their several advantages. Many studies have been carried out to develop the polymer matrix

based composites using natural fibers [4].

Sayeed et al. [5] prepared jute, kenaf, and pineapple leaf fiber reinforced polypropylene
composites by varying weight percentages of fibers and suggested that pineapple leaf fiber
polypropylene composite exhibited superior mechanical characteristics than other composites.
The mechanical characteristics of the composites improved considerably for all composites with

various fiber contents in comparison to the pure polypropylene matrix.

Neher et al. [6] developed and characterized banana fiber reinforced HDPE composites with
different fiber contents. They made composites with 5%, 10%, 15% and 20% fiber content. They

concluded that 20% banana fiber HDPE composites had superior mechanical qualities including
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tensile strength. 20% banana fiber HDPE composites also exhibited more thermal stability when

compared to others.

Zhao et al. [7] reported the influence of fiber content, compatibilizer and manufacturing process
on the sisal fiber reinforced high density polyethylene composite. The mechanical characteristics
improved with increasing fiber content. Maleic anhydride grafted HDPE (MAPE) as
compatibilizer considerably improved fiber-matrix adhesion. The composites prepared by pre-
impregnation offer greater mechanical properties than those created through simultaneous

blending.

Bukar et al. [8] studied the preparation and examination of coconut fiber reinforced low density
composite. The best tensile and impact strength were found for the composites with 30 and 20%

fiber content compared to the composites with 40% fiber content .

According to Tungjitpornkull et al. [9], wood polymer composites prepared by compression
molding offers superior mechanical characteristic than extrusion and injection molding. Authors
also demonstrated that the compression moulding technique reduced shearing stress contributed
to less heat degradation of the matrix and less fiber breakage when compared to the twin-screw

extrusion procedure.

Numerous investigations have been conducted to create composite materials with polymer
matrices using natural fibers such as coir, oil palm, hemp, sisal, bamboo, flax, banana , rice husk,
sugarcane bagasse, jute, kenaf [10-14]. However, there is very little study on date palm fiber-
based polymer composites. In light of this, the current research work was carried out with the
intention of investigating the potential of date palm mat fiber polymer composites and
characterizing various composites from a physical, mechanical, thermal, and morphological

standpoint.
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Preparation and Characterization of DPM Fiber

Reinforced Composites
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3.1 Introduction

Environmental concerns have raised awareness of the manufacturing of "green” items using
natural materials [1]. One such effective substance that substitutes synthetic materials is natural
fibers [2]. Natural fibers are widely available, and as a result, their application in composite
materials is rising steadily [1]. The benefits of employing plant fibers include their low cost, low
weight, biodegradability, good comparative mechanical characteristics, reduced tool wear during
the machining process, and ease of recycling, making them environmentally benign [2,4]. The
typical sources of natural fibers are different parts of plants such as leaves, fruits, seeds, grasses,
silks, forests, lobes, and stems [5]. The utilization of natural fibers in polymer matrix composites
has garnered a lot of attention and finds use in a wide range of industries. Natural fibers are
being used more frequently in a variety of industries, including construction, furniture,

packaging, and automobiles [2].

Natural fibers can be combined with a thermosetting or thermoplastic polymer matrix to create
composites. The composite with thermosetting polymer matrix exhibits fragility and incapability
of being repaired. Numerous thermoplastic-based composites provide great resistance to impact
loading, the ability to thermoform and shape at high temperatures, the possibility of thermal
joining and repair, as well as the ability to be recycled [6]. Thermoplastic composites are widely

used due to their acceptable mechanical characteristics and production advantages [4].

Natural fiber reinforced composites are already well-established, and several types of natural
fibers have been used in the creation of composites such as jute [7], kenaf [8], hemp [9], corn
[10], pineapple [11], coir [12], bamboo [13], rice husk [14]. Due to concerns about sustainability,
researchers have recently focused on using agricultural wastes and forest residues. Agricultural
wastes and plant leftovers have similar structures and chemical contents, which makes them

viable reinforcement materials for plastic.

In this study, date palm mat (DPM) fibers were combined with thermoplastics to create
composites as reinforcing materials. Date palm trees (Phoenix sylvestris Roxb), also known
locally as Khejur, grow naturally or are farmed in Bangladesh's southwestern areas. This tree
generates a lot of agricultural waste, which is primarily utilized as fuel in homes. The aim of this

study is to prepare and evaluate the physical, mechanical, thermal and biodegradation
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performance of short DPM fiber reinforced polymer composites by the variation of different

weight proportions of fibers.
3.2 Experimental
3.2.1 Materials

High density polyethylene (HDPE), and polystyrene (PS) were used as polymer matrix. HDPE,
and PS were purchased from Saudi Polymers Company, Saudi Arabia, and Chi Mei Corporation,

Taiwan respectively. DPM fibers were amassed from local area of Jashore, Bangladesh.
3.2.2 Fabrication of Composite

The polymer matrix granules were ground using a grinding machine in order to properly mix the
polymeric matrix and fibers. The DPM fibers were chopped into small pieces (2-3 mm) with the
help of hand scissors. The composites were fabricated by compression moulding technique.
Measured amount of DPM fiber and polymer matrix were taken in a blender for proper mixing
according to table 3.1. The mixed fibers and polymer matrix were poured into the mould (12x15
cm?). The moulds were pressed (Paul Otto Weber Press Machine) at a fixed temperature and 200
kN pressure for 5 min. The temperature was maintained 160°C, and 210°C for HDPE, and PS
respectively. The moulds were chilled for 5 min at room temperature and 200 KN pressure.
Finally, the composites were lifted out from the mould. The composites were cut to specimens

for mechanical properties following ASTM standard method.

Table 3.1: Fiber and polymer matrix content percentages in the composite samples

Fiber Content (wt%) Polymer matrix (HDPE/PS) (wt%)
0 100

5 95

10 90

15 85

20 80

25 75
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DPM fiber
reinforced composite

Figure 3.1: Schematic diagram of composite preparation

3.2.3 Bulk Density of the composites

Bulk density of the prepared composites was calculated by measuring the weight and dimensions
of the samples utilizing the following equation 3.1. The average results for five composite
samples were stated.

_ Weight of the composite
(LengthxWidthxHeight) of the composite

(3.1)

3.2.4 Water Uptake of the Composites

Water uptake tests of the composites were conducted to investigate the effect of water on the
composites with various amount of fiber content. Water uptake of the composites was conducted
according to ASTM D570-99. With the purpose of measuring the water absorption capacity, the

composite samples were dried in an oven for a specific temperature and time and then cooled in
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a desiccator. The weight of the samples were taken and immersed in distilled water for 24 hours.
The samples were drawn from the water, wiped dry using a cloth to eliminate any remaining
water, and weighed. Three samples were tested to get an average result. The percentage of water
uptake was determined by utilizing the following equation 3.2.

(W-Wp) %

= X 100 (3.2)

Increase in weight, % =

where, W is the wet weight and W is the conditioned weight of the composites.
3.2.5 Mechanical Properties

The tensile properties test was carried out to ascertain the tensile strength of the composite
samples. The samples were cut in accordance with the ASTM D 882-02. The test was conducted
via universal strength tester (model 1410 Titans, capacity 5 kN, England) with a constant
crosshead speed of 10 mm/min. Bending strength (three point bending) of the composites were
also performed following ASTM D7900. Five measurements in each composition of the

composite samples were taken and the average values were reported.

3.2.6 FTIR Spectroscopy

FTIR spectra were captured for composite samples. The functional group of the composites was
determined from FTIR spectra. The composites' FTIR spectra were recorded using a Frontier FT-
IR/NIR spectrometer (Perkin Elmer, USA) with a wavelength range of 4,000-650 cm™.

3.2.7 Thermal Analysis

The thermogravimetric (TGA) and differential scanning calorimetry (DSC) analysis of the
composite samples were performed by a NETZSCH instrument (STA 449 F3, Jupiter) in a
temperature range 30-900°C at nitrogen atmosphere. The heating rate was 10°C/min.

3.2.8 SEM Analysis

The morphology of the fracture surfaces of the tensile samples were examined by using a field

emission scanning electron microscope (JEOL JSM-7600F). The samples were cut into a small
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portion, mounted onto holders using carbon tape and coated with gold. Samples were focused

onto the surfaces and examined with different magnification.
3.2.9 Degradation by Soil Burial

The composites were covered up in a flower pot containing soil with moisture level at least 30%.
The test samples were removed from the soil at intervals of 1 month. The samples were washed
and oven dried at 80°C for 6 h. The degradation was determined by measuring the tensile

strength of the specimen.
3.3 Results and Discussion
3.3.1 Bulk Density of the Composites

The influence of various wt% of DPM fibers on the bulk density of the composites is illustrated
in figures 3.2 and 3.3. The bulk density of short DPM fiber reinforced polymer composites
decreases with the increase of fiber content. The density decreases from 0.8919 g/cm? to 0.7825
glcm® for DPM fiber reinforced HDPE composites. In the case of DPM fiber reinforced PS
composites the density drops from 1.6805 g/cm® to 1.5338 g/cm®. ). The bulk density of jute fiber
reinforced LDPE composites decreases with the increase of jute fiber [17]. When more fibers are
added in the polymer matrix of the composites lead improper mixing of fibers and polymer
matrix. This may cause the decreasing trend of the bulk density of the composites with the

increasing of fiber content [18].
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Figure 3.2: Bulk density of the DPM fiber reinforced HDPE composites at various fiber contents
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Figure 3.3: Bulk density of the DPM fiber reinforced PS composites at various fiber contents
3.3.2 Water Absorption of the composites

The consequence of various wt% of fiber content on water uptake behavior of the short DPM
fiber reinforced polymer composites is presented in figures 3.4 and 3.5. It is evident from the
figure that the amount of water uptake of the composites gradually increases with increasing
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fiber content. Among the tested samples, the composite with 5% fiber content exhibits lowest
water absorption while the composite with 25% fiber content exhibits highest amount of water
absorption. Natural fibers are hydrophilic by nature, having a lot of hydroxyl groups and
forming hydrogen bonds with water [19]. In the case of natural fiber composites, water
molecules are absorbed through three mechanisms: diffusion of water into the polymer chain
micro-gaps, water absorbed by the capillary phenomenon into the micro-gaps, and voids or
defects in the fiber and matrix interfaces [2]. Das et al. [3] have reported that the water uptake of
the coir fiber reinforced epoxy composites raised with increasing fiber length and fiber content.
Kumari et al. [4] prepared polyester and poly lactic acid composites with sisal fiber where they
also found an increase in water absorption of the composites with the increase of fiber loading.

Similar findings were found for the prepared short DPM fiber reinforced polymer composites.

Water Absoption (%)

0 T T T T T T

0 5 10 is 20 25 30
Fiber Content (%)

Figure 3.4: Water absorption of DPM fiber reinforced HDPE composites at various fiber
contents
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Figure 3.5: Water absorption of DPM fiber reinforced PS composites at various fiber contents
3.3.3 Mechanical Properties

Figures 3.6 and 3.7 show the consequence of the variation of fiber content on the tensile strength
of the composites. As seen in the figure, the tensile strength first declines from 0 to 5% fiber
content. Then the tensile strength increases with the increasing fiber content from 5 to 10%. The
maximum tensile strength was found 21.09 MPa for 10% DPM fiber reinforced HDPE
composites in the case of DPM fiber reinforced HDPE composites. Among the DPM fiber
reinforced polystyrene composites, the highest tensile strength was around 39.07 MPa which was
obtained for the composites with 10% fiber content. The tensile strength of the composites
declined when the fiber percentage exceeded above 10%. This reduction in tensile strength with
increment of fiber content may be owing to inadequate fiber-matrix adhesion, and debonding
took place throughout tensile strength measurement. Debonding of the fiber-matrix can lead to
voids which make defects to proliferate throughout the void containing areas. Furthermore, the
tensile strength of the composites was impacted by the uneven dispersion of the fibers in the
composites [23]. Zadeh et al. [24] have reported that the improved tensile strength for 10% date
palm leaf fiber reinforced recycled blend of LDPE, HDPE and PP. The findings from our

experiments are in agreement with their results.
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Figure 3.6: Tensile strength of DPM fiber reinforced HDPE composites at various fiber contents
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Figure 3.7: Tensile strength of DPM fiber reinforced PS composites at various fiber contents

The elongation at break specifies the toughness of the composites. Figures 3.8 and 3.9 illustrate
the elongation at break of different wt% of fiber content composites. It is concluded that the
addition of 5 to 25% by weight of short DPM fiber has slightly decreased the elongation at break

of short DPM fiber reinforced composites compared to 100% polymer matrix (0% fiber content).
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The fibers existing in the composites do not show elasticity or flexibility to the composites
causing the reduction of elongation at break with increasing fiber content. In addition, the
rigidity and toughness of the composites increases on the other hand ductility reduces [25].
Rahman et al. [26] used jute fiber as reinforcement for the preparation of polypropylene and
linear low density composites. The fiber content of the composites was 10, 20 and 30%. They
reported that the elongation at break of the composites decreased with the increasing fiber
content. Huq et al. [27] prepared short jute fiber (5-30%) reinforced polypropylene composite. In
their study, the elongation at break of those composites decreased gradually with the increase of

fiber loading. Similar findings were observed for the prepared short DPM fiber reinforced HDPE
and PS composites.
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Figure 3.8: Elongation at break of DPM fiber reinforced HDPE at various fiber contents
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Figure 3.9: Elongation at break of DPM fiber reinforced PS at various fiber contents

The bending strength for different wt% of fiber contents is presented in figures 3.10 and 3.11.
From the figure it is shown that bending strength reduced with 5% fiber content. Then bending
strength improved for 10% fiber content and again reduced for 15 to 25% short DPM fiber
reinforced composites. DPM fiber reinforced HDPE composites with a 10% content were found
to have a maximum bending strength of 22.37 MPa. Among the composites made with DPM
fiber and polystyrene, the maximum bending strength was found 47.38 MPa. The lessening in

bending strength of the composites containing 15 to 25% fibers directs the reduced fiber-matrix
interaction.
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Figure 3.10: Bending strength of DPM fiber reinforced HDPE at various fiber contents

60

55

50 A

45 -

40 |

Bending Strength (MPa)

35 4

30 T T T
0 5 10 15 20 25 30
Fiber Content (%)

Figure 3.11: Bending strength of DPM fiber reinforced PS at various fiber contents

3.3.4 FTIR Spectroscopy

The FTIR spectra were obtained for 100% HDPE, 100% PS and 10% short DPM fiber reinforced
composites and shown in figures 3.12 and 3.13. The FTIR spectra of 10% DPM fiber and 90%
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HDPE composite indicate four peaks at 1740, 1607, 1372 and 1046 cm™ and these peaks are not
present in 100% HDPE. The absorbance peaks at 2915, 1462 and 718 cm™ was observed for both
100% HDPE and 10% DPM fiber and 90% HDPE composites. The peak at 2915 cm™ observed
for the C-H stretching vibration [28]. The absorption band at 1740 cm™ indicates the C=0
stretching from the lignin and hemicellulose [29]. The peak 1607 cm™ indicates C=C stretching
in aromatic [30]. The peak at 1462 cm™ refers to the -CH, group [30] and 1372 cm™ indicates
bending vibrations of the -CH group. The peak at 1046 cm™ detects for C=0 and -OH stretching
vibrations of the polysaccharides in cellulose [29]. The peak 718 cm™ corresponds to the rocking

vibration of -CH, group [28].

In the case of 100% PS, the peak at 2923cm™ corresponds to H-C-H asymmetric and symmetric
stretch signifying the presence of alkane group. The peak at around 1600 cm™, indicates N-H
bend of amides and H-C-H bend of alkane respectively [31]. The peak 1470cm™ directs to
aromatic C-C stretching and the peaks between 1000 cm™ to 650 cm™ attribute to the aromatic
C-H bending vibrations [32]. For short DPM fiber reinforced PS composites, the peak at
3331cm™ may relate to hydrogen bonded O-H stretching vibrations which is absent in the 100%
polystyrene. The peaks at 1250 cm™ and 1027 cm™ resemble to the C-O stretch of the acetyl
group, existing in lignin and hemicellulose [33]. Besides, the characteristic peaks of polystyrene

matrix also found for the composites.
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Figure 3.12: ATR-FTIR spectra of (i) 100% HDPE; (ii) 10% DPM fiber and 90% HDPE
composite
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Figure 3.13: ATR-FTIR spectra of (i) 100% PS; (ii) 10% DPM fiber and 90% PS composite
2.3.5 Thermal Properties

Thermal analysis of 100% HDPE, 100% PS and optimized 10% DPM fiber reinforced
composites were carried out to study their thermal stability. The TGA and DSC curves are
displayed in figures 3.14-3.17. The TGA gives information about the mass change of composite
samples as a function of temperature. The mass change in composites happens as a result of the
breakdown of cellulose, hemicellulose, and lignin constituents throughout heating. Higher
decomposition temperatures signify more thermal stability. The TGA results show that the 100%
HDPE composite undergoes thermal degradation beginning at 428.7°C and with a total mass
change of 97.68%. On the other hand, the degradation of 10% DPM fiber reinforced HDPE
composites start at 403.5°C and 89.37% mass change is completed at about 500°C. The
degradation of the composite takes place earlier than 100% HDPE. The thermal degradation of
the composites decreased with adding fibers. For 100% HDPE and 10% DPM fiber reinforced
HDPE composite, the percentage of the residual mass at the finish of the heating process was
3.57 and 7.99 respectively. The DSC curves of 100% HDPE and 10% DPM fiber HDPE
composite showed peaks of melting at 140.9and 141.1°C respectively. The melting temperature
of the composites increased slightly, this is due to the presence of DPM fiber. The DSC result of
DPM fiber-HDPE composite revealed that the composite is thermally slightly more stable than
HDPE due to high melting temperature.

From the figure it is clear that 100% PS started to degrade at 353.7 °C with 95.89% of mass
change whereas 10% DPM fiber reinforced PS composite began to degrade at 363.0 °C. The
percentage of residual mass provides the thermal stability of the composites. The higher the
percentage of residual mass is the indication of improved thermal stability of the composites
[34]. The percentage of the residual mass at the end of the heating process 6.74 and 7.15 was
found for 100% PS and 10% DPM fiber reinforced PS composite respectively. It can be
concluded from the TGA curves that 10% DPM fiber reinforced PS composite is more thermally
stable than 100% PS. In case of DSC curve, a sharp endothermic peak was observed at 418.3°C
for 100% PS and at 414.7°C for 10% DPM fiber reinforced PS composites. These endothermic
peaks are corresponded to the melting process of the composite samples. In fact, the presence of

the peak in the DSC curve of polystyrene was reported at almost same temperature [35].
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Figure 3.14: TGA and DSC of 100% HDPE
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Figure 3.15: TGA and DSC of 10% DPM fiber and 90% HDPE composite
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Figure 3.16: TGA and DSC of 100% PS

32



0 [1], 10% Date Palm+90% PS
TG /% Pal DSC /(mW/mg)

100
-1
-0
80 -
[ _1
gk: 414.7 °C, -0.1486 mW/mg
60 - L2
Mass C‘:rjg_rjge: -87.02 %
-3
40 1
-4
Residual Mass: 7.1%% (947.7 °C)
20 1 -5
- -6

vvvvvvvvvvvvvvvvvvvvvv

100 200 300 400 500 600 700 800 900
Temperature /°C

Figure 3.17: TGA and DSC) 10% DPM fiber and 90% PS composite
3.2.6 Morphological Analysis

Scanning Electron Microscope (SEM) analysis is an efficient tool to observe the surface
morphology of natural fiber reinforced polymeric composite materials. The surface morphology
of the tensile fracture surfaces of the 10% and 25% DPM fiber reinforced composites were
inspected and the SEM micrographs in different magnitude are presented in figures 3.18 and
3.19. It can be seen from the figure that the 10% DPM fiber composite showed better fiber-
matrix sticking together between fibers and HDPE matrix. In the case of 25% DPM fiber
composite the image shows poor interfacial bonding between the fiber and the matrix. Voids and
more fiber pull-outs in the composites containing 25% DPM fiber are found and resulted low

mechanical properties.
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Figure 3.18: SEM micrographs of 10%DPM fiber HDPE composites (a) 100x magnification and
(b) 500x magnification and25%DPM fiber HDPE composites (c) 100x magnification and (d)
500x magnification
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In the micrographs, fibers are more bonded with the polystyrene matrices suggested the better
fiber-matrix adhesion for the composite formulated with 10% DPM fiber and 90% PS. On the
contrary, gaps, loosely bonded fibers with the matrices and fiber pull outs are observed for
composite containing 25% DPM fiber and 75% PS revealed poor fiber-matrix adhesion. Easy
fiber pullouts take place due to this poor fiber-matrix adhesion resulting in lower tensile
strength for the 25% DPM fiber reinforced composites as compared to 10% DPM fiber
reinforced composites. Sapuan et al. [36] produced short sugar palm fiber loaded high impact
polystyrene composites. From the SEM image analysis, they concluded that the 40% and 50%
sugar palm fiber loaded composites exhibited compacted arrangement between the fiber and
matrix which caused the improvement of strength. Similar compacted arrangement between

DPM fiber and polystyrene was observed for 10% DPM fiber reinforced PS composites.
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Figure 3.19: SEM micrographs of 10%DPM fiber PS composites (a) 100x magnification and
(b) 500x magnification and25%DPM fiber PS composites (c) 100x magnification and (d)
500x magnification

3.3.7 Degradation by Soil Burial

Soil burial experiments of the composites were done in soil for six months. The difference in
tensile strength of the composites afterward soil burial was observed. The 5%, 10%, 15%,
20% and 25% fiber reinforced HDPE composites lost 28.2%, 24.1%, 33.8%, 35.2% and
38.8% of tensile strength. The 5%, 10%, 15%, 20% and 25% fiber reinforced PS composites
lost 12.2%, 10.9%, 13.8%, 18.5% and 25.1% of tensile strength. From this it is clear that 10%
DPM fiber composite retained much of their tensile strength compared to other specimens.
All composite samples exhibit an enlarged degradation of soil burial examinations. During
soil burial process, moisture penetrated into the composites and the fibers of composite
surface and interface degraded slowly causing lower strength. Strong fiber matrix adhesion
was observed for 10% DPM fiber reinforced HDPE composites. This may be the cause of
slower degradation of 10% DPM fiber reinforced HDPE composites [37].
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Figure 3.20: Variation of tensile strength of the buried samples of DPM fiber reinforced
HDPE at various fiber contents
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Figure 3.21: Variation of tensile strength of the buried samples of DPM fiber reinforced PS at

various fiber contents
3.4 Conclusions

In this study, HDPE, PS as matrix and date palm mat fiber as reinforcement were used for the
fabrication of composites by compression moulding technique. The composite samples were
characterized with the help of various instrumental techniques. It can be concluded that 10%
date palm mat fiber reinforced composite displays better mechanical properties than 5, 15, 20
and 25% of date palm mat fiber reinforced composites. Morphological analysis of tensile
fractured surfaces of 10% date palm mat fiber reinforced HDPE and polystyrene composites
shown good fiber-matrix interfacial adhesion. The incorporation of 10% DPM fiber in the
polymer composites exhibits slightly higher thermal stability. The mechanical properties of
the composite formed from date palm mat fiber revealed that they may be a potential choice
for diversified applications.

37



3.5 References

1. Sudhakara, P.; Reddy, K.O.; Prasad C.V.; Jagadeesh D.; Kim H.S.; Kim B.S.; Bae
S.1.; Song J.I. Studies on Borassus fruit fiber and its composites with Polypropylene.
Compos. Res., 2013. 26(1), 48-53.

2. Sanjay, M.R.; Arpitha, G.R.; Naik, L.L.; Gopalakrishna, K.; Yogesha, B.
Applications of Natural Fibers and Its Composites: An Overview, Nat. Resour. 2016,
07, 108-114. https://doi.org/10.4236/nr.2016.73011.

3. Vignesh S.; Alagarsamy S. V.; Saravanan H. A review on natural fibre reinforced
polymer composites. Int.J. of Eng. Sci. & Res. Technol., 2016, 5(10), 786-791.

4. Bhattacharjee S.; Sazzad M.H.; Islam M.A.; Ahtashom M.M.; Asaduzzaman; Miah
M.Y. Effects of Fire Retardants on Jute Fiber Reinforced Polyvinyl

Chloride/Polypropylene Hybrid Composites. Int. J. of Mater. Sci. and Appl., 2013,
2(5), 162-167.

5. Nguyen, T. A.; Nguyen, T. H. Study on Mechanical Properties of Banana Fiber-
Reinforced Materials Poly (Lactic Acid) Composites, 2022, Article ID 8485038
1687-806X, https://doi.org/10.1155/2022/8485038

6. Ahmed, S.; Ahsan, A.; Hasan, M. Physico-mechanical properties of coir and jute

fibre reinforced hybrid polyethylene composites, Int. J. of Aut. and Mech. Eng.,
ISSN: 2229-8649 (Print); ISSN: 2180-1606 (Online); 2017, 14(1), 3927-3937,
https://doi.org/10.15282/ijame.14.1.2017.9.0319

7. Ameer, M. H.; Nawab, Y.; Ali, Z; Imad, A.; Ahmad, S. Development and
characterization of jute/polypropylene composite by using comingled nonwoven
structures, The J. of The Tex. Inst., 2019.
https://doi.org/10.1080/00405000.2019.1612502

8. Mustaffa, Z.; Ragunathan, S.; Othman, N. S.; Ghani, A. A.; Mustafa, W. A.; Farhan,
A. M.; Zunaidi, I.; Razlan, Z. M.; Wan W. K.; Shahriman, A. B. Fabrication and
Properties of Polypropylene and Kenaf Fiber Composite, IOP Conference Series:
Mater. Sci. and Eng., 429, 012016, 2018, DOI 10.1088/1757-899X/429/1/012016.

9. Vallejos, M.E.; Aguado, R.J.; Morcillo-Martin, R.; Méndez, J.A.; Vilaseca, F.;

Tarrés, Q.; Mutjé, P. Behavior of the Flexural Strength of Hemp/Polypropylene

38


https://doi.org/10.4236/nr.2016.73011
https://doi.org/10.1155/2022/8485038
https://doi.org/10.1080/00405000.2019.1612502

10.

11.

12.

13.

14.

15.

16.

17.

18.

Composites: Evaluation of the Intrinsic Flexural Strength of Untreated Hemp Strands,
Polymers 2023, 15, 371. https://doi.org/10.3390/polym15020371
Kumar, N. R.; Rao, C.H. R.; P. Srikant, B.; Rao, R. Mechanical properties of corn

fiber reinforced polypropylene composites using Taguchi method, Mater. Today:
Proc., 2015, 2(4-5), 3084-3092, ISSN 2214-7853,
https://doi.org/10.1016/j.matpr.2015.07.251.

Sayeed, M.M.A.; Sayem, A.S.M.; Haider, J.; Akter, S.; Habib, M.M.; Rahman, H.;

Shahinur, S. Assessing Mechanical Properties of Jute, Kenaf, and Pineapple Leaf

Fiber-Reinforced Polypropylene Composites: Experiment and Modelling, Polymers,
2023, 15, 830. https://doi.org/10.3390/polym15040830

Kumar, S.; Shamprasad, M.S.; Varadarajan, Y.S.; Sangamesha, M.A. Coconut coir

fiber reinforced polypropylene composites: Investigation on fracture toughness and
mechanical properties, Mater. Today: Proc., 2021, 46(7), 2471-2476, ISSN 2214-
7853. https://doi.org/10.1016/j.matpr.2021.01.402.

Sanjita, W.; Surbhi, K.; Pritesh, Y.; Halil, T.; Soydan, O.; Uday, V. Bamboo fiber
reinforced polypropylene composites for transportation applications, Front. in
Mater., 2022,.9, , https://www.frontiersin.org/articles/10.3389/fmats.2022.967512
Mahbub, H.; Reza, A.; Azman, H.; Khalig M.; Zainoha, Z. Rice Husk Filled Polymer
Composites, Int. J. of Polym. Sci., Hindawi Publishing Corporation, 2015, Article 1D
501471, 1687-9422, https://doi.org/10.1155/2015/501471

Raghavendra, S. Mechanical Properties of Hybrid Composites with Date Palm Fibre
Reinforcement, Adv. Mater., 2018, 7, 78. https://doi.org/10.11648/j.am.20180703.14.
Nur, H.P.; Hossain, M.A;, Sultana, S.; Mollah M. M. Preparation of Polymer

Composites using Natural Fiber and their Physico-Mechanical Properties.
Bangladesh J. of Sci. and Ind. Res., 2010, 45(2): 117-122.

Jahan, A.; Rahman, M.M.; Kabir, H.; Kabir, M. A.; Ahmed, F.; Hossain, A.M.;
Gafur, M.A. Comparative Study of Physical and Elastic Properties of Jute and Glass
Fiber Reinforced LDPE Composites, Int. J. of Sci.& Technol. Res., 2012, 1(10): 68-
72.

Gennusa, M.L.; Massana P.L.; Montero, J. I.; Pefia, F. J.; Rieradevall, J.; Ferrante,

P.; Scaccianoce, G.; Sorrentino, G. Composite Building Materials: Thermal and

39


https://doi.org/10.3390/polym15020371
https://doi.org/10.1016/j.matpr.2015.07.251
https://doi.org/10.3390/polym15040830
https://doi.org/10.1016/j.matpr.2021.01.402
https://www.frontiersin.org/articles/10.3389/fmats.2022.967512
https://doi.org/10.1155/2015/501471
https://doi.org/10.11648/j.am.20180703.14

19.

20.

21.

22.

23.

24,

25.

26.

Mechanical Performances of Samples Realized with Hay and Natural Resins,
Sustainability, 2017. 9, 373.

Badaruzzaman, W.H.W.; Dabbagh, N.M.R.; Salleh, K.M.; Saharuddin, E.N.; Radzi,
N.F.M.; Azham, M.A.A.; Sani, S.F.A.; Zakaria, S. Mechanical Properties and Water
Absorption Capacity of Hybrid GFRP Composites, Polymers (Basel). 2022, 14, 1-10.
https://doi.org/10.3390/polym14071394.

Sanjeevi, S.; Shanmugam, V.; Kumar, S.; Ganesan, V.; Sas, G.; Johnson, D.J.;

Shanmugam, M.; Ayyanar, A.; Naresh, K.; Neisiany, R.E.; Das, O. Effects of water
absorption on the mechanical properties of hybrid natural fibre/phenol formaldehyde
composites, Sci. Rep. 2021, 11, 1-11. https://doi.org/10.1038/s41598-021-92457-9.
Das, G.; Biswas, S. Physical, Mechanical and Water Absorption Behaviour of Coir
Fiber Reinforced Epoxy Composites Filled with AI203 Particulates, IOP Conf. Ser.
Mater. Sci. Eng. 2016, 115. https://doi.org/10.1088/1757-899X/115/1/012012
Kumari, Y. R.; Ramanaiah, K.; Prasad A. V. R.; Reddy, K. H.; Sanaka, S. P.;
Prudhvi, A. K. Experimental investigation of water absorption behaviour of sisal

fiber reinforced polyester and sisal fiber reinforced poly lactic acid composites,
Mater. Today Proc. 2021, 44, 935-940. https://doi.org/10.1016/j.matpr.2020.11.002.
Azammi, A.M. N.; Sapuan, S.M.; Ishak, M.R.; Sultan, M.T.H. Mechanical and
Thermal Properties of Kenaf Reinforced Thermoplastic Polyurethane (TPU)-Natural
Rubber (NR)  Composites, Fibers  Polym. 2018, 19, 446-451.
https://doi.org/10.1007/s12221-018-7737-7.

Zadeh, K.M.; Inuwa, I.M.; Arjmandi, R.; Hassan, A.; Almaadeed, M.Z.; Mohamad,;
Khanam, P.N. Effects of date palm leaf fiber on the thermal and tensile properties of

recycled ternary polyolefin blend composites, Fibers Polym. 2017, 18, 1330-1335.
https://doi.org/10.1007/s12221-017-1106-9.

Chowdhury, H.; Rahman, M.M.; Uddin, M.T.; Rahman, M.M. Improvement of
mechanical properties of polypropylene composite using filler, modifier and
reinforcement, J. Phys. Conf. Ser. 2018, 1086. https://doi.org/10.1088/1742-
6596/1086/1/012003.

Rahaman, M. N.; Hossain, M. S.; Razzak, M.; Uddin, M.B.; Chowdhury, A.M.S.;.
Khan, R.A. Effect of dye and temperature on the physico-mechanical properties of

40


https://doi.org/10.3390/polym14071394
https://doi.org/10.1038/s41598-021-92457-9
https://doi.org/10.1088/1757-899X/115/1/012012
https://doi.org/10.1016/j.matpr.2020.11.002
https://doi.org/10.1007/s12221-018-7737-7
https://doi.org/10.1007/s12221-017-1106-9
https://doi.org/10.1088/1742-6596/1086/1/012003
https://doi.org/10.1088/1742-6596/1086/1/012003

27.

28.

29.

30.

31.

32.

33.

34.

jute/PP and jute/LLDPE based composites, Heliyon. 2019, 5 e01753.
https://doi.org/10.1016/j.heliyon.2019.e01753.

Hug, T.; Khan, A.; Hossain, F.M.J.; Akter, T.; Zaman, H.U.; Aktar, N.; Tuhin, M.O.;
Islam T.; Khan, R.A. Gamma-irradiated jute/polypropylene composites by extrusion
molding, Compos. Interfaces. 2013, 20, 93-105,.
https://doi.org/10.1080/15685543.2013.762741.

Sutar, H. , Sahoo C., P., Sahu S., P., Sahoo, S. , Murmu, R. , Swain, S. and Mishra
C., S., Mechanical, Thermal and Crystallization Properties of Polypropylene (PP)

Reinforced Composites with High Density Polyethylene (HDPE) as Matrix, Mater.
Sci. and Appl.s, 2018, 9, 502-515, doi: 10.4236/msa.2018.95035.

Kamarudin, S. H.; Abdullah, L. C.; Aung, M. M.; Ratnam, C. T. A study of
mechanical and morphological properties of PLA based biocomposites prepared with
EJO vegetable oil based plasticiser and kenaf fibres, IOP Conf. Series: Mater. Sci.
and Eng., 2018, 368, doi:10.1088/1757-899X/368/1/012011

Singh, A. A.; Palsule, S. Composite Interfaces (2013): Jute fiber-reinforced
chemically functionalized high density polyethylene (JF/CF-HDPE) composites with
in situ fiber/matrix interfacial adhesion by Palsule Process, Compos. Interfaces, 2013,
http://dx.doi.org/10.1080/15685543.2013.813192

Kreutz, J.C.; de Souza, P.R.; Benetti, V.P.; Freitas, A. R.; Bittencourt, P.R.S.; Gaffo,
L., Mechanical and thermal properties of polystyrene and medium density fiberboard
composites, Polimeros, 2021, 31, 1-7,. https://doi.org/10.1590/0104-1428.07120.
Chauhan, R.S.; Gopinath, S.; Razdan, P.; Delattre, C.; Nirmala, G.S.; Natarajan, R.
Thermal decomposition of expanded polystyrene in a pebble bed reactor to get higher

liquid fraction yield at low temperatures, Waste Manag. 2008, 28, 2140-2145.
https://doi.org/10.1016/j.wasman.2007.10.001.
Onifade, D.V.; Ighalo, J.O.; Adeniyi, A.G. Morphological and Thermal Properties of

Polystyrene Composite Reinforced with Biochar from Plantain Stalk Fibre, Mater.
Int. 2020, 2, 150-156. https://doi.org/10.33263/materials22.150156
Muthukumar, C.; Krishnasamy. S.; Thiagamani S.M.K.; Nagarajan R.; Siengchin S.,

Thermal Characterization of the Natural Fiber-Based Hybrid Composites: An
Overview, Nat. Fiber-Reinforced Compos. 2022, 1-15.

https://doi.org/10.1002/9783527831562.chl.
41



https://doi.org/10.1016/j.heliyon.2019.e01753
https://doi.org/10.1080/15685543.2013.762741
http://dx.doi.org/10.1080/15685543.2013.813192
https://doi.org/10.1590/0104-1428.07120
https://doi.org/10.1016/j.wasman.2007.10.001
https://doi.org/10.33263/materials22.150156
https://doi.org/10.1002/9783527831562.ch1

35. Kurort, T.; Sekiguchi, Y.; Ogawa, T.; Sawaguchi, T.; lkemusa, T.; Honda, T.
Thermal Degradation of Polystyrene, Nippon Kagak. Kaishi. 1977, 894-901.
https://doi.org/10.1246/nikkashi.1977.894.

36. Sapuan, S.M.; Bachtiar, D. Mechanical Properties of Sugar Palm Fibre Reinforced

High Impact Polystyrene Composites, Procedia Chem. 2012, 4, 101-106.
https://doi.org/10.1016/j.proche.2012.06.015.

37. Siakeng, R.; Jawaid, M.; Asim, M.; Siengchin, S. Accelerated Weathering and Soil

Burial Effect on Biodegradability, Colour and Textureof Coir/Pineapple Leaf
Fibres/PLA Biocomposites, Polymers, 2020, 12, 458.

42


https://doi.org/10.1246/nikkashi.1977.894
https://doi.org/10.1016/j.proche.2012.06.015

CHAPTER 4

Preparation and Characterization of NaOH Treated

DPM Fiber Reinforced Composites
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4.1 Introduction

Scientists are showing enormous potential for advancing the creation of eco-friendly,
biomaterials reinforced sustainable green composites and its use in various sector such as
sports, automobile, pharmaceutical, packaging, and construction [1,2]. Resources from nature
are used to create green composites and natural fibers are one of them. Natural fibers have a
number of advantages over synthetic fibers, such as being recyclable, being simple to
manufacture and shape, and being more affordable. The use of natural fibers as reinforcing
components in polymer composites is growing in popularity due to its favorable
environmental advantages, ease of supply, cheaper, and biodegradability [3]. Although
synthetic fibers are now the most common, natural fibers have showed encouraging outcomes
when utilized to reinforce composites. Besides being pricey, synthetic fiber-reinforced
polymers may be harmful to the environment. Without a doubt, natural fibers are a good
choice as an alternative to synthetic fibers in polymer composites. The use of natural fibers in
combination with thermoplastic materials is growing with the aim of achieving both great
volume and inexpensive [4]. Cellulose, hemicellulose, and lignin are the main components of
natural fibers. There are several hydrophilic groups on the surfaces of natural fibers [5].
Lignin and hemicelluloses encircle and bind the cellulose. When natural fibers are reinforced
with hydrophilic matrices, the hydroxyl groups in the cellulose result hydrophilic nature of
natural fibers. As a result, the interface has weak resistance to moisture absorption [6]. A
number of processes, including chemical, thermal, and mechanical ones, can lessen the issues
brought on by the fiber's inherent properties [7]. Among the processes, chemical
modifications are widely used to improve the fiber’s interface. Activation of hydroxyl groups
or introduction of new moieties may develop through chemical modifications which can result
an effective interlocking between fiber and matrix. One such widely used chemical treatment
is alkali treatment [6]. The bleaching activity of the alkali, which eliminates the
hemicellulose, waxy material, and other impurities, causes the fibers to undergo structural
changes throughout the alkali treatment [8]. As a result of the removal of impurities like
hemicellulose, pectin, and lignin from the fiber cell wall's surface during alkali treatment, the
adhesion between fiber and matrices is improved. This causes the improvement in the

mechanical properties of the natural fiber composites [9].
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The current research endeavor aims to investigate the effects of alkali treatment (NaOH) of
fibers at various concentrations of 2%, 5%, and 8% on the mechanical properties of
composites. DPM fibers were subjected to FTIR spectroscopy and SEM analysis on both
untreated and treated fibers to examine the structural changes of fibers. NaOH treated DPM
fiber reinforced HDPE composites were prepared by compression moulding technique. The
mechanical, thermal and morphological properties of the DPM fiber reinforced HDPE

composites were studied.

4.1 Experimental
4.2.1 Materials

HDPE was purchased from Saudi Polymers Company, Saudi Arabia. HDPE granules were
ground by a grinding machine. Sodium hydroxide (NaOH) was used as received from Merck,
Germany. DPM fibers were collected from the rural area of Jashore, Bangladesh. The DPM
fibers were cut into 2-3mm by hand scissors.

4.2.2 Surface modification of Date Palm Mat Fiber

Different concentrations of NaOH solution (2%, 5%, and 8%) was prepared for the surface
modification of DPM fiber. The DPM fibers were immersed in NaOH solution (1:20 g/ml) at
room temperature for 1 h and stirred occasionally. The treated fibers were washed with

distilled water until neutral and dried in an oven.

Fiber — OH + NaOH — Fiber — O — Na + H20 + impurity [10]

Figure 4.1: Photographs of (a) Chopped DPM fiber and (b) NaOH treated DPM fiber
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4.2.3 Composite Fabrication

Compression moulding technique was used to fabricate the composites. HDPE with DPM
fibers were mixed using a blender. The mixed fibers and HDPE were transferred to the mould
(12x15 cm?) and finally hot pressed (Paul Otto Weber Press Machine) at a temperature of
160°C for 5 min maintaining a pressure of 200 kN. The moulds were cooled at room

temperature and under 200 kN pressure for 5 min and removed from the mould.
4.2.4 Bulk Density of the composites

Bulk density of the composites was calculated by measuring the weight and dimensions of the
samples utilizing the following equation 4.1. The average results for five composite samples

were stated.

_ Weight of the composite (4 1)
(LengthxWidthxHeight) of the composite '

4.2.5 Water absorption test of Composites

Water absorption tests of the composite samples were done following ASTM D570-99. The
test samples were dried in an oven at 105°C for 2h and cooled in a desiccator. The composite
samples were weighed and dipped in distilled water for 24h at room temperature. The samples
were withdrawn from the beaker, removed excess water with a cloth and weighed. Three
composite samples were tested to get the average results. The percentage of water absorption

was calculated as follows:

(wet wt—conditioned wt)

Increase in weight, % = x 100 (4.2)

(conditioned wt)
4.2.6 Mechanical Properties

Tensile properties such as tensile strength, percent elongation at break of the composites were
measured using universal strength tester (model 1410 Titans, capacity 5 kN, England). The
crosshead speed was 10 mm/min. The tests were carried out according to standard method
(ASTM D 3039/D 3039 (M) 2002). The average values of five specimens were stated in each

case. Bending strength (three point bending) of the composites was also performed following
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ASTM D7900. Five measurements in each composition of the composite samples were taken

and the average values were reported.

Figure 4.2: Photographs of the (a) prepared composite and (b) samples for tensile strength

after testing
4.2.7 FTIR Spectroscopy

The fibers were examined by a FT-IR/NIR spectrometer (Frontier, Perkin EImer, USA). The
FTIR spectra were recorded in the region 4,000-650 cm™. FT-IR spectroscopy was used to

find out the functional group of the fibers.

4.2.8 Thermal Analysis

The thermogravimetric (TGA) and differential scanning calorimetry (DSC) analysis of the
composite samples were performed by a NETZSCH instrument (STA 449 F3, Jupiter) in a
temperature range 30-900°C at nitrogen atmosphere. The heating rate was 10°C/min.

4.2.9 Surface Morphology

The raw fiber, alkali treated fiber and the fracture surfaces of the tensile specimens were
examined by a field emission scanning electron microscope (JEOL JSM-7600F) operated with
an accelerating voltage of 5.0 kV. The samples were cut into a small portion, mounted onto
holders using carbon tape and coated with gold. The composite samples were focused onto the

surfaces and observed with different magnification.

4.2.10 Soil Burial Test
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The composite samples were buried in a soil containing flower pot and the moisture level was
kept at least 30%. The test samples were removed from the soil at intervals of 1 month,
washed with distilled water and dried at 80°C in an oven for 6 h. The degradation was

determined on the basis of measuring the tensile strength of the specimen.
4.3 Results and Discussion
4.3.1 Bulk Density of the Composites

The effect of various concentrations of NaOH on the bulk density of the composites is shown
in figure 4.3. The bulk density of short DPM fiber reinforced HDPE composites increases
from 2 to 5% NaOH concentration then decreases slightly at 8% NaOH concentration. The
elimination of wax, fat, and other contaminations from the fiber enhanced the bulk density
[11].

NaOH Concentration (%)

Figure 4.3: Bulk density of the DPM fiber reinforced HDPE composites at various NaOH

concentrations

4.3.2 Water Absorption of the Composites:

The effect of NaOH concentration on water absorption of the composites was studied and it
exposes that the water absorption of the composites decreases up to 5% NaOH concentration.
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The lowest water absorption was found for 5% NaOH concentration. The main constituents of
natural fibers are cellulose, hemicellulose and lignin. All of these constituents contain
hydroxyl groups. This may be as a result of water molecules forming hydrogen bonds with the
hydroxyl groups in the components of lignin, hemicellulose, and cellulose in raw DPM fiber.
However, alkali treatment removes hemicellulose and lignin of the DPM fiber completely or
partially and therefore, the internal structure becomes less hydrophilic [12]. Hence, NaOH
treated DPM fiber reinforced HDPE composites absorb a reduced amount of water than raw
DPM fiber reinforced HDPE composites.

1.12

1.11

1.1

1.09

1.08

1.07

1.06

Water Absorbtion (%)

1.05

1.04

1.03 T T T T

NaOH Concentration(%)

Figure 4.4: Water absorption of the DPM fiber reinforced HDPE composites at various NaOH

concentrations

4.3.3 Mechanical Properties

Figure 4.5 shows the effect of the variation of NaOH concentration on the tensile strength of
the composites. The graph shows that the tensile strength of the composites increased up to a
5% NaOH concentration and declined for 8% NaOH concentration. The maximum tensile
strength was recorded 23.56 MPa for the composite samples at 5% NaOH concentration. 5%
NaOH treated DPM fiber reinforced HDPE composites showed higher tensile strength than

control (untreated composites). Hemicellulose, lignin, wax, and other surface impurities in the
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fiber were eliminated as a result of the alkali treatment which caused better interaction
between fiber and matrix. It also causes the fiber's surface to become rougher and improve the

fiber-matrix adhesion [13].
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Figure 4.5: Tensile strength of DPM fiber reinforced HDPE composites at various NaOH

concentrations

The effect of NaOH concentration on the elongation at break values of the composites is
represented in figure 4.6. The elongation at break of composite was improved with increasing
NaOH concentration up to 5 %, and then started diminishing for 8 % NaOH concentration.
Dahham et al. stated that the increase in elongation at break of the NaOH treated Cyperus

Odoratus /polypropylene composites [14]. Their findings are similar with our results.
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Figure 4.6: Elongation at break of DPM fiber reinforced HDPE composites at various NaOH
concentrations

The effect of NaOH concentrations on the bending strength of the composite samples is
illustrated in figure 4.7. It is seen from the figure that bending strength of the composites was
increased with increasing NaOH concentrations. The bending strength of 5% NaOH treated
DPM fiber reinforced composites enhanced by 12.92% in comparison with the control
(untreated composites). This may be due to the removal of lignin, hemicellulose and other
impurities during alkali treatment as a result of superior interfacial adhesion between the
polymer matrix and fibers [15].
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Figure 4.7: Bending strength of DPM fiber reinforced HDPE composites at various NaOH
concentrations

51



4.3.4 FTIR Spectroscopy

The figure 4.8 shows FTIR spectra of raw DPM fiber and 5% NaOH treated DPM fiber. The
absorption band at 3324 and 3327 cm™ represent O—H stretching vibration of the hydroxyl
groups in raw fibers and 5% NaOH treated DPM fiber respectively [16]. The peaks at 2929
and 2924 cm™ indicate the C—H stretching of cellulose, hemicellulose and lignin in raw fibers
and 5% NaOH treated DPM fiber respectively [ 17]. The absorption peak at 1728 cm™ in raw
DPM fiber resembles to the carbonyl (C=0) stretching vibrations of carboxyl and acetyl
groups in hemicelluloses [11]. After NaOH treatment, the absorbance band at 1728 cm™ is
absent in the DPM fibers. The peak at 1610 and 1599 cm™ is associated to absorbed water
molecules in carbohydrates for raw fibers and 5% NaOH treated DPM fiber respectively [18].
The peak at 1508 and 1507 cm™ signifies the C=C stretching vibration of the aromatic ring in
lignin for raw fibers and 5% NaOH treated DPM fiber respectively [19]. The peak at 1423
cm™ indicates CH, symmetric bending in hemicellulose [20] which is absent in 5% NaOH
treated DPM fiber. The absorption peak at 1239cm™ is resulting from the vibration and
stretching of C-O, ascribed the existence of acetyl group in lignin and hemicellulose [21].
The peak at 1032 and 1029 cm™ corresponds to the C-O stretching vibrations of the
polysaccharide in cellulose for raw fibers and 5% NaOH treated DPM fiber respectively [22].
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Figure 4.8: ATR-FTIR spectra of (i) raw DPM fiber; (ii) 5% NaOH treated fiber
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4.3.5 Thermal Analysis

Thermal analysis of 10% DPM fiber reinforced HDPE (control), and 5%NaOH treated DPM
fiber reinforced composites were examined to determine their thermal stability. In figure, the
TGA and DSC curves are shown. The TGA results show that the untreated DPM fiber
reinforced HDPE composites undergoes thermal degradation beginning at 403.5 °C and with a
total mass change of 97.62%. On the other hand, the degradation of 5% NaOH treated DPM
fiber reinforced HDPE composites takes place in two stages. In the first stage, the degradation
starts at 280.0 °C and in the second stage, the degradation start at 425.8 °C with a total
97.62% mass change. For untreated DPM fiber and 5% NaOH treated DPM fiber reinforced
HDPE composites, the percentage of the residual mass at the finish of the heating process was
7.99 and 2.38 respectively. The DSC curves of untreated DPM fiber and 5% NaOH treated
DPM fiber reinforced HDPE composites showed peaks of melting at 141.1 and 160.3 °C
respectively. The melting temperature of the composites increased, this is due to the presence
of DPM fiber. 5% NaOH treated DPM fiber reinforced composites is thermally more stable
than untreated DPM fiber due to high melting temperature.
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Figure 4.9: TGA and DSC of untreated DPM fiber reinforced HDPE composite
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Figure 4.10: TGA and DSC of 5% NaOH treated DPM fiber reinforced HDPE composite

4.3.6 Morphological Analysis

Figure 4.11 shows that the impurities such as lignin and hemicelluloses were present on the
surface of the raw fibers which were removed as a result of the alkali treatment. A rough

surface was observed for the alkali treated fiber.

The surface morphology of the tensile fracture surfaces of the untreated DPM fiber reinforced
composites and 5% NaOH treated DPM fiber reinforced composites were examined and the
SEM micrographs in different magnitude are presented in figure 4.12. It can be seen from the
figure that superior fiber-matrix interaction between fibers and HDPE matrix was observed
for 5% NaOH treated DPM fiber whereas voids and loosely bonded fiber matrix adhesion was

found for untreated DPM fiber reinforced composites.
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Figure 4.12: SEM micrographs of 5% NaOH treated DPM fiber composite (a) 100x
magnification and (b) 500x magnification and untreated DPM fiber composites (c) 100x

magnification and (d) 500x magnification
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4.3.7 Degradation by Soil Burial

Soil burial tests of the composites were done in soil for six months. The difference in tensile
strength of the composites afterward soil burial is presented in figure. Figure clearly shows
that the tensile strength of the composites decreases with time. 5% NaOH treated DPM fiber
reinforced HDPE composites lost 21.56% of tensile strength whereas untreated DPM fiber
reinforced HDPE composites lost 24.1% of tensile strength. 5% NaOH treated DPM fiber
reinforced HDPE composites retained much of their tensile strength compared to untreated
DPM fiber reinforced HDPE composites. Alkali treatment reduced the hydrophilic character
of the fiber [12] which is the reason for less water absorption and alkali treated composites
show lower reduction in tensile strength compared to untreated composites.
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Figure 4.13: Variation of tensile strength of the buried composite samples

4.4 Conclusions

The composites with alkali-treated fiber reinforcement displayed enhanced mechanical

characteristics than untreated composites. The enhancement in mechanical properties was

highest for the composites fabricated with treated fibers at 5% NaOH concentration. The

removal of amorphous components from the fiber is assumed to have improved fiber matrix

adhesion, as shown by FTIR investigations. The surface morphology of the composites

reveals that the treated DPM fiber reinforced HDPE composites had more fiber matrix
56



bonding interaction than those in the untreated DPM fiber reinforced HDPE composites. The

composites' characteristics suggest that the produced new composites could be employed for

interior and outdoor applications.
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5.1 Introduction

Composite materials have attracted a lot of interest because of their multipurpose
characteristics, which enable a wide range of applications in several sectors. These materials
are used in a variety of sectors, including those in the packaging, aircraft, automobile, sports,
and furniture industries. Polymer matrix is used to create a variety of composite materials due
to their flexibility, low cost, and simplicity of manufacture. These composites are made using
synthetic polymers, which are made from petroleum sources. The primary drawback of these
polymers is that they are not biodegradable, which rises the quantity of waste that is disposed
of in landfills and contributes to pollution. The usage of conventional composite materials is
constrained by governments’ laws. Researchers have been focusing on environmentally
friendly materials in recent decades to lessen their impact. Natural fibers can be obtained from
renewable sources in a sustainable manner. They are prospective substitute materials for
synthetic fibers in the composites sector because of their eco-friendliness, affordability,
renewability, and abundance. The use of natural fibers, including flax, jute, sisal, ramie,
coconut coir, pineapple leaf fiber, kenaf, bamboo fiber, and rice husk, has improved as a

result of researchers' increasing efforts [1,2].

The key drawbacks of natural fibers in corresponding composites are their comparatively high
moisture absorption and poor compatibility with the matrix. Natural fibers can easily create
cavities in composites that can weaken the material's mechanical characteristics [3]. The
incorporation of nanofillers in the composite is one of the likely ways to improve the
compatibility with the matrix of the composites [4]. Researchers are attempting to create a
polymer-based composite with improved qualities by adding a number of reinforcements or
nanofiller to polymeric material [5]. Nanofillers form chemical bonds or entangle
mechanically with the polymer matrix in order to improve the characteristics of the
composites [4]. Nanofillers are chemically active due to their huge surface areas, which
facilitates easier interaction with the matrix [6]. Nanofillers typically contain inorganic
materials, but occasionally organic ones. The mechanical, thermal, and water absorption
characteristics can be significantly enhanced by the use of a little amount of these fillers [7].
Numerous nanofillers, such as montmorillonite, silica, calcium carbonate, and aluminum
oxide, have been shown to effectively enhance the mechanical, thermal, electrical, gas barrier,
and refractory properties of polymer matrix composites. ZnO nanoparticles have received a
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lot of interest among different inorganic fillers because of its distinctive physical
characteristics, inexpensive price, and extensive use [8]. The introduction of nanoparticles as
a result of advances in nanoscience has added a new dimension to the area of composite
material [4]. Researchers are constantly looking for ways to build strong, versatile, cost-
effective nanocomposites for innovative material applications, such as aircraft, automotive,

sensors, conductors, and petroleum refineries [9].

In this section of present study, a new sustainable composite is developed with ZnO
nanoparticles, DPM fiber and HDPE. Considering this, ZnO nano particles have been
synthesized and characterized. Therefore, our study focus on the fabrication of DPM fiber
reinforced HDPE composites with the incorporation of ZnO nanoparticles and to understand
the effect of ZnO nanoparticles on the physical, mechanical, thermal and morphological

properties of the DPM fiber reinforced HDPE composites.
5.2 Experimental
5.2.1 Materials

HDPE was purchased from Saudi Polymers Company, Saudi Arabia. HDPE granules were
ground by a grinding machine. DPM fibers were collected from the rural area of Jashore,

Bangladesh. The DPM fibers were cut into 2-3mm by hand scissors.
5.2.2 Preparation of ZnO nanoparticles

At first, two separate solutions were prepared by dissolving zinc acetate dehydrate and KOH
in methanol. KOH solution was added drop by drop into the zinc acetate dehydrate solution
with constant stirring at 52°C for 2 hours resulting white colored solution. The white solution

was centrifuged, washed and dried [10].
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Figure 5.1: Image of prepared ZnO nanoparticles
5.2.3 Composite Fabrication

Compression moulding technique was used to fabricate the composites. HDPE, DPM fibers
and ZnO nanoparticles (1 to 7%) were mixed using a blender. The mixture was transferred to
the mould (12x15 cm?) and finally hot pressed (Paul Otto Weber Press Machine) at a
temperature of 160°C for 5 min maintaining a pressure of 200 kN. The moulds were cooled at

room temperature and under 200 kN pressure for 5 min and removed from the mould.
5.2.4 Bulk Density of the composites

Bulk density of the composites was calculated by measuring the weight and dimensions of the
samples utilizing the following equation 5.1. The average results for five composite samples

were stated.

_ Weight of the composite (5 1)
(LengthxWidthxHeight) of the composite '

5.2.5 Water absorption test of Composites

Water absorption tests of the composite samples were done following ASTM D570-99. The
test samples were dried in an oven at 105°C for 2h and cooled in a desiccator. The composite
samples were weighed and dipped in distilled water for 24h at room temperature. The samples

were withdrawn from the beaker, removed excess water with a cloth and weighed. Three
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composite samples were tested to get the average results. The percentage of water absorption

was calculated as follows:

Increase in weight, % = (wet wt—conditioned wt) 100 (5.2)

(conditioned wt)

5.2.6 Mechanical Properties

Tensile properties such as tensile strength, percent elongation at break of the composites were
measured using universal strength tester (model 1410 Titans, capacity 5 kN, England). The
crosshead speed was 10 mm/min. The tests were carried out according to standard method
(ASTM D 3039/D 3039 (M) 2002). Bending strength (three point bending) of the composites
were also performed following ASTM D7900. Five measurements in each composition of the

composite samples were taken and the average values were reported.
5.2.7 FTIR Spectroscopy

The composites were examined by a FT-IR/NIR spectrometer (Frontier, Perkin Elmer, USA).
The FTIR spectra were recorded in the region 4,000-650 cm™. FT-IR spectroscopy was used
to find out the functional group of the fibers.

5.2.8 Thermal Analysis

The thermogravimetric (TGA) and differential scanning calorimetry (DSC) analysis of the
composite samples were performed by a NETZSCH instrument (STA 449 F3, Jupiter) in a
temperature range 30-900°C at nitrogen atmosphere. The heating rate was 10°C/min.

5.2.9 Surface Morphology

Surface morphology and elemental analysis of the synthesized ZnO nanoparticles were
investigated by FESEM coupled with Energy dispersive X-ray spectroscopy (EDX). The
fracture surfaces of the tensile specimens were examined by a field emission scanning
electron microscope (JEOL JSM-7600F) operated with an accelerating voltage of 5.0 kV. The
samples were cut into a small portion, mounted onto holders using carbon tape and coated
with gold. Samples were focused onto the surfaces and examined with different

magnification.
5.2.10 Soil Burial Test
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The composite samples were buried in a soil containing flower pot and the moisture level was
kept at least 30%. The test samples were removed from the soil at intervals of 1 month,
washed with distilled water and dried at 80°C in an oven for 6 h. The degradation was
determined on the basis of measuring the tensile strength of the specimen.

5.3 Results and Discussion
5.3.1 Surface Morphology and EDX of ZnO Nanoparticles

SEM analysis was carried out to examine the surface morphology of produced ZnO
nanoparticles. SEM micrograph of ZnO nanoparticles exposes that the nanoparticles have a
spherical shape. The SEM micrograph evidently demonstrates that the particles sizes range
from 13 nm to 34 nm. The results of the EDX investigation support the presence of ZnO
nanoparticles. The ZnO nanoparticles have 71.22% zinc and 18.87% oxygen according to the

elemental analysis.

100 nm EHT= 5.00 kV Signal A = InLens Date: 17 Sep 2022
— WD= 3.8 mm Mag = 150.00 K X Time: 12:25:45

Figure 5.2: SEM micrograph of ZnO nanoparticles
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Figure 5.3: EDX spectrograph of ZnO nanoparticles
5.3.2 Bulk Density of the Composites

The effect of various quantities of ZnO nanoparticles on the bulk density of the composites is
displayed in figure 5.4. The bulk density of short DPM fiber reinforced HDPE composites
increases with increasing quantity of ZnO nanoparticles. There are more amount of denser
ZnO nanoparticles present at greater nanoparticles weight percentages in the composites. As a

result, the composites with increasing ZnO nanoparticles exhibit higher density [4].
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Figure 5.4: Bulk density of the DPM fiber reinforced HDPE composites at various percent of
ZnO NPs

5.3.3 Water Absorption of the Composites:

The effect of ZnO nanoparticles on water absorption of the composites was studied and it
reveals that the water absorption of the composites with ZnO nanoparticles declines.
However, the incorporation of ZnO nanoparticles into the DPM fiber reinforced HDPE
composites shows reduced amount of water absorption than the composites without ZnO
nanoparticles. ZnO nanoparticles filled the voids in the composites, reducing the amount of
empty spaces for water absorption [11]. This may also be as a result of ZnO nanoparticles on
the surface of the composites which cause less penetration of water and reduced water
absorption. Bose et al. prepared nano ZnO filled glass fiber reinforced epoxy composites and
found that nano ZnO filled glass fiber reinforced epoxy composites absorb less water than the

neat composite [12]. Their findings are similar to our results.
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Figure 5.5: Water absorption of the DPM fiber reinforced HDPE composites at various

percent of ZnO NPs

5.3.4 Mechanical Properties

Figure 5.6 shows the effect of the variation of ZnO nanoparticles on the tensile strength of the
composites. From the graph it is concluded that the tensile strength of the composite samples
increased up to a 3% ZnO nanoparticles and decreased from 5 to 8% ZnO nanoparticles. The
highest tensile strength was 22.71 MPa for the composites containing 3% ZnO nanoparticles.
The incorporation of 3% ZnO nanoparticles in the composites the tensile strength increased
by 7.7% compared to composites without filler. As a consequence of the better interaction
between the ZnO nanoparticles and matrix, the values of tensile strength of composites
increase with the addition of ZnO nanoparticles. The interaction between the particles
becomes more intense at higher percent of ZnO nanoparticles. As a result, aggregates of
nanofillers are created and may be the reason for the reduction in tensile strength of the

composites at higher percent of ZnO nanoparticles [4].
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Figure 5.6: Tensile strength of the DPM fiber reinforced HDPE composites at various percent
of ZnO NPs

Figure 5.7 illustrates the effect of the variation of ZnO nanoparticles on the elongation at
break of the composites. The elongation at break of the composites gradually decreased with
increasing amount of ZnO nanoparticles. The inclusion of ZnO nanoparticles boosted the
composite's stiffness but did not increase its elasticity or overall flexibility. The reduction in
flexibility of the composites was owing to a lack in adhesion of foreign particle surfaces in the
matrix which resulted to a poor load transfer from the matrix to the fibers. This is in line with

the findings of Hassana et al. [13].
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Figure 5.7: Elongation at break of the DPM fiber reinforced HDPE composites at various
percent of ZnO NPs

Figure 5.8 elucidates the effect of the variation of ZnO nanoparticles on the bending strength
of the composites. The graph displays that the bending strength of the composites increased
up to a 3% ZnO nanoparticles and dropped from 5 to 8% ZnO nanoparticles. The maximum
bending strength 25.32 MPa was noticed for the composite samples containing 3% ZnO
nanoparticles. The incorporation of 3% ZnO nanoparticle was noticed to increase the bending
strength of the composite when compared to 0%, 1%, 5%, and 7%. Improved compatibility
produced by the addition of ZnO nanoparticles which can strengthen the interaction between
fiber and matrix. This outcome demonstrates that voids of the composite can be filled by
adding ZnO nanopatrticles to the composite.
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Figure 5.8: Bending strength of the DPM fiber reinforced HDPE composites at various
percent of ZnO NPs

5.3.5 FTIR Study

The FTIR spectra were recorded for 0% ZnO nanoparticles containing DPM fiber reinforced
HDPE and 3% ZnO nanoparticles containing DPM fiber reinforced HDPE composites and
presented in figure 5.9. Additional functional group was not found since chemical bonds were
not formed during the fabrication of the composites. Both composites showed peaks in the
same region. The peaks 3400-3200 cm™ correspond to O-H stretching vibration of the
hydroxyl groups. The peak at 2915 cm™ observed for the C-H stretching vibration [14]. The
absorption band at 1740 cm™ indicates the C=0 stretching from the lignin and hemicellulose
[15]. The peak 1607 and 1595 cm™ indicate C=C stretching in aromatic [16]. The peak at
1462 and 1372 cm™ refers to the bending vibration of -CH, group and bending vibrations of
the -CH group respectively [17]. The peak at 1077 and 1046 cm™ detects for C-O stretching
vibrations [18]. The peak 718 cm™ corresponds to the rocking vibration of -CH, group [19].
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Figure 5.9: ATR-FTIR spectra of (i) 0% ZnO NPs composite; (ii) 3% ZnO NPs composite
5.3.6 Thermal Properties

To investigate the thermal stability of the composites, thermal analyses of 0% ZnO NPs
composite, and optimum 3% ZnO NPs composites were performed. The TGA results show
that the degradation of 0% ZnO NPs composites start at 403.5 °C and 89.37% mass change is
completed at about 500°C. Conversely, the 3% ZnO NPs composites start to degrade at 407.1
°C with a total mass change 97.6%. The thermal degradation of the composites increased with
the incorporation of ZnO nanoparticles. For 0% ZnO NPs composite, and 3% ZnO NPs
composites, the percentage of the residual mass at the finish of the heating process was 7.99
and 2.4% respectively. The DSC curves of 0% ZnO NPs composite, and 3% ZnO NPs
composites showed peaks of melting at 141.1 and 152.1 °C respectively. The melting
temperature of the composites increased, this is owing to the presence of ZnO nanoparticles.
The DSC result of optimum 3% ZnO NPs composites showed that the composite is thermally
slightly more stable.
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Figure 5.10: TGA and DSC of 0% ZnO NPs composites
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Figure 5.11: TGA and DSC of 3% ZnO NPs composites
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5.3.7 Surface Morphology

The surface morphology of the tensile fracture surfaces of the 3% ZnO loaded and 0% ZnO
loaded DPM fiber reinforced composites were studied, and SEM micrographs of various
magnifications are shown in the figure 5.12. In the micrograph, more voids and loosely
bonded fibers was observed for the composites without ZnO nanoparticles while better
interaction between fiber and matrix was found for 3% ZnO loaded DPM fiber reinforced
HDPE composites. Using ZnO nanoparticles are anticipated to fill the composite's voids and
empty spaces and enhance its mechanical, physical, and thermal properties as seen by SEM

micrographs.

Figure 5.12: SEM images of 3% ZnO NPs composite (a) 100x magnification and (b) 500x
magnification and 0% ZnO NPs composites (c) 100x magnification and (d) 500x

magnification
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5.3.8 Degradation by Soil Burial

Soil burial experiments of the composites were done in soil for six months. The variation in
tensile strength of the composites afterward soil burial is presented in figure 5.13. It can be
seen from the figure that the tensile strength of the composites decreases with time. DPM
fiber reinforced HDPE composites (0% ZnO nanoparticles) lost 24.1% of tensile strength
whereas 3% ZnO nanoparticles filled DPM fiber reinforced HDPE composites lost 22.2% of
tensile strength. 3% ZnO nanoparticles loaded DPM fiber reinforced HDPE composites
retained much of their tensile strength compared to DPM fiber reinforced HDPE composites
without fillers. The interruption of hydrogen bonds in the fiber structure caused by the
addition of nanoparticles to DPM fiber can cause to lose their empty spaces, crystallize more
quickly, depolymerize more quickly, and become more hydrophobic, which reduces the
composites' ability to absorb water and become less biodegradable. On the other hand, DPM
fiber reinforced HDPE composites without fillers contains greater gaps, which is disclosed in
the composite as well as allows water molecules to cause the degradation of the composites
[20].
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Figure 5.13: Variation of tensile strength of the buried composite samples
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5.4 Conclusion

The preparation and characterization of the DPM fiber reinforced HDPE composites by
incorporating ZnO nanoparticles was successfully accomplished, which had an impact on
their mechanical properties. The tensile strength and bending strength of the composites were
increased by adding ZnO nanoparticles. The highest mechanical properties were observed at
3% ZnO nanoparticles. Morphological analysis of the composites containing 3% ZnO
nanoparticles showed better compatibility which also supported better mechanical
performances. 3% ZnO nanoparticles filled DPM fiber reinforced HDPE composites exhibited
a reduced amount of water absorption. The thermal stability of the composites increased due
to the incorporation of ZnO nanoparticles. The biodegradability of the composites was
decreased by adding ZnO nanoparticles. The results of the newly developed composites

indicate that it may find potential applications in numerous fields.
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Preparation and Characterization of Gamma

Irradiated DPM Fiber Reinforced Composites
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6.1 Introduction

Composites are formed of two or more materials that, when combined, give rise to a
substance with physical or chemical properties that are markedly distinct from those of the
individual materials [1]. Polymer composites are now widely used in a variety of specialized
fields due to their excellent and distinctive combination of physical and mechanical
characteristics, including civil construction, chemical equipment and machinery construction,
electrical and electronic equipment, the automotive and marine industries, aircrafts etc.
Numerous studies have been conducted on synthetic fiber-reinforced with synthetic matrix
materials. The inability of the fibers to degrade is a drawback of employing synthetic fiber
reinforced composites. Composites comprised of natural fibers as reinforcing agent and
thermoplastic polymers as matrix are being explored more and more frequently as a result of
rising environmental awareness [2,3]. Therefore, the creation of natural fiber reinforced
polymer composites has garnered a lot of attention in the field of composite research recently
[4]. The primary natural reinforcements now employed in the composites sector include jute,
flax, hemp, sisal, and kenaf [5].

Natural fibers offer a number of benefits, including affordability, light weight, processing
flexibility, low energy usage, renewability, and strong biodegradability. Furthermore, natural
fibers contain hydroxyl and other polar groups in their constituents causing high moisture
absorption. As a result, they show low compatibility with hydrophobic polymer matrices and
have poor adhesion at the fiber-matrix interface that significantly limits their use as
reinforcing materials in polymers [4,6]. The most often utilized method for increasing
compatibility of natural fibers and matrices is chemical treatment. In some cases, it is not
possible to produce natural fiber composites on a huge amount through chemical treatment.
Environmental issues increase the stress on composite researchers to use sustainable
modifications of composites with the purpose of improving performance of composites. In
contrast, during the last few decades, the researchers have shifted its preference toward the
modification of natural fibers via gamma radiation [5]. Gamma radiation induced composites
has a number of benefits, such as uninterrupted operation, a short curing period, reduced
environmental pollution, curing at room temperature, more flexible design via process

control, etc [7].
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In the current investigation, gamma radiation was applied to the composites to enhance their
mechanical properties. The use of gamma radiation in composites is not new, but the
preparation of gamma irradiated DPM fiber reinforced polymer composites is a new work.
The effect of gamma radiation on the physical, mechanical, thermal and biodegradation

behavior of the DPM fiber reinforced polymer composites was investigated.
6.2 Experimental
6.2.1 Materials

HDPE, and PS were purchased from Saudi Polymers Company, Saudi Arabia, and Chi Mei
Corporation, Taiwan respectively. DPM fibers were collected from the local area of Jashore,

Bangladesh. The DPM fibers were cut into 2-3mm by hand scissors.

6.2.2 Composite Fabrication

Compression moulding technique was used to fabricate the composites. Measured amount of
HDPE and PS were mixed with DPM fibers using a blender. The mixed fibers and polymer
matrix were transferred into the mould (12x15 cm?) and finally hot pressed (Paul Otto Weber
Press Machine) at a temperature fixed temperature for 5 min maintaining a pressure of 200
kN. The moulds were cooled at room temperature and 200 kN pressure for 5 min and

removed from the mould.

6.2.3 Gamma Radiation

The optimized composite samples were subjected to gamma radiation to enhance their
mechanical characteristics. Composite samples were sealed in an airtight plastic bag. 90 kCi
Cobalt 60 was served as radiation source. Composites were subjected to various gamma

radiation doses (2.5, 5.0, and 7.5 KGy) at room temperature with a dose rate 350 krad/h.

6.2.4 Bulk Density of the composites

Bulk density of the composites was calculated by measuring the weight and dimensions of the

samples. The average results for five composite samples were stated.

6.2.5 Water absorption test of Composites
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Water absorption tests of the composite samples were done following ASTM D570-99. The
test samples were dried in an oven at 105°C for 2h and cooled in a desiccator. The composite
samples were weighed and dipped in distilled water for 24h at room temperature. The samples
were withdrawn from the beaker, removed excess water with a cloth and weighed. Three

composite samples were tested to get the average results.
6.2.6 Mechanical Properties

Tensile properties such as tensile strength, percent elongation at break of the composites were
measured using universal strength tester (model 1410 Titans, capacity 5 kN, England). The
crosshead speed was 10 mm/min. The tests were carried out according to standard method
(ASTM D 3039/D 3039 (M) 2002). The average values of five specimens were stated in each
case. Bending strength (three point bending) of the composites were also performed following
ASTM D7900. Five measurements in each composition of the composite samples were taken
and the average values were reported.

6.2.7 FTIR Spectroscopy

The non-irradiated and gamma irradiated composites were inspected by a FT-IR/NIR
spectrometer (Frontier, Perkin Elmer, USA). The FTIR spectra were recorded in the region
4,000-650 cm™. FT-IR spectroscopy was used to find out the functional group of the
composites.

6.2.8 Thermal Analysis

The thermogravimetric (TGA) and differential scanning calorimetry (DSC) analysis of the
composite samples were performed by a NETZSCH instrument (STA 449 F3, Jupiter) in a
temperature range 30-900°C at nitrogen atmosphere. The heating rate was 10°C/min.

6.2.9 Surface Morphology

The fracture surfaces of the tensile specimens were examined by a field emission scanning
electron microscope (JEOL JSM-7600F) operated with an accelerating voltage of 5.0 kV. The
samples were cut into a small portion, mounted onto holders with the help of carbon tape and
coated with gold. Samples were focused onto the surfaces and observed with different

magnification.
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6.2.10 Soil Burial Test

The composite samples were buried in a soil containing flower pot and the moisture level was
kept at least 30%. The test samples were lifted out from the soil at intervals of 1 month,
cleaned with distilled water and dried at 80°C in an oven for 6 h. The degradation was

determined by measuring the tensile strength of the composite samples.
6.3 Results and Discussion
6.3.1 Bulk Density of the Composites

The optimized composites (10% DPM fiber reinforced HDPE and PS) were exposed to
gamma radiation at various doses (2.5-7.5 kGy). The effect of gamma radiation on the bulk
density of the composites is illustrated in figure 6.1 and 6.2. The bulk density of the gamma
irradiated composites increased. The highest value was found for the composites at 5 kGy

radiation dose.
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Figure 6.1: Bulk density of the DPM fiber reinforced HDPE composites at various radiation

doses
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Figure 6.2: Bulk density of the DPM fiber reinforced PS composites at various radiation doses

6.3.2 Water Absorption of the composites

The effect of gamma radiation on the water absorption of the composites is represented in
figures 6.3 and 6.4. The results show that the water absorption of the gamma irradiated
composites decreased when compared to non-irradiated composites. Similar findings were
found in agreement with the work conducted by Zaman et al. [8]. The hydrophilic properties
of the natural fibers are the reason of the water absorption. The voids and micro cracks in the
composites also trap water molecules. The hydroxyl groups in natural fibers are the causes of
water absorption. Gamma radiation reduced the hydroxyl groups in the fibers through the
removal of moisture and by crosslinking processes, reduced the amorphous portions while

increasing the crystalline region [9].

84



1.12

11

1.08

1.06

=
o
s

Water Absorption (%)
.H
o
N

[y

0 1 2 3 4 5 6 7 8
Radiation Dose (kGy)
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Figure 6.4: Water absorption of DPM fiber reinforced PS composites at various radiation

doses
6.3.3 Mechanical Properties

The optimized composites (10% DPM fiber reinforced HDPE and PS) were exposed to
gamma radiation at various doses (2.5-7.5 kGy). The effect of gamma radiation on the tensile

strength of the composites is depicted in figures 6.5 and 6.6. It is clear that gamma radiation
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significantly raises the tensile strength up to a certain dose. Nevertheless, the tensile strength
of the composites decreases as the dose is increased beyond 5 kGy. The maximum tensile
strength was observed 27.06 and 43.81 MPa at 5 kGy radiation dose for DPM fiber reinforced
HDPE and PS composites respectively. The graph clearly indicate that the bending strength of
the composites show an increasing trend from 2.5 to 5.0 kGy, followed by a decline in values
up to 7.5 kGy dosage. The maximum bending strength was found 27.73 and 54.33 MPa at 5
kGy radiation dose for DPM fiber reinforced HDPE and PS composites respectively.

On exposure to gamma radiation photo cross-linking and photo degradation are the two
opposite phenomena happen concurrently [10]. This increment in tensile and bending strength
may be owing to the cross-linking of neighboring chains and consequently, better adhesion
between the fiber and matrix on exposure to the gamma radiation causing the composites'
more ordered polymeric structure [11]. The moisture content, which can be reduced by
gamma radiation and raise the tensile strength, is one of the key barriers to improve the
mechanical characteristics of the composites [12]. The degradation of the cellulose backbone
caused by gamma radiation may be the cause of decreasing tensile properties of the
composites. Azim et al. investigated mechanical properties of jute fiber reinforced polyester
composites and noticed that under gamma radiation the tensile and bending strength of the
composites raised from 2.5 to 5.0 kGy, whereas increasing radiation dose up to 9 kGy showed

a decreased trend [5].
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Figure 6.5: Tensile strength of DPM fiber reinforced HDPE composites at various radiation

doses
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Figure 6.6: Tensile strength of DPM fiber reinforced PS composites at various radiation doses
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Figure 6.7: Bending strength of DPM fiber reinforced HDPE composites at various radiation

doses
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Figure 6.8: Bending strength of DPM fiber reinforced PS composites at various radiation

doses

Figures 6.9 and 6.10 depict the impact of gamma radiation on the elongation at break of the
composites. The graph shows that the elongation at break of the DPM fiber reinforced HDPE
composites decreased up to a certain radiation dose and then increases slightly. The
elongation at break of the DPM fiber reinforced PS composites initially dropped and
subsequently slightly increased. The increased crosslinking between the molecules may result
in increased crystallinity, which would then limit the segmental movement of the polymeric
chains, causing lower elongation at break value of the composites [10].
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Figure 6.9: Elongation at break of DPM fiber reinforced HDPE composites at various
radiation doses
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Figure 6.10: Elongation at break of DPM fiber reinforced PS composites at various radiation
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6.3.4 FTIR Study

The FTIR spectra for non-irradiated and gamma irradiated composites are depicted in figures
6.11 and 6.12. Both non-irradiated and gamma irradiated HDPE matrix based composites
displayed same peaks with a very little displacement. The peak at 2915 cm™ observed for the
C-H stretching vibration [13]. The absorption band at 1740 cm™ specifies the C=0 stretching
from the lignin and hemicellulose [14]. The peak 1607 cm™ directs C=C stretching in
aromatic [15]. The peak at 1462 cm™ refers to the -CH, group [16] and 1372 cm™ indicates
bending vibrations of the -CH group. The peak at 1046 cm™ detects for C=0 and -OH
stretching vibrations of the polysaccharides in cellulose [16]. The peak 718 cm™ corresponds
to the rocking vibration of -CH, group [15].

Similar peaks noticed for both non-irradiated and gamma irradiated DPM fiber reinforced PS
composites. The peak at 3331 cm™ may relate to hydrogen-bonded O-H stretching vibrations
[17]. The peak at 2923 cm™ resembles to H-C-H asymmetric and symmetric stretch signifying
the presence of alkane group. The peak at around 1600 cm™, specifies N-H bend of amides
and H-C-H bend of alkane respectively [18]. The peak 1470cm™ directs to aromatic C-C
stretching and  the peaks between 1000 cm™ to 650 cm™ attribute to the aromatic C-H
bending vibrations [18]. The peaks at 1250 cm™ and 1027 cm™ resemble to the C-O stretch of

the acetyl group, existing in lignin and hemicellulose [17].
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Figure 6.11: ATR-FTIR spectra of (i) gamma irradiated DPM fiber reinforced HDPE
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Figure 6.12: ATR-FTIR spectra of (i) gamma irradiated DPM fiber reinforced PS composites;

(ii) non-irradiated DPM fiber reinforced PS composite
6.3.5 Thermal Properties

Thermal analysis of non-irradiated and gamma irradiated composites were carried out to study
their thermal stability. The TGA and DSC curves are displayed in figures 6.13-6.16. The TGA
results show that the non-irradiated DPM fiber reinforced HDPE composite undergoes
thermal degradation beginning at 403.5°C and 89.37% mass change is completed at about
500°C. On the other hand, the degradation of gamma irradiated DPM fiber reinforced HDPE
composites start at 405.0°C and a total 96.82% mass change is completed at about 500°C. For
non-irradiated and gamma irradiated DPM fiber reinforced HDPE composites, the percentage
of the residual mass at the finish of the heating process was 7.99 and 3.18 respectively. The
DSC curves of non-irradiated and gamma irradiated DPM fiber reinforced HDPE composites
showed peaks of melting at 141.1 and 174.5°C respectively. The melting temperature of the
composites increased, this may be due to the application of gamma radiation. The DSC result
of gamma irradiated DPM fiber-HDPE composite revealed that the composite is thermally

slightly more stable than non-irradiated composite due to high melting temperature.

From the figure it is clear that non-irradiated DPM fiber reinforced PS composite started to
degrade at 363.0 °C whereas gamma irradiated DPM fiber reinforced PS composite began to
degrade at 367.3 °C. It can be concluded from the TGA curves that gamma irradiated DPM
fiber reinforced PS composite is more thermally stable than non-irradiated DPM fiber
reinforced PS composite. In case of DSC curve, a sharp peak was observed at 414.7 °C for
non-irradiated composites and 379.3 °C at for and gamma irradiated DPM fiber reinforced PS

composites.
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Figure 6.13: TGA and DSC of non-irradiated DPM fiber reinforced HDPE composite
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Figure 6.14: TGA and DSC gamma irradiated DPM fiber reinforced HDPE composites
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Figure 6.15: TGA and DSC non-irradiated DPM fiber reinforced PS composite
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Figure 6.16: TGA and DSC gamma irradiated DPM fiber reinforced PS composites

6.3.6 Morphological Analysis

The surface morphology of the tensile fracture surfaces of the non-irradiated DPM fiber
reinforced composites and gamma irradiated DPM fiber reinforced composites were
examined and the SEM micrographs in different magnitude are displayed in figures 6.17 and
6.18. SEM micrographs of the fracture surfaces suggested that superior fiber-matrix
interaction between fibers and polymer matrix was observed for gamma irradiated DPM fiber
reinforced composites whereas voids and loosely bonded fiber-matrix adhesion was found for
non-irradiated DPM fiber reinforced composites. The mechanical properties stated in this
experiment also supported by SEM micrographs. Overall, the visual representation is
unambiguous, exposing the composites' interfacial features and providing an explanation for
why gamma-irradiated composites exhibited higher mechanical properties than non-irradiated

composites.
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Figure 6.17: SEM micrographs of gamma irradiated (5kGy) DPM fiber HDPE composites (a)
100x magnification; (b) 500x magnification and non-irradiated DPM fiber HDPE composites

(c) 100x magnification; (d) 500x magnification
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Figure 6.18: SEM micrographs of gamma irradiated (5kGy) DPM fiber PS composites (a)
100x magnification; (b) 500x magnification and non-irradiated DPM fiber PS composites (c)
100x magnification; (d) 500x magnification

6.3.7 Degradation by Soil Burial

Soil burial experiments of the non-irradiated and gamma irradiated composites (5kGy) were
done in soil for six months. The change in tensile strength of the composites afterward soil
burial was measured and the results are shown in figures 6.19 and 6.20. The non-irradiated
DPM fiber reinforced HDPE composites lost 24.1% of tensile strength whereas 16.9%
decrease in tensile strength was observed for gamma irradiated DPM fiber reinforced HDPE
composites. On the contrary, the non-irradiated DPM fiber reinforced PS composites lost

10.9% of tensile strength whereas 8.9% decrease in tensile strength was observed for gamma
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irradiated DPM fiber reinforced PS composites. In both cases, gamma irradiated composite
samples retained much of their tensile strength through soil burial test. Gamma irradiated
composites’ more ordered polymeric structure and reduced hydrophilic character of the fiber
causing relatively less water penetration and consequently, retained much of their tensile

strength compared to non-irradiated composites.
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Figure 6.19: Variation of tensile strength of the buried non-irradiated and gamma DPM fiber

HDPE composites
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Figure 6.20: Variation of tensile strength of the buried non-irradiated and gamma DPM fiber

PS composites

6.4 Conclusions

In this study, short DPM fiber reinforced composites were prepared by compression moulding

technique. The composite samples were characterized with the help of various instrumental

techniques. It can be concluded that composites at radiation dose 5 kGy show better

mechanical properties. The gamma irradiated composites are thermally more stable than non-

irradiated composites. Morphological analysis of tensile fractured surfaces of composites at

radiation dose 5 kGy shown good fiber-matrix interfacial adhesion compared to non-irradiated

composites. The mechanical properties of the composites formed from DPM fiber revealed

that they may be a potential choice for diversified applications.
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CHAPTER 7

Preparation and Characterization of Fire Retardant
Additives Loaded DPM Fiber Reinforced

Composites

103



7.1 Introduction

Polymer composites reinforced with natural fiber have received considerable attention in
different fields of industrial applications owing to ecological and economical benefits over the
traditional composites. The utilization of natural fibers has offered many advantages such as
light weight, renewability, high specific strength, easy availability, low cost, biodegradability,
less damage to equipment during processing and free from toxic byproducts [1,2,3]. Polymer
composites reinforced with natural fiber have been used in many applications especially in
disposable accessories, packaging, civil infrastructure, insulation, aircraft, spacecraft, and
automotive industry [4,5].

Composites made of thermoplastic resin are widely used because of their favorable
production characteristics and good mechanical properties [6]. High Density Polyethylene
(HDPE) and Polystyrene (PS), two common thermoplastics, have some particularly notable
properties. HDPE has low density, low melting temperature, and relatively good mechanical
properties [7]. HDPE polymer is used for a variety of things, including food storage
containers, bottle caps, and pipes for moving hazardous waste and potable water [8]. PS
exhibits excellent mechanical capabilities as well as dimensional stability, electrical
insulation, anticorrosive properties, transparency, and ease of processing [9, 10]. Thus, PS is
employed in a variety of applications, including those related to refrigerator liners, home
appliances, food packaging, vending cups, cousion materials during the transportation of
products, the automobile, and the engineering sectors [10, 11, 12]. However, the use of these
composite materials has significantly amplified the risk of fire due to their capability of
catching fire and possible escape of toxic byproducts and fire accident resulted serious
damages to people’s lives and of belongings [13,14]. Therefore, it is required to improve the
fire retardancy of the polymer composites reinforced with natural fiber to achieve the demand

for wider applications.

Ribeiro et al. prepared jute fiber reinforced epoxy composites and investigated their flame
retardancy. They noticed that the addition of jute fiber had no influence on the fire [15].
Zaman et al. studied chemical and flame resistance of jute fiber reinforced unsaturated
polyester composites. They stated that the composites exhibited better mechanical and flame

resistance properties [16]. Bhattacharjee et al. [17] made jute fiber reinforced polyvinyl
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chloride/polypropylene hybrid composites and examined their flame retardancy. They used
aluminium trihydrate and zinc borate with antimony trioxide as fire retardant additives and
found improved fire resistance properties over the virgin matrix. Starch/plant fiber composites
with foam structure were prepared by Cui et al. [18] and magnesium hydroxide was used as
fire retardant additive. They found that magnesium hydroxide improved the fire retardancy of
the composites. To obtain the desired fire resistance, fire retardants are physically mixed or

chemically included into the composites.

The goal of this study was to investigate the effect of monosodium phosphate (MSP),
monoammonium phosphate (MAP) and magnesium hydroxide (MH) as fire retardants on the
mechanical properties (including tensile strength, bending strength, elongation at break) and

fire retardant properties of the date palm mat fiber reinforced composites.
7.2 Experimental

7.2.1 Materials

In this work, high density polyethylene (HDPE) and polystyrene (PS) were used as polymeric
matrix and DPM fibers are chosen as reinforcement. HDPE and PS were purchased from
Saudi Polymers Company, Saudi Arabia and Chi Mei Corporation, Taiwan respectively. DPM
fibers were collected from Jashore, Bangladesh. Monosodium phosphate (MSP),
monoammonium phosphate (MAP) and magnesium hydroxide (MH) were used as fire
retardant additives which are bought from Sigma-Aldrich. MSP, MAP and MH were used as
received. HDPE and PS were grinded in a grinding machine in order to get a good mixture of

polymer matrix, fiber and additives. . Fibers were chopped into 2-3 mm in length.

7.2.2 Methods
7.2.1 Preparation of Composite

The composites were prepared by compression moulding technique. Required amount of
polymer matrix, fiber and fire retardant additives according to table 7.1 were dry blended in a
blender and poured inside of the mould (12x15 cm?). The moulds were placed in a

compression moulding machine (Paul Otto Weber Press Machine). A pressure 200 kN
105



applied, the temperature is 160°C for HDPE and and 210°C for PS and hot pressed for 5 min.
followed by cooling to room temperature at 200 kN. After curing, the composites were cut
according to ASTM standard method.

Table 7.1: Sample code and compositions of the composites

Sample code Compositions

HDPEF1 Matrix(HDPE) + Fiber(10%)

HDPEFMSP2 Matrix(HDPE) + Fiber(10%) + Monosodium Phosphate (10%)

HDPEFMAP3 Matrix(HDPE) + Fiber(10%) + Monoammonium Phosphate
(10%)

HDPEFMH4 Matrix(HDPE) + Fiber(10%) + Magnesium Hydroxide (10%)

PSF5 Matrix(PS) + Fiber(10%)

PSFMSP6 Matrix(PS) + Fiber(10%) + Monosodium Phosphate (10%)

PSFMAP7 Matrix(PS) + Fiber(10%) + Monoammonium Phosphate (10%)

PSFMHS Matrix(PS) + Fiber(10%) + Magnesium Hydroxide (10%)

7.2.2 Bulk Density

Bulk density of the composites was determined by measuring the weight and dimensions of
the samples using the following equation 7.1. The average results for five composite samples

were stated.

Weight of the composite (g) (7 1)
(LengthxWidthxHeight) of the composite '

Density (g/cm®) =

7.2.3 Mechanical Properties Analysis

Tensile properties of the composites were examined using universal strength tester (model
1410 Titans, capacity 5 kN, England). The crosshead speed was 10 mm/min and a gauge
length of 50 mm. The tests were performed according to standard method ASTM D 882-02.
Bending strength (three point bending) of the composite samples was also done following

ASTM D7900. In each case, the average results of five samples were presented.

7.2.4 Fire Retardant Properties Study
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Fire Retardant Properties tests on DPM fiber reinforced polymer composites were performed
following ASTM D635 for horizontal UL-94 and ASTM D3801 for vertical UL-94. The test
samples were fixed in horizontal and vertical directions through a stand. In order to fire the
sample, a Bunsen burner is used. The sample was exposed to fire. The required time for
burning was calculated using a stop watch. Five replicate samples were tested to get an
average value. The burning rate of the composites was calculated by following the equation
7.2.

Length of the sample burnt ( mm) (7 2)

Burning rate (mm/min) = 60 x

Burning time of the sample (S)

Figure 7.1: Photographs of fire retardant properties test
7.3 Results and Discussion
7.3.1 Bulk Density

The density of the composite material becomes more significant in applications where weight
is a consideration in addition to their flame retardant properties. The effect of fire retardant
additives on the bulk density of the composites is demonstrated in figure 7.2. The bulk density
of composites decreases with the incorporation of fire retardant additives. The highest density
is 1.6138 g/cm? found for the composite PSF5. Among three types of fire retardant additives,
MAP loading composites exhibited the highest density. However, MSP loading composites
exhibited the lowest density. This may be due to the development of a weak interface between

the composite phases and formation of voids or gaps [19].
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Figure 7.2: Effect of fire retardant additives on the bulk density of the composites
7.3.2 Mechanical Properties of the Composites

The mechanical properties such as tensile strength, bending strength, and elongation at break
of the prepared composites were determined. The obtained results from the mechanical tests
are presented below in the figures 7.3 and 7.4. Among the HDPE matrix based composites,
HDPEF1 shows higher tensile strength, bending strength, and elongation at break 21.09 MPa,
22.37 MPa, and 2.87% respectively. In the case of PS matrix based composites, PSF5 shows
higher tensile strength, bending strength, and elongation at break 39.07 MPa, 47.38 MPa, and
0.83% respectively. With the incorporation of fire retardant additives, the composites
exhibited a reduction of tensile strength, bending strength, and elongation at break. The
addition of MAP in the DPM fiber reinforced PS composites showed higher tensile strength
and bending strength when compared to the composites with MSP and MH. The PSF5 (DPM
fiber reinforced PS) composites are superior to HDPEF1 (DPM fiber reinforced HDPE).
Generally, a reduction of mechanical properties was observed when fire retardant additives
are incorporated into the polymer composites [20]. Bhattacharjee et al. [17] prepared fire
retardant composites and found that the tensile strength and bending strength of the
composites decreased with the addition of fire retardant additives.
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Figure 7.3: Tensile strength, and elongation at break of the composites
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Figure 7.4: Bending Strength and elongation at break of the composites

7.3.3 Fire Retardant Properties

Fire retardant properties were conducted to assess the effect of additives on the polymer
composites. Figure 7.5 -7.7 show the results of the studied parameters throughout fire
retardant property measurements. The incorporation of fire retardant additives in the
composites results a significant increase in ignition time, horizontal and vertical total firing
time. From the results, the ignition time of the composites using MAP was twice to the
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composites without fire retardant additives. This indicated that the addition of fire retardants
slowed down the burning. The PS based composites burn quickly as compared to HDPE
based composites. The addition of fire retardants; i.e. MSP, MAP, and MH, into DPM fiber
reinforced HDPE and PS composites increase the total firing time of the composites. Among
these three types of fire retardants, the incorporation of MAP remarkably enhanced fire

retardancy of the composites.
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Figure 7.5: Ignition time of the composites

350

300 -

250 ~

200 -
H Horizontal Total
150 -~ Firing Time (S)
O Vertical Total Firing
100 - Time (s)
50 | h
0 _

& & & “u Q‘;& SO
& & & Q“"‘ & & Qé
L S Q ] ]
@ ¥

Figure 7.6: Horizontal and vertical total firing time of the composites
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The results of horizontal and vertical burning rate of the prepared composite are shown in
figure 7.7. The PSF5 (DPM fiber reinforced PS composite) presented the highest burning rate.
On the other hand, the incorporation of fire retardant additives; i.e. MSP, MAP, and MH into
DPM fiber reinforced HDPE and PS composites reduced the burning rate of the composite.
This recommended that fire retardant additives improved fire retardancy of the composites.
Among these three types of fire retardants, MAP exhibited the maximum enhancement of fire
retardancy of the composites. However, MSP exhibited the lowest improvement of fire
retardancy of the composites. On the basis of the combustion results, the fire-retardancy order
of the composites was HDPEFMAP3> PSFMAP7> HDPEFMH4> HDPEFMSP2> HDPEF1>
PSFMH8> PSFMSP6> PSF5.
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Figure 7.7: Horizontal and vertical burning rate of the composites
7.4 Conclusions

The effect of incorporation of fire retardant additives i.e. MSP, MAP and MH on the
mechanical and fire retardant properties of the DPM fiber reinforced composites were studied.
The composites were prepared by compression molding technique. The presence of fire
retartands in composites showed lower mechanical properties. However, the incorporation of
fire retardant additives in the composites improved the fire resistant properties. It can be
concluded from the study that monoammonium phosphate showed remarkable fire retardant

properties compared to others.
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CHAPTER 8

Preparation and Characterization of DPM Fiber

Reinforced PLA Composites
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8.1 Introduction

Composite materials have drawn a lot of interest because of their adaptable qualities, which
enable numerous applications in a vast array of sectors. These materials are used in a variety
of sectors, including the aerospace, automotive, sports, furniture, construction, medical, and
packaging industries. Polymer matrix composites are used to create a variety of composite
materials due to their flexibility, low cost, and simplicity of manufacture. Petroleum resources
are employed to create the synthetic polymers that are utilized in the preparation of these
composites. The primary drawback of these polymers is that they are not biodegradable,
which rises the amount of waste that is disposed of in landfills and contributes to pollution.
Researchers have been searching for environmentally friendly materials throughout the
current decades. Consequently, there has always been concern in the manufacture of green
composites [1,2]. Concerns about the environment have led to a greater focus on natural fiber-
reinforced polymer composites. Polymer matrix based composites with natural fibers such as
coir, banana, jute, and sisal present a desirable and sustainable substitute to glass fibers.
Natural fibers are substituting synthetic fibers due to advantages like low cost, low density,
easily available, eco-friendly, nontoxicity, high flexibility, renewability, biodegradability,
high specific strength and stiffness, and simplicity of processing [3]. Natural fibers have

attracted attention as a reinforcing material in a polymer matrix due to these qualities.

Some environmental concerns for example waste formation, gathering in disposal systems
and reproduction were restricted the usage of numerous non-biodegradable polymers [4]. So
much emphasis has been placed on using biodegradable polymers as a matrix in composites.
These biodegradable plastics have attracted a lot of interest because they break down through
the activity of living beings though traditional polymers do not [5]. Hence, research has been
conducted to search biodegradable polymers in place of non-biodegradable polymers.
Polylactic acid (PLA) is one of the biodegradable polymer matrices. PLA is aliphatic
polyester which is thermoplastic polymer made mostly from naturally occurring resources

such sugar cane, sugar beet, cassava, and maize [6].

In this study, DPM fibers as reinforcing materials were combined with PLA to produce

biodegradable composites. The goal of this study is to fabricate and assess the physical,
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mechanical, thermal and biodegradation performance of short DPM fiber reinforced PLA

composites by varying different weight proportions of fibers.
8.2 Experimental
8.2.1 Materials

Polylactic acid (PLA) was used as polymer matrix. PLA was acquired from Sigma-Aldrich.

DPM fibers were amassed from local area of Jashore, Bangladesh.
8.2.2 Fabrication of Composite

PLA granules were ground by a grinding machine so that PLA and fibers can mix thoroughly.
The DPM fibers were cut into small pieces (2-3 mm) by a hand scissor. The composites were
prepared by compression moulding technique. Measured amount of DPM fiber and PLA were
taken in a blender for proper mixing according to table 8.1. The mixed fibers and PLA were
transferred into the mould (12x15 cm?). The moulds were pressed (Paul Otto Weber Press
Machine) at 180°C and 200 kN pressure for 5 min. The moulds were cooled for 5 min at room
temperature and 200 kN pressure. Lastly, the composites were taken out from the mould and
stored in desiccator. The composites were cut to specimens for mechanical properties
following ASTM standard method.

Table 8.1: Fiber and PLA content percentages in the composite samples

Fiber Content (wt%) PLA (wt%)
0 100

5 95

10 90

15 85

20 80

25 75

8.2.3 Bulk Density of the composites

Bulk density of the composites was determined by measuring the weight and dimensions of
the samples using the following equation 8.1. The average results for five composite samples

were stated.
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_ Weight of the composite
(LengthxWidthxHeight) of the composite

(8.1)

8.2.4 Water Uptake of the Composites

Water uptake tests of the composites were performed to investigate the effect of water on the
composites with various amount of fiber content. Water uptake of the composites was
conducted according to ASTM D570-99. With the purpose of measuring the water absorption
capacity, the composite samples were dried in an oven for a specific temperature and time and
then cooled in a desiccator. The weight of the samples were taken and immersed in distilled
water for 24 hours. The samples were drawn from the water, wiped dry using a cloth to
eliminate any remaining water, and weighed. Three samples were tested to get an average
result. The percentage of water uptake was determined by utilizing the following equation 8.2,

(W-Wp) %

Increase in weight, % =
TS

100 (8.2)

where, W is the wet weight and W is the conditioned weight of the composites.

8.2.5 Thickness Swelling of the Composites

The composite samples were immersed in water to evaluate thickness swelling. The initial
thickness and thickness after 24 hours immersion in water of the samples were measured.

The percentage of thickness swelling was calculated following the equation 8.3 [7].

% TS = L% 100 (8.3)

i

where T; and T initial thickness and final thickness after immersion in water.

8.2.6 Mechanical Properties

The tensile properties test was carried out to ascertain the tensile strength of the composite
samples. The samples were cut in accordance with the ASTM D 882-02. The test was
conducted via universal strength tester (model 1410 Titans, capacity 5 kN, England) with a
constant crosshead speed of 10 mm/min. Bending strength (three point bending) of the
composites were also performed following ASTM D7900. Five measurements in each

composition of the composite samples were taken and the average values were reported.
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8.2.7 FTIR Spectroscopy

FTIR spectra were recorded for composite samples. The functional group of the composites
was determined from FTIR spectra. The composites' FTIR spectra were recorded using a
Frontier FT-IR/NIR spectrometer (Perkin Elmer, USA) with a wavelength range of 4,000-650

cm™.

8.2.8 Thermal Analysis

The thermogravimetric (TGA) and differential scanning calorimetry (DSC) analysis of the
composite samples were performed by a NETZSCH instrument (STA 449 F3, Jupiter) in a

temperature range 30-900°C at nitrogen atmosphere. The heating rate was 10°C/min.
8.2.9 SEM Analysis

The morphology of the fracture surfaces of the tensile samples were examined by using a field
emission scanning electron microscope (JEOL JSM-7600F). The samples were cut into a
small portion, mounted onto holders using carbon tape and coated with gold. Samples were
focused onto the surfaces and examined with different magnification.

8.2.10 Degradation by Soil Burial

The composites were covered up in a flower pot containing soil with moisture level at least
30%. The test samples were removed from the soil at intervals of 1 month. The samples were
cleaned and oven dried at 80°C for 6 h. The degradation was determined on the basis of

weight of the specimen. Equation 8.4 was used to calculate the percentage of weight loss.

% Weight loss = WiWi o 100 (8.4)

14

Where W;and Wy were the initial and final weight after drying respectively.

8.3 Results and Discussion
8.3.1 Bulk Density of the Composites

The effect of various wt% of DPM fibers on the bulk density of the composites is shown in

figure 8.1. The bulk density of short DPM fiber reinforced PLA composites drops with the
119



rise of fiber content. The density of the composites decrease from 1.4789 to 1.2035 g/cm?.
Ramanaiah et al. [8] prepared borassus seed shoot fiber reinforced polyester composites and
examined their physical and mechanical properties. They found that the density of borassus
seed shoot fiber reinforced polyester composites decreased with increasing fiber content. The
results are similar with our findings. The polymer matrix of composites becomes improperly
mixed with the fibers, with an increase in fiber content which may result in a declining trend

in the bulk density of composite materials.
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Figure 8.1: Bulk density of the DPM fiber reinforced PLA composites at various fiber

contents
8.3.2 Water Absorption of the composites

Water absorption is an important parameter and used to measure durability of composites.
Figure 8.2 shows how the short DPM fiber reinforced PLA composites respond to different
fiber content weight percentages in terms of water uptake behavior. The graph clearly shows
that as the fiber content increases, the composites’ water absorption gradually rises. The
composite with 5% fiber content shows the lowest amount of water absorption among the
examined samples, whereas the composite with 25% fiber content shows the largest amount.
Natural fibers are hydrophilic, which contain several hydroxyl groups and may establish

hydrogen bonds with water. More fibers in the composites led to greater water absorption. As
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a result, 25% fiber content composite had the maximum level of water absorption. Manpreet
et al. [9] concluded that 5% pineapple fiber reinforced HDPE composites absorbed lowest

amount of water which is in agreement with our results.
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Figure 8.2: Water absorption of the DPM fiber reinforced PLA composites at various fiber

contents
8.3.3 Thickness Swelling of the Composites

Thickness swelling test of the composites was performed in order to evaluate variations in the
dimensional stability of the composites. The thickness swelling of the composites is depicted
in figure 8.3. The findings demonstrated a similar pattern with water absorption, where the
thickness swelling of the composites had increased with increasing fiber content. The
composite with 25% fiber content displayed the maximum value of thickness swelling which
was 5.33%. The hydrophilic cellulosic fibers in the composites start to swell when it is in
contact with water. Das et al. fabricated waste newspaper reinforced unsaturated polyester
composites and found that the thickness swelling of the composites increased with increasing
fiber content [10].
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Figure 8.3: Thickness swelling of the DPM fiber reinforced PLA composites at various fiber

contents

8.3.4 Mechanical Properties

The impact of changing the fiber content on the composites' tensile strength is depicted in
figure 8.4. The figure demonstrates that the tensile strength begins to decrease from 0 to 5%
fiber content. When the fiber percentage rises from 5% to 10%, then the tensile strength
increases. The maximum tensile strength for 10% DPM fiber reinforced HDPE composites
was 21.09 MPa. When the fiber percentage increased abovel0%, the composites' tensile
strength decreased. This decrease in tensile strength with increasing fiber content may be
caused by poor fiber-matrix adhesion and debonding that occurred during tensile strength
measurement. Debonding of the fiber matrix can result in voids, which cause faults to spread
throughout the void-containing sections. The uneven distribution of the fibers inside the
composites also had an effect on their tensile strength.
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Figure 8.4: Tensile strength of DPM fiber reinforced PLA composites at various fiber
contents

Figure 8.5 shows the elongation at break for composites with various weight percentages of
fiber. It is clear that the elongation at break of short date palm mat fiber reinforced PLA
composites has been somewhat reduced when compared to 100% PLA. When the amount of
fiber increases, the elongation at break of the composites decreases because the fibers present
in the composites do not exhibit elasticity or flexibility. Moreover, the composites’ toughness
and rigidity both rise, while their ductility declines. [11].
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Figure 8.5: Elongation at break of DPM fiber reinforced PLA at various fiber contents

Figure 8.6 displays the bending strength of the composites for various weight percentages of
fiber. According to the figure, bending strength decreased by 5% fiber content. When the fiber
content was 10%, the bending strength increased, and when the DPM fiber content was 15%
to 25%, the strength decreased once again. A maximum bending strength of MPa was
discovered for 10% DPM fiber reinforced PLA composites. Poor fiber-matrix interaction is
caused a reduction in the bending strength of composite materials with 15 to 25% fiber

content.
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Figure 8.6: Bending strength of DPM fiber reinforced PLA at various fiber contents
8.3.5 FTIR Study

The FTIR spectra of 100% PLA, and 10% short DPM fiber reinforced PLA composites are
displayed in figure 8.7. The PLA exhibits typical peaks at 1746, 2995, 2946, and 1080 cm-1
for C=0, -CHj; asymmetric, -CH3; symmetric, and C-O, respectively. For DPM fiber
reinforced PLA composites, the peak at 1452 and 1363 cm™ correspond to -CH3 asymmetric
and -CHz symmetric bending vibrations [12]. The peaks 3400-3200 cm™ resemble to O-H
stretching vibration of the hydroxyl groups [13] which is absent in 100% PLA. Additionally,

the composites showed the distinctive peaks of the PLA matrix.
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Figure 8.7: ATR-FTIR spectra of (i) 100% PLA, (ii) 10% DPM fiber and 90% PLA

composite

8.3.6 Thermal Properties

Thermal analysis was conducted to investigate the thermal stability of 100% PLA and
optimized 10% DPM fiber reinforced PLA composites. The figures 8.8 and 8.9 show the TGA
and DSC curves. The TGA results show that the 100% PLA composite undergoes thermal
degradation beginning at 410°C and with a total mass change of 97.6% while the degradation
of 10% DPM fiber reinforced PLA composites start at 300.8°C and a total 97.8% mass change
is completed at the end of the process. In both cases, degradation completed within 500 °C.
The degradation of the composite takes place earlier than 100% PLA. The thermal
degradation of the composites decreased with adding fibers. For 100% PLA and 10% DPM
fiber reinforced PLA composite, the percentage of the residual mass at the finish of the
heating process was 2.4 and 2.2 respectively. The DSC curves of 100% PLA and 10% DPM
fiber reinforced PLA composite showed peaks of melting at 134.1and 124.8°C respectively.
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The melting temperature of the composites decreased slightly, this is due to the presence of
DPM fiber.
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Figure 8.8: TGA and DSC of 100% PLA
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Figure 8.9: TGA and DSC of 10% DPM fiber and 90% PLA composite

8.3.7 Morphological Analysis

Scanning Electron Microscope (SEM) analysis is an efficient tool to observe the surface
morphology of natural fiber reinforced polymeric composite materials. The tensile fracture
surfaces of the 10% and 25% DPM fiber reinforced PLA composites were examined and the
SEM micrographs in different magnitude are displayed in figure 8.10. As seen in figure, 10%
DPM fiber reinforced PLA composite showed improved fiber-matrix interaction between
fibers and PLA matrix. On the contrary, voids and loosely bound fibers were observed for
25% DPM fiber reinforced PLA composites indicating poor fiber-matrix adhesion and

resulted low mechanical properties of the composites.
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Figure 8.10: SEM images of 10% DPM fiber PLA composite (a) 100x magnification and (b)
500x magnification and 25% DPM fiber PLA composites (c) 100x magnification and (d) 500x

magnification
8.3.8 Degradation by Soil Burial

Soil burial test was used to examine the biodegradation of the composites. The test was
conducted on DPM fiber reinforced PLA composites. Soil burial experiments of the
composites were done in soil for three months. The figure clearly shows that the weight loss
increases with increasing time and fiber content. After three months, the composites with 5%
fiber shows 4.38% weight loss whereas 25% fiber content composites shows 13.49% weight
loss. Both PLA and natural fibers have a hydrophilic character [14]. During soil burial
process, the fibers in the composite surface and interface absorb moisture easily and weaken

the bond between fiber and matrix causing degradation.
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Figure 8.11: Variation of weight loss of the buried composite samples

8.4 Conclusions

In this section, short DPM fiber reinforced PLA composites were successfully prepared by
compression moulding technique. The effects of fiber content on the physical, mechanical and
thermal properties were studied. The analysis shows that the incorporation of 10% DPM fiber
enhances mechanical properties than 5, 15, 20 and 25% of DPM fiber reinforced composites.
Morphological analysis of tensile fractured surfaces of 10% DPM fiber reinforced PLA
composites also revealed good fiber-matrix interfacial adhesion. The mechanical
characteristics of the composites made from date palm mat fiber suggested that they would be

a viable option for a variety of applications.
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CHAPTER 9

Preparation and Characterization of DPM and PPF
Fiber Reinforced Hybrid Composites
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9.1 Introduction

Hybrid composite materials are made by combining two or more different types of fibers in
single matrix phase or single reinforcing phase with multiple matrix phases or multiple
reinforcing and multiple matrix phases. The mechanical properties of hybrid composites
depend on the fiber length, fiber orientation, weight fraction of the reinforcement, interaction
between fiber and matrix [1]. Polymer composite materials are being used in aerospace,
automotive, marine, infrastructure, military, leisure boats, aircraft industry and sport
equipment. Present day industry takes an interest in environment friendly polymer composite
materials, due to economic and ecological reasons. Natural fibers are renewable and obtained
from natural resources possessing several advantages [2]. Natural fiber composites combine
plant-derived fibers with a plastic binder. The natural fiber component may be wood, sisal,
hemp, coconut, cotton, luffa, flax, jute, abaca, banana leaf fibers, bamboo, wheat straw or
other fibrous material [3]. The primary advantages of natural fibers are low density, low cost,
biodegradability, acceptable specific properties, less wear during processing and low energy
consumption during extracting as well as manufacturing composites and wide varieties of
natural fibers are locally available [4]. The most important matters in the development of
natural fiber reinforced composites are (i) surface adhesion characteristics of the fibers, (ii)
thermal stability of the fibers, and (iii) dispersion of the fibers in the case of thermoplastic
composites [5]. The developed composite exhibits superior mechanical properties than the
parent constituents [6]. The presence of fiber or other reinforcement in a thermoplastic matrix
increases the composite strength. Polyethylene and polypropylene are well suited for use as
matrix material. HDPE has very low glass transition temperature associated with a good
retention of mechanical properties including flexibility and impact resistance at low
temperatures and easily molded [7]. Several studies on the hybrid composites like Jute/sisal
and epoxy, bamboo and glass fiber reinforced epoxy, banana/ pineapple and epoxy, banana
fiber reinforced polypropylene, Glass-Hemp-Banana Fiber Reinforced Polymer Composites

showed better mechanical properties [8-12].

Date palm (Phoenix sylvestris) and Palmyra palm (Borassus flabellifer) trees are plentifully
available in Bangladesh. Date Palm mat and Palmyra Palm fruit fibers are considered as an

agricultural waste in Bangladesh. It is evident from the literature that no work has been
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reported on the utilization of date palm mat and Palmyra Palm fruit fibers reinforcement in
HDPE hybrid composites fabrication. These new renewable and green source of
reinforcement in composite materials which can be cheap and ecological. The aim of this
study is to use of the date palm mat and Palmyra Palm fruit fiber as a potential reinforcing
material in thermoplastic composite. In this study, date palm mat (DPM) and Palmyra Palm
fruit (PPF) fibers reinforced HDPE hybrid composites were prepared. The physical,
mechanical, thermal, morphological and degradation properties of the hybrid composites were
studied and these new composites may find diversified applications like door panels, seat
backs, headliners, package trays, dashboards, and interior parts of automotive [13], furniture,

building and construction industries [14] etc.

9.2 Experimental
9.2.1 Materials

HDPE was purchased from Saudi Polymers Company, Saudi Arabia. HDPE has density
0.946g/cm® and melt index 0.18g/10 min. HDPE granules were grinded to 200-250 um by a
grinding machine for proper mixing between fibers and matrix. Date Palm mat fibers (phoenix
Sylvestris) and Palmyra Palm (Borassus flabellifer) fruit fibers were collected from the rural
area of Jashore, Bangladesh. The DPM and PPF fibers were cut into 2-3mm using hand

scissors.
9.2.2 Hybrid Composite Fabrication

Composites were prepared by compression moulding technique. DPM and PPF fibers were
weighed at a ratio (50:50) and mixed thoroughly. The fibers and HDPE were mixed in a
blender according to the table 9.1. The mixture of fiber and HDPE were poured into the mold
(12x15 cm?) and finally hot pressed (Paul Ottoo Weber Press Machine) at 160°C for 5
minutes between two steel plates under a pressure of 200 kN. At room temperature and under
200KN pressure the moulds were cooled for 5 minutes and released from the mold. The
finished hybrid composite is shown in figure 9.1. The composites were cut to prepare
specimens according to ASTMD 3039/ D3039(M) (2002) standard method and shown in
figure 9.1.
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(a) (b)

Figure 9.1: (a) DPM trees and chopped fibers; (b) PPF trees and chopped fibers and (c)

finished composite sample and specimens for mechanical properties

Table 9.1: The composition of fibers and HDPE in composite samples

Fiber Content (wt%) HDPE (wt%)
0 100

5 95

10 90

15 85

20 80

25 75

9.2.3 Bulk Density of Composites
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The bulk density of the composites was determined by using the formula 9.1.

_ Weight of the composite
(LengthxWidthxHeight) of the composite

(9.1)

9.2.4 Water absorption test of Composites

Water absorption tests of the composites were performed according to ASTM D570-99. Three
replicate samples were employed to water absorption tests and the average results were

presented. The percentage increase in weight during immersion was calculated as follows:

(wet wt—conditioned wt)

Increase in weight, % = x 100 (9.2)

(conditioned wt)
9.2.5 Mechanical Properties

Mechanical tests (tensile strength, percent elongation at break, tensile strength at break and
yield strength) of the composites were carried out using universal strength tester (model 1410
Titans, capacity 5 kN, England). The tests were performed according to ASTM D 3039/D
3039 (M) (2002) standard method with a crosshead speed 10 mm/min. Bending strength
(three point bending) of the composites were also performed following ASTM D7900. The

average values for five samples were reported.
9.2.6 FTIR Spectroscopy

The FTIR of the composites were carried out by a FT-IR/NIR spectrometer (Frontier, Perkin
Elmer, USA). The FTIR spectra were recorded in the 4,000-650 cm™ region. FT-IR
spectroscopy was used for the identification of functional groups of the composite samples.

9.2.7 SEM Analysis

Surface morphology of the composites were examined by a field emission scanning electron
microscope (JEOL JSM-7600F). SEM analyses were done on the fracture surfaces of the
tensile specimens. A small portion of the samples was taken and mounted onto holders with
the help of carbon tape. Then the samples coated with gold. Samples focused onto the

surfaces and examined with different magnification.

136



9.2.8 Thermal properties Analysis

A NETZSCH instrument (STA 449 F3, Jupiter) was employed for the thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC) analysis of 100% HDPE and

optimized (5% fiber content) composites.
9.2.9 Degradation of the Hybrid Composites by Soil Burial

The composite samples were buried in a flower pot soil. The moisture level of soil was kept at
least 30%. The samples were withdrawn carefully at an interval of 1month period, washed
with distilled water, dried at 80°C in an oven for 6 h and cooled in a desiccator. The

degradation of the hybrid composites was determined by measuring the tensile strength.
9.3 Result and Discussion
9.3.1 Bulk Density of the Composites

Figure 9.2 shows the effect of different fiber content on the bulk density of the composites.
The figure indicates that the highest bulk density was found for 100% HDPE. With the
increase of fiber content from 5 to 25 wt % resulted in a decrease of bulk density of the
composites. This type of trend in the bulk density with the increase of fiber content of the

composites was also found for jute fiber reinforced LDPE composites [15].
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Figure 9.2: Bulk density of the composites at different fiber content
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9.3.2 Water Absorption of the Composites

The effect of different fiber content on water absorption of the composites is shown in figure
9.3. It reveals that the quantity of water absorption of the composites increases with the
increase of fiber content. Fibers absorb water rapidly due to its hydrophilic nature. The
composites with more fiber showed more water absorption. Therefore, the 25% fiber

reinforced HDPE hybrid composites showed highest quantity of water absorption.
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Figure 9.3: Water absorption of the composites at different fiber content
9.3.3 Mechanical Properties of the Composites

Mechanical properties such as tensile strength, elongation at break, tensile strength at break,
yield strength and bending strength of the composites are shown in figures 9.4-9.8. Figure 9.4
shows the tensile strength of the hybrid composites at different fiber content. The tensile
strength of 100% HDPE was found 20.16 MPa. The addition of 5 wt % fibers in HDPE
increased the tensile strength than 100% HDPE. The maximum tensile strength was 24.15
MPa for 5 wt % fiber content composites due to better fiber-matrix interfacial adhesion. But
the tensile strength gradually decreased for the composites containing 10 to 25% fiber. This
decreased trend in tensile strength of the composites may be attributed to low fiber - matrix

adhesion between fiber and HDPE with the increase of fiber content in the composite.
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Figure 9.4: Tensile strength of the composites at different fiber content

The elongation at break of the hybrid composites for various wt% of fiber content is shown in
figure 9.5. 100% HDPE presents the highest value of elongation at break. The elongation at
break of the composites gradually reduced with the increase of fiber content from composites
with 5 to 25% fiber content because of brittle nature of fibers reinforced composites. The
fibers present in the composites do not exhibit elasticity or flexibility to the composites.

That’s why the elongation at break reduces with the increase of fiber content.
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Figure 9.5: Elongation at break of the composites at different fiber content
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Figure 9.6 shows the tensile strength at break of the hybrid composites at different fiber
content. The maximum tensile strength at break value was found 22.07 MPa for 5% fiber
content composites. Tensile strength at break reduced from composites with 10-25% fiber due

to poor fiber-matrix adhesion.
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Figure 9.6: Tensile strength at break of the composites at different fiber content

Figure 9.7 shows the yield strength of the composites at different wt% of fiber content. The
highest yield strength value observed 15.75 MPa by the composites with 5 % fiber loading.
Yield strength value obtained for 100% HDPE is lower than 5% fiber content composites.
Yield strength reduced for composites with 10-25% fibers.
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Figure 9.7: Yield strength of the composites at different fiber content

The bending strength for various wt% of fiber contents is displayed in figure 9.8. The bending
strength of the hybrid composites decreased with increasing of fiber content. From the graph,
it is clear that bending strength increased with 5% fiber content. Then bending strength
reduced for 10 to 25% fiber content composites. Composites with 5% fiber content revealed a
maximum bending strength of 26.26 MPa. The declining in bending strength of the
composites containing 10 to 25% fibers directs the reduced fiber-matrix interaction.
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Figure 9.8: Bending strength of the composites at different fiber content
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9.3.4 Degradation of the Hybrid Composites by Soil Burial

Degradation tests of the composites were carried out for up to six months. Figure 8.9 depicts
the information about the degradation of the hybrid composites by soil burial. Degradation of
the composites increased with time. The 5% fiber content composite lost 31.1% of tensile
strength while 25% fiber content composite showed a loss of 37.8% of tensile strength. 5%
fiber content composite showed more tensile strength than other composite samples. All
composites express an increased degradation in the soil burial test. Moisture penetrates into
the composites during soil burial tests. The fibers of composite surface and interface absorb

water quickly because of hydrophilic nature and degrade slowly causing lower strength.
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Figure 9.9: Degradation of tensile strength of the buried composite samples
9.3.5 Thermal Properties Analysis

TGA and DSC were performed to examine the thermal stability of 100% HDPE and the
composites with 5% fiber. The TGA and DSC curves are shown in the figure 9.10 and 9.11.
The TGA curve represents the percent mass of sample as a function of temperature. The
figure 8.10 shows that 100% HDPE composite started to degrade at 428.7°C with a mass
change 97.68%. In the case of figure 8.11 the degradation of the composite started at 431.4°C
and 88.91% mass change is accomplished at about 500° C. The peaks of melting at 140.9 and
139.0° C were observed from the DSC curves of 100% HDPE and 5% fiber content
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composite. There was no considerable change in thermal properties of the composites with the

addition of fibers.
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Figure 9.10: TGA and DSC of 100% HDPE
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Figure 9.11: TGA and DSC of 5% fiber and 90% HDPE composite

9.3.6 FTIR Spectroscopy

The FTIR spectra of 100% HDPE and 25% fiber reinforced composites were studied and
given in figure 9.12. The bands around 2915, 1462 and 718 cm™ are found for both
composites. The FTIR spectra of 25% fiber reinforced composite show five peaks at 3455,
1744, 1638,1258 and 1032 cm™ and these are absent in 100% HDPE. The peak at 2915, 1462
and 718 cm™ corresponds to the C-H stretching vibration, bending vibration of -CH, and
rocking vibration of -CH; group respectively. The absorption band at 3455, 1744, 1638,1258
and 1032 indicate -OH stretching from cellulose, hemicellulose and lignin, C=0 stretching

from the lignin and hemicellulose, C=C stretching in aromatic, -COO vibration of acetyl
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groups in hemicellulose or aryl alkyl ether compounds existing in lignin and C=0 and -OH

stretching vibrations of the polysaccharide in cellulose respectively.
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Figure 9.12: FTIR of (i) 100% HDPE and (ii) 25% fiber and 75% HDPE composite

9.3.7 SEM Analysis

The scanning electron microscopy (SEM) analysis was carried out on the fracture surfaces of
5% fiber and 90% HDPE composite and 25% fiber and 75% HDPE composite composites
and the images are shown in Figure 8.13 and 8.14. SEM micrographs represent that the S1

composite showed better interfacial bonding between HDPE matrix and fibers. On the other

hand, S5 composite displayed poor fiber-matrix adhesion between the matrix and the fiber.

Gaps and a large extent of fiber pull-outs are observed for 25% fiber and 75% HDPE

composite composites and caused low mechanical properties.
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Figure 9.13: SEM images of 5% fiber and 90% HDPE composite (a) 50x magnification and
(b) 300x magnification

Figure 9.14: SEM images of 25% fiber and 75% HDPE composite (a) 50x magnification and
(b) 300x magnification

9.4 Conclusions

DPM fiber and PPF fiber reinforced HDPE hybrid composites were fabricated by
compression molding technique. It shows that the mechanical properties of hybrid composites
improved at 5% fiber content and then decreased. Therefore, better mechanical properties
were observed for 5% optimum fiber content. SEM images also supported good fiber-matrix
adhesion with 5% fiber content. No considerable changes in thermal properties was found for
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hybrid and 100% HDPE composites. The degradation rate of the composite 5% DPM and PPF
fiber content was lower than other composites. These new hybrid composites may find

applications in diverse field.
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CHAPTER 10

Preparation and Characterization of CNC

Reinforced Nanocomposite Films
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10.1 Introduction

Biomass is playing an important role for sustainable development. The production of biomass
based new materials has been paying attention due to the depletion of fossil sources and
environmental issues [1,2]. Cellulose, hemicellulose, and lignin are the key components of
lignocellulosic biomass. Around 35-50% cellulose is generally contained in the cell wall
materialsof plant. Nanocellulose is isolated from cellulose which is a natural fiber material.
The diameter of nanocellulose is generally less than 100 nm and length is several micrometers
[3]. Nanocellulose is a nanomaterial that possess unique properties like low cost, renewability,
biodegradability and has wide range of applications such as polymeric and paper composites,
pharmaceuticals, food, energy storage, optoelectronics water purification, biomedical, 3D

printing, anti-bacterial, carbon nanotubes stabilizer, electronics and tissue engineering [4,5].

Polymer blending or mixing is regarded as one of the most effective strategies for generating
polymeric materials and producing products with a variety of properties. The results of the
mixing approach could be customized to meet the needs that cannot be assessed using
polymer alone [6]. Polyvinyl alcohol (PVA) is a polyhydroxy polymer which is semi-
crystalline and water-soluble. Owing to excellent film-forming properties, hydrophilic nature,
biocompatibility and biodegradability PVA is extensively used in many sectors such as
textile, paper, hydrogels, membranes, tissue scaffolds, pharmaceuticals, biosensors, EMI

shielding, and optoelectronics etc [7,8].

Polyvinylpyrrolidone (PVP) is an amorphous and water-soluble vinylpolymer which forms
complexes with other polymers and contains highly polar side groups in the lactam rings [9].
PVP exhibits properties such as adhesion, biocompatibility, high hydrophilicity, no toxicity
and solubility in water and nearly all organic solvents and used in various biomedical
applications [10,11]. Polymer blending has the potential to produce products with improved
properties [11,12]. In recent years blend films have received a lot of attention as a food
packaging material [9]. The main disadvantage of PVA is that it suffers from suspension
under physiological settings; however, blending with PVP can lessen this by connectivity by
hydrogen bonds, which increases the blend's stability under physiological conditions [12]. So,
PVA/PVP blend films are ideal materials for food packaging as well as controlled release of

various pharmaceutical antibacterial drugs [11]. The blend of PVA and PVP has the potential
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to be used in the production of biomaterials and multifunctional utilities [12]. Both PVA and
PVP are water soluble, and PVP is found an excellent partner for PVA in polymer mixing due
to its ability and mild electrical conductivity relevant to its personal properties [6]. The
formation of intermolecular hydrogen bonding between the hydroxyl group of PVA and
carbonyl group of PVP occurs through the mixing of PVA and PVP [12]. In this research,
PVA/PVP mix film-based nanocomposite will be made utilizing a solution casting method to

increase PVA properties.

Date palm (Phoenix sylvestris) trees are abundantly grown in Bangladesh and the fibers from
these trees are taken into consideration as an agricultural waste [13]. Handoko et al. [14]
prepared polyvinyl alcohol nanocomposites with nanocrystalline cellulose from tea waste.
Oyeoka et al. [15] prepared polyvinyl alcohol/gelatin nanocomposite films with water
hyacinth cellulose nanocrystals. PVVP/cellulose nanocrystals composite films from commercial
MCC and aerogels produced by Voronova et al. [16]. Poonguzhali et al. [17] synthesized
nanocomposites based on chitosan and PVP with nanocellulose from Hibiscus cannabinas.
Cellulose nanocrystals (CNC) reinforced PVA/starch nanocomposite films prepared by
Popescu et al. [18]. Pavalayadon et al. [19] produced cellulose nanocrystals from sugarcane
bagasse and coir and used those cellulose nanocrystals as reinforcing material to develop PVA
nanocomposite films. Shaikh et al. [20] fabricated and characterized polyvinyl alcohol/gaur-
gum nanocomposite films with cellulose nanocrystals from date palm tree trank mesh fiber.
From the literature survey, to the best of our knowledge, there is no report on the production
of CNC from date palm mat (DPM) fibers (Phoenix sylvestris) and their nanocomposites with
PVA and PVP at different compositions. This work emphasizes on the utilization of DPMs as
a potential source of crystalline nanocellulose. In our present study, the chemical
compositions of DPM fibers are analyzed. CNC is extracted from the DPM fibers through
acid hydrolysis process that are used as reinforcement to prepare a new composite film. The
composite films with nanocellulose, PVA and PVP are prepared by solution casting method.
The properties of nanocomposite films have been investigated by varying the percentage of

nanocellulose.

9.2 Experimental
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10.2.1 Materials

Date palm mat fibers (Phoenix sylvestris) used in this study were collected from Jashore,
Bangladesh (Figure 10.1). Sodium hydroxide and sulfuric acid were purchased from Merck,
Germany. Sodium chlorite was obtained from Research-Lab Fine Chem Industries, India.
Acetic acid, Polyvinyl alcohol (molecular weight 89,000-98,000, 99+% hydrolyzed) and
Polyvinylpyrrolidone (average molecular weight 40000) were purchased from Sigma-Aldrich.

All chemicals used are of analytical grade.

(@) (b)

Figure 10.1: Images of the (a) date palm tree (Phoenix sylvestris) and (b) DPM fibers

10.2.2 Analysis of Chemical Composition

The chemical compositions of DPM fibers were determined such as a - cellulose,
hemicellulose, lignin, aqueous extracts, fatty and waxy matters. The chemical compositions of
the fiber affect the different properties for the fabrication of fiber reinforced polymer
composites. The methods for the determination of chemical compositions of DPM fibers were

carried out according to Poddar et al. [21].
10.2.3 Extraction of Cellulose

At first the fibers were cut into 2-3 mm using hand scissors. The fibers were soaked to
distilled water and heated at around 100°C for 2 hours. The fibers then washed with cold
distilled water and dried in air. The dried fibers (5g) were bleached by sodium chlorite (5g) in
hot water (250ml) with glacial acetic acid (10ml) and heated at 80-90°C for 1h. This process
was repeated for 3 times until fiber became white and filtered. After filtration the fibers were
washed for several times with distilled water and air dried. The bleached fibers were treated
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with 17.5% (w/v) sodium hydroxide solution at room temperature for 2 hours and washed

carefully with distilled water. Finally, the cellulose was dried in air after filtration.
10.2.4 Preparation of Crystalline Nanocellulose (CNC)

CNC was prepared by the acid hydrolysis of cellulose. The cellulose was treated with 64%
(w/w) sulfuric acid at 45°C for 1h with constant stirring. The reaction was quenched by the
addition of deionized water (10 folds) and centrifuged at 9500 rpm for 20 min to remove
acidic solution. The precipitate was rinsed and centrifuged with deionized water repeatedly

until neutral pH. The CNC as suspension was kept in a refrigerator until further use.
10.2.5 Preparation of CNC reinforced PVA and PVA/PVP films

The solution casting method was used to prepare CNC reinforced PVA and PVA/PVP films
by optimizing the concentration of raw materials. The PVA solution (2.5%) was prepared by
dissolving PVA powder in deionized water at 80°C for 2 hours and stirred with magnetic
stirrer (500 rpm). CNC was dispersed in deionized water to get a suspension. After the PVA
was completely dissolved, CNC (3-12%) (w/w) relative to PVA was added to the PVA
solution and stirred to get a homogeneous mixing. The final mixture was sonicated for 10
minutes and casted on glass petridish to dry at room temperature. Finally, the film was
removed from the petridish. In the case of PVA/PVP blend film preparation PVA and PVP
were used with a weight ratio of 3:1. The prepared films (Figure 10.2) were stored in a
desiccator before further characterization. The thickness of the resulting films varied from
0.18-0.27 mm.

Figure 10.2 Image of prepared CNC/PVA/PVP film

153



10.2.6 Yield of CNC

For the determination of yield of CNC, the prepared CNC suspension was dehydrated in an
oven at 50 °C until constant weight was obtained. The percent of yield of CNC was calculated

utilizing the following equation 10.1 [22].
Yield (%) = X— x 100% (10.1)
1

where w; is the weight of the dried CNC and w; is the weight of the raw DPM fiber.
10.2.7 Dynamic Light Scattering (DLS)

The average particle size and zeta potential of CNC were examined by DLS (Nano Zetasizer,
Malvern). The CNC was dispersed in deionized water and inserted in the cuvette in order to
measure particle size and zeta potential of CNC. The measurements were carried out at room

temperature.
10.2.8 FTIR Analysis

The presence of functional groups was characterized by using FTIR. A FT-IR/NIR
spectrometer (Frontier, Perkin Elmer, USA) was used to record the FTIR spectra of DPM
fiber, cellulose, CNC and films. The FTIR spectra were recorded in the wavelength range
from 4,000-650 cm™. Attenuated and total reflectance (ATR) technique was used to

investigate the samples.
10.2.9 Morphological Analysis

The morphology of solid surface of CNC, 100% PVA, PVA/PVP, 3% CNC reinforced
PVA/PVP and 12% CNC reinforced PVA nanocomposite films was observed by a field
emission scanning electron microscope (JEOL JSM-7600F) operated with an accelerating
voltage of 5.0 kV. A small portion of the fibers or nanocomposite films was mounted on a
metal stub using conductive carbon tape, coated with gold and observed.

10.2.10 Tensile Properties

Tensile properties of the CNC reinforced PVA and PVA/PVP films were measured using
universal strength tester (model 1410 Titans, capacity 5 kKN, England) according to ASTMD
3039/D 3039M-00 (2002). The measurements were conducted at a cross head speed 10
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mm/minand a gauge length of 50 mm. Five specimens in each composition were tested for an

average value.
10.2.11 Water Absorption Capacity of the Films

Water absorption capacity of the CNC reinforced PVA and PVA/PVP films were carried out
according to ASTM D 570-99. The test films were dried in an oven at 50°C for 2h and cooled
in a desiccator. The samples were weighed immediately. These samples were immersed in
distilled water for 24 h at room temperature. The samples were taken out from the beaker,
removed excess water by wiping with a cloth and weighed. Three samples were tested in each
case and the results were presented as average. The water absorption capacity was calculated

by following the equation 10.2:

(Final weight—First weight)
(First weight)

Water absorption capacity, % = x 100 (10.2)

10.2.12 Density Estimation

The density of the films was calculated by measuring the weight and dimensions of the film
with the help of the following equation 10.3 [23].

Mass

Density = (10.3)

AreaXThickness

10.3. Results and Discussion
10.3.1. Chemical Composition Analysis

The chemical compositions of DPM fibers were determined. The percentage of chemical
compositions of DPM fiber is shown in Table 10.1.The chemical composition in the fiber was
approximately same as that of other lignocellulosic materials and the fiber is also considered

to use as a source of cellulose raw material.

Table 10.1 The chemical compositions of DPM fibers

Fiber - Hemicellulose | Lignin | Aqueous | Fatty Pectic | References
cellulose extract | and matters
% waxy
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matters

DPM fibers | 43.99 15.78 21.74 | 3.18 7.26 8.05 Present

work
Jute 67-71.5 | 13.6-20.4 12-13 | - 0.5 0.2 [24]
Date palm | 58 - 15.3 - - 2.3 [25]
leaf
Coconut 46.26 18.02 2254 | 552 5.91 1.75 [21]
stem fiber
Date palm | 39.8 30.6 17.1 - - - [26]
stem
Sugarcane | 35 25 22 - - - [27]
bagasse

10.3.2 Yield of the CNC

The use of DPM fiber as a source material for CNC isolation has not been studied. CNC was
isolated from DPM fiber by acid hydrolysis and the yield was found 37.9%=0.85. Brito et al.
[28] prepared cellulose nanocrystals from bamboo fiber with a yield of 30%. Xiong et al. [29]
prepared nanocrystalline cellulose via acid hydrolysis from waste cotton fabrics with 21.5%
yield. Xiaoshan et al. [22] isolated CNC from Pennisetum hydridum fiber and the highest
yield was 43.6%.Battisti et al.[30] CNC extracted from royal palm tree fiber with 48.8%
yield. Raza et al. [26] produced cellulose nanocrystals from date palm stem waste with
21.2%=0.5 yield.

10.3.3. Particle Size Analysis

DLS was utilized to measure the size distribution of CNC. Figure 10.3 shows the results of
particle size distribution of CNC obtained by acid hydrolysis process. The DLS analysis
revealed that the average particle size of CNC was around114.7 nm. The resulted CNC

suspension from cellulose was in the nanometer range. The CNC did not show uniform
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particle size distribution because of the fragmentation of the celluloses throughout acid

hydrolysis process [31].

Zeta potential measurement is a characterization technique of nanocrystals for the estimation
of surface charge in a colloidal solution. The Zeta potential value is the indication of the
stability of the crystalline nanocellulose in suspension. The Zeta potential of CNC suspension
is shown in figure 10.4. Usually, zeta potential value of lower than -30 mV and higher than 30
mV shows a stable suspension of crystalline nanocellulose.The CNC prepared from DPM
fibers possess Zeta potential value of -38.6 mV. The results reveal good stability of CNCs.
This may be owing to the repulsive forces are formed between anionic sulfate groups and
CNC chain during the acid hydrolysis process of CNC [32].
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Figure 9.3: Particle size distribution of crystalline nanocellulose suspension
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Zeta Potential Distribution
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Figure 10.4: Zeta potential of crystalline nanocellulose suspension

10.3.4 FTIR Analysis

FT-IR analysis was used to identify the functional group of the raw DPM fibers, cellulose,
CNC and films. The FTIR spectra of raw DPM fibers, cellulose and CNC are shown in figure
10.5. The absorption bands related to stretching and bending vibrations of different chemical
compositions of fibers that is cellulose, hemicellulose, and lignin. In the raw fiber spectrum,
the peaks in the range 3600-3200 cm™ represents O—H stretching vibration of the hydroxyl
groups in cellulose molecules and the peaks in the region 2920-2850 cmindicates the C—H
stretching of cellulose, hemicellulose and lignin [33]. The peak in the region 1700-1740cm ™",
particularly at 1728cm—1 refers C=0 stretching of acetyl ester in hemicellulose and carbonyl
aldehyde in lignin [34]. The peak at 1610 cm™ is related to absorbed water molecules in
carbohydrates [35]. The peak at 1508cm™ represents the C=C stretching vibration of the
aromatic ring in lignin [36].The peaks observed between 1370 and 1430cm™correspond to the
symmetric CH, bending vibrations of the cellulose [37]. The absorption peak at 1239cm™ is
derived from the stretching of phenolic hydroxyl groups in lignin [38].The peak at 1032 cm’
Ycorresponds to the CO and OH stretching vibrations of the polysaccharide in cellulose. The
peak at around 895 cm™ indicates the presence of B-glycosidic linkages between
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monosaccharides [39]. The peaks are around at 1239cm™, 1508cm™ and1728cm™are absent in
cellulose which reveals the removal of hemicellulose and lignin during cellulose extraction
process. The FTIR spectrum of CNC is same as cellulose. It proves that no new bonds are
formed during acid hydrolysis process.

Figure 10.6 displays the FTIR spectra of PVA, PVA/PVP, PVA/9%CNC and
PVA/PVP/9%CNC films. In the case of PVA, the peaks at 3287cm™, 2940 cm™and 1087
cm ' correspond to the O-H stretching, C-H stretching and C=0 stretching or O-H bending
[40]. In contrast to the spectra of PVA and PVA/CNC films, the peaks on PVA/CNC films
show just a slight displacement. The O-H and C-H peak shifted to 3270 cm™ and 2937 cm™
respectively due to the presence of CNC. For PVA/PVP films, a sharp peak at 1654 cm™
indicates the typical C=0 stretching band [41]. The O-H stretching appears at 3286 cm™. The
characteristic peak at 1291cm™ relates to the C-N stretching. The C=0 stretching or O-H
bending peak displaced to 1090 cm™ due to including PVP into PVA. The other peaks for
PVA/PVP films are observed with a small shifting. The peaks on PVA/PVP/9%CNC films
also exhibit a little displacement in comparison to the spectra of PVA/PVP films. The O-H
stretching, C-H stretching and C=0 stretching and O-H bending peaks in the PVA/PVP/CNC
films shifted to 3284 cm™, 2925 cm™ and 1089 cm™ respectively when compared to
PVA/PVP.
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Figure 10.6: FTIR of (i) PVA:; (i) PVA/9%CNC; (i) PVA/PVP and (iv) PVA/PVP/9%CNC

films
10.3.5. Tensile Properties

CNC of DPM fiber was used to develop new nanocomposites with PVA and PVA/PVP. The
influence of the addition of different percentages of CNC (0-12%) on the mechanical
properties of the nanocomposite films was determined and shown in figures 10.7, 10.8 and
10.9. Neat PVA film exhibited higher tensile strength than PVA/PVP film. Soud et al. [41]
showed that with the incorporation of PVP in the PVA solution the tensile strength was
reduced. The mechanical properties of composite films were effectively improved by the
addition of CNC as a reinforcing agent. Therefore, the additions of CNC from 3-9% into PVA
/PVP matrix, the tensile strength of nanocomposite films was increased and the highest value
at 9% CNC loading is 27.85 MPa (figure 10.7). The tensile strength of the PVA/CNC
nanocomposite films was enhanced by 33% upon adding 9% CNC which was the highest
value of 30.99 MPa. Shi et al reported that the PVA/CN nanocomposite with the addition of
9% cellulose nanocrystals extracted from kenaf fiber showed the highest tensile strength [42].
It is found from figure 10.7 that the addition of up to 9% CNC enhances the tensile strength of
the nanocomposites. This is due to the well dispersion of CNC into the matrix and the
formation of a network structure by hydrogen bonding interactions between CNC and PVA
and PVP matrix [43]. Figure 10.7 also shows that the tensile strength of the nanocomposite
films with 12% CNC reduced which may have resulted from inadequate dispersion.
Inadequate dispersion is mostly caused by aggregated CNC particles, which create additional
stress points in the matrix thereby reducing CNC's positive contribution to tensile strength
[15].

The tensile modulus of the nanocomposite films was increased with the increasing of CNC
content (figure 10.8).The composites tensile modulus achieved maximum values at 12%
CNC. The incorporation of high stiffness CNCs could effectively increase the modulus of
PVA even at low CNC content because the stiffness of materials is primarily dependent on the
composition of the composite [44]. Asad et al. [45] also stated an increase in tensile modulus
with the incorporation of CNC in PVA based films.
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Figure 10.7: Tensile strength of the nanocomposite films at different wt. % of CNC
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Figure 10.8: Tensile modulus of the nanocomposite films at different wt. % of CNC

The figure 10.9 presents the elongation at break of CNC reinforced PVA and PVA-PVP
nanocomposite films. There is a gradual reduce in elongation at break of the nanocomposites
with the increase of various ratios of CNC. Similar trend in the elongation at break with
increasing CNC of the nanocomoposite films were also found for PVA/gelatin films with

water hyacinth cellulose nanocrystals. This may be due to the increase of stiffness as a result
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of three dimensional network structures of the nanocomposite films by the addition of CNC
[15]. Hug et al. [46] also noted that the presence of nanocellulose in alginate-based films

reduced their elongation at break.
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Figure 10.9: Elongation at Break of the nanocomposite films at different wt. % of CNC

The tensile properties of PVA/CNC nanocomposites and PVA/PVP/CNC nanocomposites are
nearly same; however PVA/CNC nanocomposites values are slightly higher than
PVA/PVP/CNC nanocomposites. Because of the blend's durability under physiological
environments, PVA/PVP/CNC nanocomposites are more suitable than PVA/CNC

nanocomposites for food packaging, pharmaceutical, and biomedical applications [11,12].

10.3.6 Morphological Analysis

There are three forms of nanocellulose: nanocrystalline cellulose, nanofibrillated cellulose,
and bacterial nanocellulose, which are produced via acid hydrolysis, mechanical techniques,
and Gluconacetobacter xylinus respectively [3]. The nanocellulose produced by acid
hydrolysis is known as nanocrystalline cellulose or cellulose nanocrystals. The amorphous
components are hydrolyzed and eliminated by acid during acid hydrolysis, leaving only the

short-rod-like crystalline sections (high crystallinity between 54 and 88%) [3]. Figure 10.10
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shows a SEM image of CNC solid surface isolated from DPM fibers. It is found from figure
10.10 that the surface of CNC has rod shaped crystalline portions. Therefore, figure 10.10
clearly indicates that acid hydrolysis of cellulose fragmented the cellulose into different rod-
like crystals.
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Figure 10.10: SEM micrographs of CNC from DPM fibers

The surface of the prepared nanocomposite films were examined by SEM. Figure 10.11
displays the surface micrographs of neat PVA, PVA/PVP and CNC reinforced PVA and
PVA/PVP nanocomposite films. The SEM micrographs of neat PVA and PVA/PVP show a
smooth surface. In the case of 3% CNC incorporation in the PVA films, the film shows a
smooth surface. 3% and 9% CNC reinforced PVA films indicate proper distribution of CNC
in the matrix. Larger CNC agglomeration is clearly observed for 12% CNC loading in both
PVA and PVA/PVP nanocomposite films. The formation of these larger aggregates may have

an effect on the mechanical performance of the nanocomposite films [47].
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Figure 10.11: SEM micrographs of (a) neat PVA, (b) PVA/PVP, (c) 3% CNC/PVA (d) 9%
CNC/ PVA (e) 12% CNC/PVA and (f) 12% CNC/PVA/PVP nanocomposite films
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9.3.7 Water Absorption Capacity

The effect of different % of CNC on the water absorption capacity of the nanocomposite films
is shown in figure 10.12. It is noted from the figure that PVA/PVP film shows higher water
absorption capacity than neat PVA film that was 78.41 and 72.59% respectively. Helberg et
al. [48] in their study reported that the water absorption capacity of PVA/PVP blend film was
comparatively higher than PVA film. The results indicate that the water absorption capacity
was increased with increasing amount of CNC both for PVA and PVA/PVP films. The water
absorption capacity of PVA/CNC films shows 73.65 to 83.77% with CNC content 3 to 12 %.
On the other hand, the water absorption capacity of PVA/PVP/CNC films shows 79.71 to
92.09% with CNC content 3 to 12 %. PVA, PVP and CNC are hydrophilic in nature [9,48].
This is because of the formation of larger aggregates, this aggregates can create voids in the
nanocomposite films [49]. The presence of these voids in the nanocomposite films increase

the amount of water absorption [8].
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Figure 10.12: Water absorption capacity of the nanocomposite films at different wt. % of
CNC

166



10.3.8 Density of the Films

The effect of various wt% of CNC on the density of the films is presented in figure 10.13.
PVA and PVA/PVP films show comparatively higher densities than other films. The density
values of the prepared nanocomposite films are almost the same. There is no significant

change in densities with the addition of CNC.
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Figure 10.13: Variation of density on the CNC percentage in composite

10.4 Conclusions

The investigation was conducted to evaluate the chemical compositions of DPM fibers, isolate
the CNC, and investigate the mechanical and water absorption characteristics of CNC/PVA
and CNC/PVA/PVP nanocomposite films. DPM fibers can be used as source of cellulose for
the preparation of CNCs and CNC reinforced PVA and PVA/PVP nanocomposite films. The
average size of the CNC was 114.7 nm. The removal of hemicellulose and lignin from DPM
fibers was confirmed by FTIR spectra. CNC reinforced PVA and PVA/PVP nanocomposite
films were prepared by solution casting method. CNC reinforced nanocomposite films

showed the best tensile strength. The addition of 9% CNCs enhanced the mechanical
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properties of nanocomposites significantly. The development of acid hydrolyzed crystalline
rods shaped nanocellulose was confirmed by SEM micrographs of CNC. SEM micrographs
revealed a homogeneous distribution of lower CNC concentrations inside the nanocomposite
films. However, the nanocomposite films with a higher concentration of CNC aggregated
together to form a cluster. According to the findings date palm CNC (9%) reinforced
PVA/PVP films can be considered for potential food packaging, medicinal, and biological

applications.
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CHAPTER 11

Conclusions
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11.1 Conclusions

In this experimental study, date palm mat fiber reinforced thermoplastic based composites
were developed by compression moulding technique. The effect of fiber content, alkaline
treatment, nano filler, gamma radiation, fire retardants and crystalline nanocellulose on the
physical, mechanical, thermal, morphological and biodegradation properties of the composites

were stated. The following inferences are drawn on the basis of experimental findings:

e 10% DPM fiber reinforced HDPE and PS composites gave a better result than
composites with 5, 15, 20 and 25% fiber content. It was therefore regarded as the
optimum fiber loading.

e Alkaline treatment of the DPM fibers were carried out to improve the fiber-matrix
adhesion and 5% NaOH treated DPM fiber reinforced composites showed better result
than untreated composites.

e In order to enhance the mechanical properties of the composites, ZnO nanoparticles
were incorporated and the composites with 3% ZnO nanoparticles presented the best
results.

e Different doses of gamma radiation were used to irradiate the composite samples. The
best outcome was exhibited by the composite at radiation dose 5 KGy.

e The effect of monosodium phosphate, monoammonium phosphate and magnesium
hydroxide as fire retardants in the composites were investigated and the findings
revealed that monoammonium phosphate showed remarkable fire retardant properties
compared to others.

e For hybrid composites, the 5% fiber content composites displayed the best results. So
we can conclude that better characteristics can be obtained by hybrid composite with
less fiber content.

e Crystalline nanocellulose were extracted from DPM fibers and used to create
nanocomposite films. The mechanical characteristics of nanocomposites were
markedly improved by the inclusion of 9% CNCs. The results indicate that 9% CNC
reinforced nanocomposite films may have uses in food packaging, pharmaceuticals,

and biological applications.
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Date Palm mat and Palmyra Palm fruit fibers are agricultural wastes. The composites and
nano-composites with these fibers will therefore be economical, eco-friendly and competitive
materials. The prepared composites would not only enable the exploration of new applications

but also has a significant positive impact on sustainable development
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