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ABSTRACT

Effects of chemical treatments with benzoyl chloride, acetone, and alkali on the physical and 
mechanical properties of orange peel particulate (OPP) reinforced epoxy composite materials have been 
studied. Hand lay-up technique was applied to manufacture the composites. The experimental results 
illustrate that chemical treatment with benzoyl chloride has a considerable impact. The properties of 
OPP-reinforced composite material have been enhanced by 15% (for tensile test) and 30% (in case 
of flexural test) due to benzoyl chloride treatment as compared to raw OPP composites. It is evident 
from Fourier transform infrared spectroscopy (FTIR) that non-cellulosic content was removed from 
the surface of the fiber due to benzoyl chloride treatment. After chemical treatment, there was good 
interfacial bonding between matrix and filler material as observed in SEM micrographs. From the 
experimental observations, it can be seen that among all fabricated composites, set of composites 
with 30% filler loading yields excellent mechanical properties.
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1. INTROdUCTION

Nowadays the use of synthetic fiber reinforced composites and petroleum-based polymers is limited 
due to their non-bio degradable and non-recyclable nature. The use of synthetic fiber for fabrication of 
different material leads to a threat to the environment across the world. Hence, recent research focus 
is targeted towards development of green products causing little or no damage to the environment. 
Accordingly, consideration of a new fiber (natural) and fabrication of new type composite material 
is the need of hour (Ball et al., 2019). Bio-based fibers have some plus characteristics over synthetic 
fibers such as abundant availability, low cost, eco-friendly, recyclable, light in weight, high specific 
strength, and high stiffness etc. They are non-abrasive and hypoallergenic in nature and also, possess 
ease of manufacturing/processing (Sreenivasan et al., 2012; Sreekumar et al., 2009; Zaman et al., 
2010; Herrera-Franco & Valadez-Gonzalez, 2004). The plants, animals and minerals are the source 
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of natural fibers. The natural fibers derived from plants generally have high cellulose content and 
they are widely used for the manufacture of green composite materials. Literature has explored the 
ability of different bio fibers as reinforcement in composite industries such as Jute (Ashraf et al, 2019; 
Burrola-Núñez et al., 2019), Sisal (Nagamadhu et al. 2019; Megiatto Jr et al., 2007), Kenaf (Hamidon 
et al., 2019), Banana (Senthilkumar et al., 2018), Bamboo (Zubaidah et al., 2018), Hemp (Sepe et al., 
2018; Sunny et al., 2020), Coir (Adenivi et al., 2019), Flax (gassan et al., 1999; George & Verpoest, 
1999), Aloe Vera (Chaitanya & Singh, 2016; 2018) and pine apple leaf fiber (Todkar & Patil, 2019).

However, the compatibility between natural fiber and matrix is an issue, hence, the natural fibers 
have limited use in the polymer industries. The properties of bio composite materials are dominated 
by interfacial interaction between matrix and lingo-cellulosic fibers. The existence of hemicelluloses, 
lignin and other materials is the reason for weak intermolecular adhesion between matrix and 
reinforcing material (Maldas & Kokta, 1994; Zhou et al., 2016). These issues of the natural fibers 
can be remedied by surface modification or through carbonization process. The surface modification 
may be physical, chemical or biological (Valadez-Gonzalez et al., 1999). One possible way to change 
the surface of the natural fiber is to reduce the nature of hydrophilicity due to chemical treatments 
and chemical modification. The chemicals used to treat fiber play an important role in enhancing the 
ability to strengthen the natural fiber. The interfacial bonds between matrix and filler materials can be 
increased due to coupling agents. The coupling agents are also responsible for reduction of moisture of 
the natural fibers. Several chemical treatment approaches are adopted for surface treatment of natural 
fibers such as alkaline treatment, benzoyl chloride treatment, permanganate treatment, acetylation 
treatment, saline treatment and peroxide treatment, etc. (Chandrasekar et al., 2017; Fiore et al., 2015; 
Majid et al., 2016; Kalia et al., 2019; Li et al., 2007; Kaushik et al, 2012; Liu et al., 2019). The alkaline 
treatment of natural fiber is carried out by using aqueous sodium hydroxide (NaOH) particularly in 
the case of thermosetting and thermoplastic composites and corresponding chemical reaction is given 
in Eq. (1). This treatment enhances the surface irregularity resulting improved mechanical anchoring 
leading to improved matrix fiber interpenetration (Nair et al., 1996).

Natural Fiber OH NaOH Natural Fiber O Na H O impurities� �− + → − + +− +
2

 (1)

Due to benzoyl chloride modification, there is a possibility of reduction of the hydrophilic nature 
of bio fiber and also, it enhances the interaction with the hydrophobic polymer matrix. It also increases 
interfacial adhesion between matrix and filler material which improves the strength of composites, 
reduces moisture absorption behavior and increases thermal stability (Kalia et al., 2011; Babu, 2019). 
The reaction between benzoyl chloride and natural fiber hydroxyl group is represented in Eq. (2).

(2)

Nonpolar organic component dissolves easily in acetone because of its non polar solvent 
properties. When the natural material dissolves in acetone, the lingo-cellulosic content also dissolves 
in acetone during acetone treatment.

The molecular weight of epoxy resins which is used as a matrix material is relatively low and 
these pre polymers have the capacity to process under diversity of conditions. The epoxy resin can 
be cured partially and its low shrinkage properties are noticed during cure and can be stored in the 



International Journal of Manufacturing, Materials, and Mechanical Engineering
Volume 12 • Issue 1

3

same state. At the same time, the viscosity and the cost of the epoxy resin are higher as compared to 
polyester resins. It shows unparalleled physical properties such as good moisture resistance, outstanding 
adhesion, mechanical properties such as high tensile strength and modulus, high thermal stability, 
excellent glass transition temperature and good electrical properties (De’Nève & Shanahan, 1993). 
Epoxy resins are generally used for protective coatings, engineering or structural adhesives in casing, 
construction, molding and composite applications (Jin et al., 2015). Hence, it is very much useful in 
manufacturing industry for commercial purposes.

Several literatures are available that consider the effects of chemical modification on mechanical 
properties of different natural composites. However, to the best of authors’ knowledge, no study on the 
effect of chemical treatment of OPP composites and variation of its mechanical properties is available. 
Hence, in this experimental work, an attempt is made to study the feasibility of using OPP (a bio 
waste material) as reinforcement in epoxy-based composites fabricated using hand lay-up technique. 
The mechanical behavior such as tensile, impact, flexural and hardness of OPP composites have been 
compared with pure epoxy composites. The effect of different chemical modification/treatments 
such as acetone, benzoyl chloride and alkaline treatment of OPP prior to be used as reinforcement 
in composite has been investigated experimentally in terms of variation in physical and mechanical 
properties of fabricated composites.

2. EXPERIMENTAL dETAILS

2.1. Materials
Epoxy resin (Araldite LY–556) that belongs to epoxide family is used in the present study. It comprised 
of three-member ring structure, which contains two carbon atoms and an oxygen atom. The first product 
from the liquid reaction of bisphenol–A, is epoxy resin and its chemical name is Diglycidyl–Ether of 
Bisphenol–A (DGEBA). In comparison to other resins (thermo set or thermoplastic), epoxy resins are 
extensively applied in industrial sectors due to its useful properties such as low shrinkage during cure, 
good moisture resistance, excellent chemical resistance, good electrical and mechanical properties 
(Reis et al., 2015). The density and viscosity of epoxy resin are 1.2 g/cm3 and (11–14) ×103 MPa at 
ambient temperature respectively. The hardener HY-951 chemically known as 2–amineethylethane–1, 
2–diamin is used to cure epoxy resin which was supplied by Ciba-Geigy India Ltd. The hardener 
is used to create strong cross linked molecular structures that possess good strength, toughness and 
virtual impermeability in the cured film.

Orange is a species of citrus tree grown around the world for their fruit. It belongs to the 
Rutaceae family. North eastern India, southern China and Indonesia are the countries where oranges 
are cultivated extensively. This is most widely consumed fruit after banana and mango in India. 
Consumption of orange is also very high in all over India. The outer surface of an orange is known as 
orange peels (OP). Previously, these were mostly used for land filling, animal feeding and composting. 
Later on, researchers realized the importance of the biological value of this waste and tried to make 
use of its medicinal properties such as for glowing skin, unclogging skin pores, treating pimples and 
acne, reducing inflammation etc. The chemical composition of OP particulate is shown in Table 1. 
The content of OP particulates was determined by proximate analysis and is shown in Table 2. These 
also have the ability to act as reinforcing material in the fabrication of polymer composite materials. 
The OP particulate is formed after putting it in the sun for two to four days to remove the moisture 
content from the OP and then these were grinded to the powder form as shown in Fig. 1. Sieve analysis 
was carried out to choose a particle size of 212+ µm particle size.

2.2. Fabrication of Bio-Composite
The wooden mold of size 155 mm×65mm×6mm was used to fabricate the composite plate. The 
composite plates were fabricated with epoxy and OP particulate as matrix and reinforcement, 
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Table 1. Chemical composition of OP particulate

cellulose 38.61±0.5

Hemi cellulose 27.10±0.2

Lignin 30.10±0.3

Ash content 1.16±0.2

Table 2. Proximate analysis of OP particulates

Compositions OPP

Fixed carbon 17.21

Moisture 8.8

Ash 0.89

Volatile 73.1

Figure 1. Procedure for OP particulate preparation
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respectively. During fabrication of composite plates, the weight percentage of filler material was 
varied from 0 to 40%. The weight percentage (wt %) of the reinforcement material (reinforced) is 
estimated by using Eq. (3). Different wt % of the fabricated OPP composite is represented in Table 3.

Weight % of reinforcement
Weight of reinforcement

Weight of
=

��reinforcement Weight�of�epoxy+
×100� (3)

Table 3. Types of different weight percentage of OPP reinforced epoxy composite

Categories Nature of material O particulate composite w filler material (%)

Group 1 Untreated S0 (pure epoxy)

S1 10

S2 20

S3 30

S4 40

Group 2 Alkali treated S3 30

Benzoyl treated S3 30

Acetone treated S3 30

Figure 2. Wooden mold for fabrication of composite
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In this study, hand lay-up technique was incorporated to fabricate the composite plates. The 
mold used for the purpose of fabrication is shown in Fig. 2. In the bed of wooden pattern, a pattern 
removal sheet was positioned and also pattern discharge spray was used on the inner side of pattern 
for speedy and effortless removal of fabricated sample.

The epoxy and hardener in the proportion of 10:1 by weight were mixed meticulously in a 
container at ambient conditions to manufacture composite specimens of different weight percentage. 
The mixture was then poured into the prepared mold. For elimination of air bubbles and uniform 
distribution of the mixture of the pattern a roller was rolled for two to five minutes. After that, the 
seamless pattern sheet was placed on the top of the pattern. A wooden plate of desired size was kept 
in the mold and loaded with dead weights before the reaction started and mixture hardened. The 
pattern was kept under observation for 48 h. During the experiment, care was taken to get uniform 
thickness because due to application of load, some mixture may be squeezed out from the pattern. 
After specific observation time, the specimens were taken out from the mold. The composite samples 
were cut for different tests as per ASTM standard. After that, the samples were stored in an airtight 
container to avoid contact with moisture.

2.3. Surface Treatment of OP Particulates
Surface treatment of the natural materials is a procedure to permanently change the behavior of 
fiber cell walls by inserting the polymers on the fiber surface. Although several chemical treatment 
methods are available, the present study considered Alkaline treatment, Benzoyl chloride treatment 
and Acetone treatment of OPP material for a comparative analysis.

a. Alkaline Treatment

50gm of OP powders were soaked in 5% sodium hydroxide solution for six hours in alkali 
treatment. During the surface modification, the ratio of weight of fiber to the sodium hydroxide solution 
was maintained as 15:1. Prior to the chemical modification, the OPP were washed meticulously with 
fresh water to eliminate the impurities that may stick to the material surface. The materials were kept 
in sun light for drying for four to five days to remove the moisture content. Then, the materials were 
soaked in alkali solution followed by cleaning with distilled water. The treated material was then 
rinsed with hydrochloric acid (HCl) to neutralize the alkali. The treated materials were rinsed with 
distilled water to maintain pH 7. The treated materials were then dried at atmospheric condition for 
72 hour, followed by drying in oven at 110°C for eight hour.

b. Benzoyl Chloride Treatment

OPP (100 gm) were suspended for one hour in 10% sodium hydroxide solution (NaOH) to 
activate OH (hydroxyl groups) of cellulose and lignin. After that it was stirred continuously with 
benzoyl chloride solution for half an hour. To remove the excess amount of benzoyl chloride, the 
treated materials were soaked in ethanol for one hour. Finally, the treated specimens were thoroughly 
cleaned with distilled water and dried for six hour at 100°C in an oven.

c. Acetone Treatment

Soxhlet extractor was used to rinse the OPP powder with acetone. The time period for washing 
was two to three hours. All the materials were washed properly with distilled water prior to acetone 
treatment. The transparent color of acetone changed to light green during chemical treatment due to 
the existence of waxes and organic materials in bio fibers.
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2.4. Characterization Techniques

a. Fourier Transform Infrared Spectroscopy

The functional group of raw and surface modified material can be found out by FTIR spectroscopy 
analysis. The OPP was mixed with KBr at a proportion of 1:200 by weight and pressed to prepare 
pallets for spectroscopic analysis. The IR-Prestige-21 spectrometer was used for FTIR analysis. 
During this investigation, the used resolution and scan rate were 0.5 cm-1 and 40, respectively. The 
wave number range is 400 to 4000 cm-1.

b. X-ray Diffraction Technique (XRD)

XRD is used to study the crystallographic structure (to distinguish between crystalline and 
amorphous material) of raw and chemically treated natural filler materials. The investigation was done 
by using multi-purpose X-ray diffraction, Regaku Ultima IV with the intensity CuKα, the radiation 
wavelength (λ) 0.154 nm and a graphite monochromator. The graphite monochromator in the range 
(2θ angle range) of 5 to 45o with current and voltage are 40 mA and 40 mV, respectively was used.

c. Thermo Gravimetric Analysis (TGA)

The rising interest of using bio waste material as reinforcement in the preparation of polymeric 
materials has encouraged researchers to study its thermal behavior. Thermal analysis can be considered 
as an effective test for chemical, physical and structural assessments in a substance due to change in 
temperature. Basically temperature is a fundamental condition variable that affects most chemical 
reactions, physical properties and structural changes. The apparatus STA449C/4/MFC/G supplied by 
Netzsch, Germany was used for TGA analysis of both treated and untreated OP powders. The TGA 
of bio fiber is greatly influenced by different TGA atmosphere like inert (He and N2) and oxidative 
(air and oxygen). The analysis was done at a range of 30 to 600°C with the heating rate of 10°C/min 
under N2 atmosphere. The thermal stability of fabricated composite samples reinforced with natural 
fiber absolutely relies upon its chemical constituents which are thermally degraded at the temperature 
range 160o to 900o C. The thermal degradation of lignin, hemicelluloses and cellulose of natural fiber 
occurs at 160–900°C, 220–315°C and 315–400°C, respectively.

d. Scanning electron Microscopy (SEM)

The surface morphology of the tested specimens was investigated by using Nova NANO SEM 
450 device. Fractured specimens with silver paste were stacked on the stubs. Before capturing 
photomicrographs, a platinum thin film is vacuum evaporated on to them to boost the conductivity 
of the samples.

2.5. Mechanical Behavior of Fabricated Specimens
The mechanical properties of raw and chemically treated OPP reinforced composite specimens were 
determined as per ASTM standard.

a. Density and void fraction

The theoretical and actual (experimental) density of the fabricated specimens determined using 
weight fraction and Archimedes principle are presented in Eqs. (4-6).
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The voids (Vv) in terms volume fraction in the developed specimen were evaluated by using Eq. 
(7). The presence of voids during making of samples has a considerable effect on the mechanical 
properties and efficiency during use.

V
v

ct ce

ct

=
−ρ ρ

ρ
 (7)

" "w  and " "ρ  are the weight fraction and density of the specimen respectively. The suffix ct  
and ce  is used for theoretical and actual density of the specimen. The suffix " "f  and " "m  represent 
the fiber and matrix, respectively. " "S

m
is the specific gravity, " "w

o
is the weight of the sample; the 

weight of the bottle and kerosene and bottle, kerosene and sample are represented by w
a

 and w
b

, 
respectively.

b. Tensile Strength

ASTM D 3039-76 standard was used to carry out the tensile test (tensile strength and modulus) 
of designed dog-bone type specimen with span length 42 mm in a Universal Testing Machine (UTM) 
(INSTRON H10KS). To calculate tensile modulus efficiently, an extensometer of 10kN load cell was 
used to measure strain at a rate of cross head speed 2 mm/min. From an accuracy point of view, five 
specimens for each test were measured and the average value was considered for further estimation. 
Fig. 3(a) and (b) present the schematic diagram of the tensile test sample and some of fabricated 
tensile test specimens, respectively.

c. Flexural Strength

Flexural properties such as flexural strength and modulus of the fabricated composite samples 
were evaluated using 3-point bend test technique by fixing the specimen (140 mm×15 mm×4 mm) 
under flexural loading. ASTM D790–03 standard was used to determine the flexural properties with 
constant span to depth ratio 16:1 and prescribed cross-head speed and load cell. Five samples were 
tested from each set for accuracy. Flexural test specimen and configuration of the sample is represented 
in Fig. 4. Flexural strength of the different specimens can be calculated using the Eq. (8).
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σ =
3

2 2

FL

bt
 (8)

where F  is breaking load (N), � ,� � � �L band t  are the distance between two supports, width and thickness, 
respectively of the specimen. 

d. Impact Test

Izod impact tester was used to conduct an impact test for the development composite specimens 
as per ASTM D 256 standard, as shown in Fig. 5. The specimen required for this test is a V notched 

Figure 3. Schematic diagram of sample for tensile test, (b) Different %wt of specimens for tensile test, (c) UTM testing machine 
and (d) Arrangement of specimen for tensile test.
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(45° and depth 2.54 mm) rectangular bar with dimension 63.5mm×12.7 mm. The hammer was 
released from an angle 150° with energy range 5.394 J for this experiment.

e. Micro-Hardness

The hardness of composites was evaluated by Lecco Vickers Hardness (LV 700) tester. A square 
base right pyramid diamond indenter was forced into the substance under load. The angle between the 
diamond indenter’s opposite faces is 136o. Eq. (9) is used to calculate the Vickers hardness number 
of developed composites.

H
F

Dv
=
0 1889

2

.  (9)

Figure 4. (a) Schematic diagram of arrangement of specimen for flexural testing, (b) Fixing the specimen in 3-point bend test 
technique and (c) Actual specimen for flexural testing.

Figure 5. Specimen for the impact test.
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where F  is the applied load to the specimen (kgF), D D D= +( ) /
1 2

2  is the mean value of D
1
 and 

D
2

 (lengths of diagonals of indentation, mm).

3. RESULTS ANd dISCUSSIONS

3.1. Analysis Of Structure and Morphology Of The Composites

a. TGA Analysis

TG results are usually presented in curves of weight loss of material to temperature and called as 
thermo grams. The thermal stability of surface modified OPP is higher than raw OPP material which is 
clearly noticed from Fig. 6. Bio fibers mainly consist of cellulose, hemicelluloses and lignin which are 
responsible for their properties. Other stable or partially stable elements such as pectin, wax and water 
soluble substances may be also present in lingo cellulosic fibers. As cellulose is the main ingredient in 
bio fiber, it has a significant contribution towards thermal degradation. The linear chain of cellulose 
polymer begins to decompose at lower temperature and due to catalytic effects of natural occurring 
inorganic elements can form large amounts of char. Thermal decomposition of hemicellulose, which 
has relatively higher level of chain branching but a smaller degree of polymerization of cellulose 
precedes cellulose. However, the effect is limited due to proportion of fiber content. Lignin which 
contains both aliphatic and aromatic hydrocarbon is a complex structure. Thermal decomposition of 
lignin occurs in wider ranges of temperature that start earlier but extend to higher temperatures than 
hemicelluloses and cellulose degradation. However, the effect is also limited due to lower content 
in the fiber. The thermal decomposition of bio fiber is usually divided into four stages. The initial 
phase is the evaporation of moisture which occurs in between 30 to 100ᵒC followed by lingo cellulosic 
components, cellulose components, lignin and ash at a range of 220-315ᵒC, 315-400ᵒC, 165-900ᵒC 
and 1723ᵒC respectively. Several authors reported that the decomposition of cellulose starts at 220ᵒC 
and completed at 315ᵒC.

TGA graphs of treated and untreated materials are plotted as a function of percentage of weight loss 
versus temperature as shown in Fig. 6. From the Figure, it has been noticed that the chemically treated 
specimens show superior thermal stability than raw samples. At the initial stage the decomposition 
is due to evaporation of volatile substances between 30 to 100ᵒC and all the treated and untreated 
materials showed the similar behavior of thermal degradation. Then thermal degradation of lingo 
cellulosic components of all samples occurred in between 330-340ᵒC (raw 314ᵒC, benzoyl chloride 
treated 340ᵒC, acetone treated 325ᵒC, alkali treated 333ᵒC). In the third phase decomposition, thermal 
degradation of cellulosic components occurred in between 390-400ᵒC. The decomposition of cellulosic 
material started after the degradation of the hemicelluloses material. The degradation of lignin, ash 
and cellulose occurred in this phase. The major degradation occurs in between 340 to 450°C. The 
figure shows that benzoyl chloride treated samples shows better thermal stability. It has been also 
noticed that, in case of chemically treated materials the decomposition of cellulosic material shifts 
towards higher temperature to some extent. Kaushik et al. (2012) reported that benzoyl peroxide 
treated sisal fiber shows better thermal stability than alkali treated.

b. XRD analysis

XRD of raw and chemically treated OP powders is presented in Fig. 7. It revealed that the major 
crystalline peak (major) of each profile occurred between 22° to 22.75° at 2 θ  angle. This shows the 
cellulose crystallographic plane (002). The amorphous peak occurred at 2 θ  value ranging from 15.4° 
to 16.5°. There is a notable increase in the intensity of the crystallographic amorphous plane due to 
surface modification of material and the maximum intensity was noticed in case of benzoyl chloride 
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Figure 6. TGA analysis of raw and chemically treated OPP materials (A1 stands for untreated sample, A2 for acetone treated, A3 
for alkyl treated, A4 stands for benzoyl chloride treated specimen).

Figure 7. XRD analysis of composite materials
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treated OP powder. The crystallinity index I
C

 of raw sample and chemically treated samples were 
calculated using Eq. (10)

I
I I

IC
am=

−
002

002

 (10)

where I
002
� and I

am
,  respectively are the maximum intensity of diffraction of the lattice peak 

and diffraction of amorphous material at a 2θ  angle (Roncero et al., 2005).

c. FTIR Spectroscopy

FTIR spectrum comparison graph of OP powder before and after surface modifications is 
presented in Fig. 8 There is a decrease in absorption spectra for the chemically treated OP powder 
which is clearly observed in the figure. The reason may be due to presence dissolution of non-polar 
covalent compounds like wax, fat, etc. The reduction of absorption spectra is more prominent in the 
benzyol treated OP particulate due to strong non polar solvent. It has been observed that the major 
functional groups of the OP particulate remain same after surface treatments. However, there is a 
drop for the peak intensity and shifting in many cases.

Figure 8. FTIR analysis of raw and chemically treated OPP material
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3.2. Mechanical Properties

a. Density and Void Content

Density is one of the basic parameters to establish the characteristics of the composites which depend 
upon the presence of the relative percentage of matrix and reinforcement in the composite. As the 
filler material has a low density, the density of the fabricated OP particulate composite decreases in 
comparison to pure epoxy composite with an increase in the filler percentage as seen in Fig. 9(a). The 
voids and pores are always present in the fabricated samples and its significance in the mechanical 
properties was marked during the calculation of experimental and theoretical density. The percentage 
of void present in the composite can be calculated from the experimental and theoretical values density. 
From Fig. 9(b), it is evident that the minimal void percentage is there in S3 composite as compared to 
the other weight percentage of the filler material due to good stuffing of the matrix and filler materials. 
It is also noticed that the void percentage of pure epoxy is higher in comparison to filler composites 
except S1 composite. However, on further increasing the OP particulate material (>30 wt %) the 
void percentage in the composite increases gradually which may be due to an imperfect combination 
of matrix and filler material. During fabrication of composites the formation of cavities which are 
filled with air are obvious (Månson et al., 2000). From Fig. 9(b), it is evident that the volume of void 

Figure 9. (a) Density of OP particulate and (b) Void percentage present in different weight fraction and (c) Density of chemically 
treated composite.
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percentage is within the limit of 2% in composites. Thus, the developed specimens are suitable for 
further analysis. The developed composite after chemical treatment with benzoyl chloride gives better 
density as compared to other chemical treatment as presented in Fig. 9(c).

b. Tensile and flexural strength

The strength and stiffness properties of the bio-waste reinforced composites depend upon the 
strength and weight percentage of reinforcement which is documented in several literatures. It is clear 
that the strength and other properties of the manufactured composite vary with different fiber loading. 
Fig. 10 evidently points out that both tensile strength and flexural strength increases by incorporating 
the OP particulates up to 30 wt %. With the further addition of OP particulates, the above mentioned 
properties degrade. This may have been due to reaction at the interface between the matrix and filler 
material, which is inefficient to transfer tensile and flexural stress between matrix and filler material 
along with uneven distribution of filler material within the matrix. The other cause may be due to the 
presence of large amounts of weak interfacial area between matrix (epoxy) and filler material (OPP). It 
indicates that the addition of the OP particulates up to 30% wt, the corresponding composites enhances 
the load bearing capacity and it develops the capacity to resist the bending of the composite. It is also 
noticed during the experiments that the shear strength, macroscopic properties and matrix interface 
bonding are improved with the addition of the different wt% of OP particulates filler materials (up to 
30%). There is a chance of formation of the voids and pores with addition of a higher wt % (<40%) 

Figure 10. Tensile strength and (b) Flexural strength at different weight fraction

Figure 11. Variation of (a) Tensile modulus and (b) Flexural modulus with different weight fraction.
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of filler. These voids are mostly found on the inter-laminar structure of manufacturing specimens 
which leads to reduce the tensile and flexural strength. Similar type behavior was observed by other 
researchers while studying jute fiber composite and coca pod husk fibers composite, respectively 
(Acharya et al., 2008; El-Shekeil et al., 2014).

Tensile and flexural modulus of the fabricated untreated OPP composites are shown in Fig. 11. 
It is clearly observed that both tensile and flexural module of the composite increases with increase 
in filler percentage up to 30% wt and decreases further with increase in the filler percentage that 
means the value of both Young’s modulus and Flexural modulus is maximum in case of S3 composite.

c. Impact strength

Impact energy of the composite material depends upon the quality of the polymer, fiber and 
interfacial bonding of the fiber matrix (Joseph et al., 2003). The impact strength of the developed 
bio-waste reinforced composite material is calculated and the outcomes are reported in Fig. 12. It is 
observed that impact energy increases with an increase in the filler content up to 30 wt% of composites 
which signifies the positive contribution of the filler materials. However, impact strength decreases 
for higher weight percentage (40%) filler loading. This may happen due to fiber pull out from the 
composite materials at higher weight percentage of filler. The other reason may be the presence of 

Figure 12. Impact strength at different wt % of filler material
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weak bond between matrix and filler material. The higher impact energy of the composite indicates 
the capability to absorb energy.

d. Hardness test

The property of composite material which resists scratching, indentation, penetration and plastic 
deformation is known as hardness. Fig. 13 presents the hardness of fabricated composites at different 
weight percentage of filler loading. From Fig. 13, it is noticed that the average hardness of developed 
composite increases with increasing the weight percentage of filler material up to the fabrication of 
an S3 set of composite. This may be due to the stiffness of respective composite materials. On further 
increasing the filler material the hardness value decreases.

The mechanical properties such as tensile, flexural and impact strength, modulus of elasticity (both 
tensile and bending) and hardness in every case, S3 composite gives better result as compared to other 
sets of composites. However, with the increasing wt % of the filler material (S4 set of composites) 
such properties decrease due to poor interfacial adhesion between matrix and filler material which 
leads to the formation of micro-crack at the internal structure of the specimen. Similar behavior is 
observed in jute fiber reinforced composites (Rana et al., 2003; Mohanty et al., 2001).

From the experimental analysis, it was found that the S3 set of composites has the best mechanical 
properties as described above. To further improve the mechanical properties, S3 composite was 
reinforced with OPP material pretreated with several chemicals. The improvement of mechanical 

Figure 13. Micro hardness at different wt % of filler material
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properties as shown in Fig. 14 due to the pre-treatments may be due to the change in configuration of 
the cellulose anhydro-glucose unit of OPP material. Due to chemical treatment the hydroxyl group of 
cellulose anhydroglucose units reduces and also, there is possible elimination of weak and amorphous 
non cellulosic content that binds the filler materials into bundles. Removal of binder materials 
leads to fibrillation of fiber which in turn increases the fiber aspect ratio and surface area. Due to 
increased surface area, there is a possibility of increase of chemical binding which leads to sites of 
mechanical anchoring. The mechanical anchoring causes an enhanced matrix fiber interpenetration 
ensuring improvement of mechanical properties. The effective load transfer between matrix and 
filler material is more in chemically treated fabricated composite due to availability of more surface 
area which ensures better wettability of the filler materials by the matrix. It is also observed that 
the fibrils obtained after chemical modification, are arranged themselves in the direction of applied 

Figure 14. (a) Tensile and Flexural strength, (b) Young’s modulus and Flexural modulus, (c) Impact strength and (d) Micro 
hardness of composites treated with different chemicals along with OP particulates [Note: OPP- OP particulates, ACE-Acetone, 
ALK-Alkaline, BCL- Benzyol Chloride].
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load. The properties enhanced significantly in the benzoyl-chloride treated composites followed by 
acetone treated composites and minimum enhancement occurred in alkali treated composites. Similar 
results are reported earlier for kenaf composites with alkali modified and benzoylated sisal fibers, 
respectively (Fiore et al., 2015; Nair et al., 1996).

3.3 SEM Micrograph analysis
SEM micrographs of untreated and treated composite specimens after mechanical tests are presented 
in Fig. 15. From the SEM micrographs in Fig. 15(a) and (b), it is clearly noticed that due to tensile 
loading, there is no pull out of filler material. However, some cracks are clearly visible in the surface of 
the specimen which reveals poor quality of interfacial adhesion between matrix and filler material for 
the set of S3 materials. Fig. 15(c) presents that the morphology of the fracture surface of S4 composite 
under tensile loading where a poor inter facial bonding between matrix and filler materials is noticed 
which shows less tensile strength. However, the composites after benzoyl chloride/alkali treatment, 
it is observed in Fig. 15(d) and (e) that there is no sign of breaking or removal of filler material from 
the matrix. This shows the existence of enhanced adhesion at the inter phase of composites which 
increases the strength of the composite. The interfacial adhesion of the composites after chemical 
treatment gives better tensile strength.

Fig. 15(f) and (g) present the SEM micrographs of untreated S3 and S4 set composites under 
bending test respectively. It is observed that debonding of filler materials is observed at some places 
in case of S3 composite; however, most of the filler materials are intact with the matrix. Due to 
debonding of filler materials, less number of small voids is visible at the interface of S3 composite 
which do not create any problem for the characterization of the composites. On the other hand, the 
debonding between matrix and filler material is clearly noticeable in S4 composite. The mentioned 
composite has low flexural strength as small amount of the matrix material is present there. Fig. 15(h) 
shows the micrograph under flexural loading of S3 composite after benzoyl chloride treatment. It 
is noticed that there is no sign of breaking and bending of the fiber in the micrograph of the treated 
specimen. In addition, there are no signs of trench or grooves in the composite. The chemically treated 
composite is capable of withstanding flexural load without any damage to the specimen.

The present results could not be validated with previous published work in the respective field. 
This is due to lack of availability of any such studies (Batori et al, 2017; 2018; Li et al, 2020; Sahoo 
et al, 2017). Some recent studies consider OPP reinforced epoxy composites for wear characterization 
(Naik et al, 2021a, 20121b, 2021c) and mechanical behavior evaluation (Naik et al, 2020a, 2020b). 
However, to the best of the authors’ knowledge, there is no such literature available that reports on 
chemically treated OPP reinforced epoxy composite materials attempted here. In fact, this essentially 
establishes the novelty of the present study. Moreover, the present study ventures into the experimental 
front to evaluate the effect of different chemical treatments of OPP reinforced epoxy composite 
materials on its mechanical behavior. It is admitted that the results are discussed here in terms of 
experimental observations. It would have been an added merit if the same could have been explained 
through some theoretical modelling or descriptions. Nevertheless, this will be attempted in future 
studies. Also, evaluation of tribological characteristics of such chemically treated OPP reinforced 
epoxy composites defines another area of future research.
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5. CONCLUSION

In this study, the effects of chemical treatment on mechanical and physical properties of bio-waste OP 
particulates have been studied. Various characterization tests such as FTIR, XRD, TGA and SEM, etc. 
were performed to inspect the properties of OP particulates and following conclusions can be drawn:

Figure 15. SEM micrographs of untreated and treated composites: (a, b) S3 composite material under tensile loading; (c) S4 
composite material under tensile loading; (d) Benzoyl chloride treatment of S3 composite material; (e) Alkali treatment of S3 
composite material; (f) S3 composite materials under bending test; (g) S4 composites under bending test; (h) Benzoyl chloride 
treated S3 composites under flexural loading.
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•  OP particulates are suitably bonded with epoxy resin to prepare composite material.
•  Due to chemical modifications, the crystallinity index of the OP particulates increases. The effect 

is maximum in alkali medium and minimum in acetone medium.
•  Absorption spectra of the OP bio-composites are reduced by chemical treatment (alkali, benzoyl 

chloride and acetone) due to dissolution of non-polar covalent compounds. With benzoyl chloride 
treatment, the effect is significant as it behaves as a good non polar solvent and dissolves more 
amount of non-polar compound.

•  Strength and modulus of the composite increase with an increase in the weight percentage 
of filler material. S3 set of composites (30% filler) yields better result as observed from the 
experimental results. During SEM analysis, it is observed that the S3 set of composite shows 
better mechanical properties because the structure restricts the pull out of filler material from the 
matrix. However, there is decrease in mechanical properties for higher weight percentage filler 
loading (S4 composite with 40% filler) because of poor interfacial adhesion between matrix and 
filler material.

•  Physical and mechanical properties of OP particulates composites are improved significantly 
after chemical modifications.

•  Reinforced composite material after benzoyl chloride treatment gives better physical and 
mechanical properties as compared to other chemical treated filler reinforced composites. From 
SEM micrograph, it is clearly observed that the chemically treated composites have better 
interfacial adhesion between matrix and filler materials.



International Journal of Manufacturing, Materials, and Mechanical Engineering
Volume 12 • Issue 1

22

REFERENCES

Acharya, S. K., Mishra, P., & Mishra, S. C. (2008). Effect of environment on the mechanical properties of fly 
ash-jute-polymer composite. Indian Journal of Engineering and Materials Sciences, 15, 483–488. http://hdl.
handle.net/123456789/2655

Adeniyi, A. G., Onifade, D. V., Ighalo, J. O., & Adeoye, A. S. (2019). A review of coir fiber reinforced 
polymer composites. Composites. Part B, Engineering, 107305. Advance online publication. doi:10.1016/j.
compositesb.2019.107305

Ashraf, M. A., Zwawi, M., Taqi Mehran, M., Kanthasamy, R., & Bahadar, A. (2019). Jute based bio and hybrid 
composites and their applications. Fibers (Basel, Switzerland), 7(9), 77. doi:10.3390/fib7090077

Babu, L. G. (2019). Influence of benzoyl chloride treatment on the tribological characteristics of Cyperus 
pangorei fibers based non-asbestos brake friction composites. Materials Research Express, 7(1), 015303. 
doi:10.1088/2053-1591/ab54f1

Balla, V. K., Kate, K. H., Satyavolu, J., Singh, P., & Tadimeti, J. G. D. (2019). Additive manufacturing of natural 
fiber reinforced polymer composites: Processing and prospects. Composites. Part B, Engineering, 106956. 
Advance online publication. doi:10.1016/j.compositesb.2019.106956

Bátori, V., Jabbari, M., Åkesson, D., Lennartsson, P. R., Taherzadeh, M. J., & Zamani, A. (2017). Production of 
pectin-cellulose biofilms: A new approach for citrus waste recycling. International Journal of Polymer Science, 
1–9. doi:10.1155/2017/9732329

Bátori, V., Jabbari, M., Srivastava, R., Åkesson, D., Lennartsson, P., Zamani, A., & Taherzadeh, M. (2018). 
Synthesis and Characterization of Maleic Anhydride-grafted Orange Waste for Potential Use in Biocomposites. 
BioResources, 13(3), 4986–4997. https://ojs.cnr.ncsu.edu/index.php/BioRes/article/view/BioRes_13_3_4986_
Batori_Synthesis_Maleic_Orange_Waste

Burrola-Núñez, H., Herrera-Franco, P. J., Rodríguez-Félix, D. E., Soto-Valdez, H., & Madera-Santana, T. J. 
(2019). Surface modification and performance of jute fibers as reinforcement on polymer matrix: An overview. 
Journal of Natural Fibers, 16(7), 944–960. doi:10.1080/15440478.2018.1441093

Chaitanya, S., & Singh, I. (2016). Novel Aloe Vera fiber reinforced biodegradable composites—
Development and characterization. Journal of Reinforced Plastics and Composites, 35(19), 1411–1423. 
doi:10.1177/0731684416652739

Chaitanya, S., & Singh, I. (2018). Ecofriendly treatment of aloe vera fibers for PLA based green composites. 
International Journal of Precision Engineering and Manufacturing-Green Technology, 5(1), 143–150. 
doi:10.1007/s40684-018-0015-8

Chandrasekar, M., Ishak, M. R., Sapuan, S. M., Leman, Z., & Jawaid, M. (2017). A review on the characterisation 
of natural fibres and their composites after alkali treatment and water absorption. Plastics, Rubber and Composites, 
46(3), 119–136. doi:10.1080/14658011.2017.1298550

De’Nève, B., & Shanahan, M. E. R. (1993). Water absorption by an epoxy resin and its effect on the mechanical 
properties and infra-red spectra. Polymer, 34(24), 5099–5105. doi:10.1016/0032-3861(93)90254-8

El-Shekeil, Y. A., Sapuan, S. M., & Algrafi, M. W. (2014). Effect of fiber loading on mechanical and 
morphological properties of cocoa pod husk fibers reinforced thermoplastic polyurethane composites. Materials 
& Design, 64, 330–333. doi:10.1016/j.matdes.2014.07.034

Fiore, V., Di Bella, G., & Valenza, A. (2015). The effect of alkaline treatment on mechanical properties 
of kenaf fibers and their epoxy composites. Composites. Part B, Engineering, 68, 14–21. doi:10.1016/j.
compositesb.2014.08.025

Gassan, J., Mildner, I., & Bledzki, A. K. (1999). Influence of fiber structure modification on the mechanical 
properties of flax fiber-epoxy composites. Mechanics of Composite Materials, 35(5), 435–440. doi:10.1007/
BF02329330

George, J., & Verpoest, J. I. I. (1999). Mechanical properties of flax fibre reinforced epoxy composites. Die 
Angewandte Makromolekulare Chemie, 272(1), 41–45. doi:10.1002/(SICI)1522-9505(19991201)272:1<41::AID-
APMC41>3.0.CO;2-X

http://hdl.handle.net/123456789/2655
http://hdl.handle.net/123456789/2655
http://dx.doi.org/10.1016/j.compositesb.2019.107305
http://dx.doi.org/10.1016/j.compositesb.2019.107305
http://dx.doi.org/10.3390/fib7090077
http://dx.doi.org/10.1088/2053-1591/ab54f1
http://dx.doi.org/10.1016/j.compositesb.2019.106956
http://dx.doi.org/10.1155/2017/9732329
https://ojs.cnr.ncsu.edu/index.php/BioRes/article/view/BioRes_13_3_4986_Batori_Synthesis_Maleic_Orange_Waste
https://ojs.cnr.ncsu.edu/index.php/BioRes/article/view/BioRes_13_3_4986_Batori_Synthesis_Maleic_Orange_Waste
http://dx.doi.org/10.1080/15440478.2018.1441093
http://dx.doi.org/10.1177/0731684416652739
http://dx.doi.org/10.1007/s40684-018-0015-8
http://dx.doi.org/10.1080/14658011.2017.1298550
http://dx.doi.org/10.1016/0032-3861(93)90254-8
http://dx.doi.org/10.1016/j.matdes.2014.07.034
http://dx.doi.org/10.1016/j.compositesb.2014.08.025
http://dx.doi.org/10.1016/j.compositesb.2014.08.025
http://dx.doi.org/10.1007/BF02329330
http://dx.doi.org/10.1007/BF02329330
http://dx.doi.org/10.1002/(SICI)1522-9505(19991201)272:1<41::AID-APMC41>3.0.CO;2-X
http://dx.doi.org/10.1002/(SICI)1522-9505(19991201)272:1<41::AID-APMC41>3.0.CO;2-X


International Journal of Manufacturing, Materials, and Mechanical Engineering
Volume 12 • Issue 1

23

Hamidon, M. H., Sultan, M. T., Ariffin, A. H., & Shah, A. U. (2019). Effects of fibre treatment on mechanical 
properties of kenaf fibre reinforced composites: A review. Journal of Materials Research and Technology, 8(3), 
3327–3337. doi:10.1016/j.jmrt.2019.04.012

Herrera-Franco, P. J., & Valadez-Gonzalez, A. (2004). Mechanical properties of continuous natural fibre-
reinforced polymer composites. Composites. Part A, Applied Science and Manufacturing, 35(3), 339–345. 
doi:10.1016/j.compositesa.2003.09.012

Jin, F. L., Li, X., & Park, S. J. (2015). Synthesis and application of epoxy resins: A review. Journal of Industrial 
and Engineering Chemistry, 29, 1–11. doi:10.1016/j.jiec.2015.03.026

Joseph, P. V., Mathew, G., Joseph, K., Groeninckx, G., & Thomas, S. (2003). Dynamic mechanical properties of 
short sisal fibre reinforced polypropylene composites. Composites. Part A, Applied Science and Manufacturing, 
34(3), 275–290. doi:10.1016/S1359-835X(02)00020-9

Kalia, S., Kaith, B. S., & Kaur, I. (2009). Pretreatments of natural fibers and their application as reinforcing 
material in polymer composites—A review. Polymer Engineering and Science, 49(7), 1253–1272. doi:10.1002/
pen.21328

Kalia, S., Kaushik, V. K., & Sharma, R. K. (2011). Effect of benzoylation and graft copolymerization on 
morphology, thermal stability, and crystallinity of sisal fibers. Journal of Natural Fibers, 8(1), 27–38. doi:10.
1080/15440478.2011.551002

Kaushik, V. K., Kumar, A., & Kalia, S. (2012). Effect of mercerization and benzoyl peroxide treatment on 
morphology, thermal stability and crystallinity of sisal fibers. International Journal of Textile Science, 1(6), 
101–105. doi:10.5923/j.textile.20120106.07

Li, M., Pu, Y., Thomas, V. M., Yoo, C. G., Ozcan, S., Deng, Y., Nelson, K., & Ragauskas, A. J. (2020). Recent 
advancements of plant-based natural fiber–reinforced composites and their applications. Composites. Part B, 
Engineering, 200, 108254. doi:10.1016/j.compositesb.2020.108254

Li, X., Tabil, L. G., & Panigrahi, S. (2007). Chemical treatments of natural fiber for use in natural fiber-reinforced 
composites: A review. Journal of Polymers and the Environment, 15(1), 25–33. doi:10.1007/s10924-006-0042-3

Liu, Y., Lv, X., Bao, J., Xie, J., Tang, X., Che, J., Ma, Y., & Tong, J. (2019). Characterization of silane treated 
and untreated natural cellulosic fibre from corn stalk waste as potential reinforcement in polymer composites. 
Carbohydrate Polymers, 218, 179–187. doi:10.1016/j.carbpol.2019.04.088 PMID:31221319

Majid, R. A., Ismail, H., & Taib, R. M. (2016). Benzoyl chloride treatment of kenaf core powder: The effects 
on mechanical and morphological properties of PVC/ENR/kenaf core powder composites. Procedia Chemistry, 
19, 803–809. doi:10.1016/j.proche.2016.03.105

Maldas, D., & Kokta, B. V. (1994). Role of coupling agents on the performance of woodflour-filled polypropylene 
composites. International Journal of Polymeric Materials, 27(1-2), 77–88. doi:10.1080/00914039408038294

Månson, J.A., Wakeman, M.D., & Bernet, N. (2000). Composite processing and manufacturing—an overview. 
Comprehensive Composite Materials, 2, 577-607. .10.1016/B0-08-042993-9/00167-4

Megiatto, J. D. Jr, Hoareau, W., Gardrat, C., Frollini, E., & Castellan, A. (2007). Sisal fibers: Surface chemical 
modification using reagent obtained from a renewable source; characterization of hemicellulose and lignin 
as model study. Journal of Agricultural and Food Chemistry, 55(21), 8576–8584. doi:10.1021/jf071682d 
PMID:17867642

Mohanty, A. K., Misra, M., & Drzal, L. T. (2001). Surface modifications of natural fibers and performance of the 
resulting bio composites: An overview. Composite Interfaces, 8(5), 313–343. doi:10.1163/156855401753255422

Nagamadhu, M., Jeyaraj, P., & Kumar, G. M. (2019). Characterization and mechanical properties of sisal fabric 
reinforced polyvinyl alcohol green composites: Effect of composition and loading direction. Materials Research 
Express, 6(12), 125320. doi:10.1088/2053-1591/ab56b3

Naik, P., Pradhan, S., Acharya, S. K., & Sahoo, P. (2021c). Wear Behavior of Orange Peel Reinforced Epoxy 
Composite. In P. Pant, S. K. Mishra, & P. C. Mishra (Eds.), Advances in Mechanical Processing and Design. 
Lecture Notes in Mechanical Engineering. Springer. doi:10.1007/978-981-15-7779-6_57

http://dx.doi.org/10.1016/j.jmrt.2019.04.012
http://dx.doi.org/10.1016/j.compositesa.2003.09.012
http://dx.doi.org/10.1016/j.jiec.2015.03.026
http://dx.doi.org/10.1016/S1359-835X(02)00020-9
http://dx.doi.org/10.1002/pen.21328
http://dx.doi.org/10.1002/pen.21328
http://dx.doi.org/10.1080/15440478.2011.551002
http://dx.doi.org/10.1080/15440478.2011.551002
http://dx.doi.org/10.5923/j.textile.20120106.07
http://dx.doi.org/10.1016/j.compositesb.2020.108254
http://dx.doi.org/10.1007/s10924-006-0042-3
http://dx.doi.org/10.1016/j.carbpol.2019.04.088
http://www.ncbi.nlm.nih.gov/pubmed/31221319
http://dx.doi.org/10.1016/j.proche.2016.03.105
http://dx.doi.org/10.1080/00914039408038294
http://dx.doi.org/10.1021/jf071682d
http://www.ncbi.nlm.nih.gov/pubmed/17867642
http://dx.doi.org/10.1163/156855401753255422
http://dx.doi.org/10.1088/2053-1591/ab56b3
http://dx.doi.org/10.1007/978-981-15-7779-6_57


International Journal of Manufacturing, Materials, and Mechanical Engineering
Volume 12 • Issue 1

24

Naik, P., Pradhan, S., Sahoo, P., & Acharya, S. K. (2020a). Study of mechanical behaviour of raw and chemical 
treated bio-filler composites and its effect on moisture absorption. Materials Today: Proceedings, 26(2), 
1936–1940. doi:10.1016/j.matpr.2020.02.423

Naik, P., Pradhan, S., Sahoo, P., & Acharya, S. K. (2020b). Effect of filler loading on mechanical properties 
of natural carbon black reinforced polymer composites. Materials Today: Proceedings, 26(2), 1892–1896. 
doi:10.1016/j.matpr.2020.02.414

Naik, P., Sahoo, P., Acharya, S. K., & Pradhan, S. (2021a). Erosive wear behavior of bio-waste particulate-
reinforced epoxy composites for low-cost applications. J Indian Acad Wood Sci. doi:10.1007/s13196-020-00272-y

Naik, P., Sahoo, P., Acharya, S. K., & Pradhan, S. (2021b) Abrasive wear behaviour of orange peel (biowaste) 
particulate reinforced polymer composites. Proceedings of the Institution of Mechanical Engineers, Part J: 
Journal of Engineering Tribology. doi:10.1177/1350650121991412

Nair, K. C. M., Diwan, S. M., & Thomas, S. (1996). Tensile properties of short sisal fiber reinforced 
polystyrene composites. Journal of Applied Polymer Science, 60(9), 1483–1497. doi:10.1002/(SICI)1097-
4628(19960531)60:9<1483::AID-APP23>3.0.CO;2-1

Rana, A. K., Mandal, A., & Bandyopadhyay, S. (2003). Short jute fiber reinforced polypropylene composites: 
Effect of compatibiliser, impact modifier and fiber loading. Composites Science and Technology, 63(6), 801–806. 
doi:10.1016/S0266-3538(02)00267-1

Reis, J. M. L., Amorim, F. C., Da Silva, A. H. M. F. T., & da Costa Mattos, H. S. (2015). Influence of temperature 
on the behavior of DGEBA (bisphenol A diglycidyl ether) epoxy adhesive. International Journal of Adhesion 
and Adhesives, 58, 88–92. doi:10.1016/j.ijadhadh.2015.01.013

Roncero, M. B., Torres, A. L., Colom, J. F., & Vidal, T. (2005). The effect of xylanase on lignocellulosic 
components during the bleaching of wood pulps. Bioresource Technology, 96(1), 21–30. doi:10.1016/j.
biortech.2004.03.003 PMID:15364076

Sahoo, P., Das, S. K., & Acharya, S. K. (2017). Tribological aspects of natural fiber composites. In Green 
Composites (pp. 33-68). De Gruyter. doi:10.1515/9783110435788-003

Senthilkumar, K., Siva, I., Rajini, N., Jappes, J. W., & Siengchin, S. (2018). Mechanical characteristics of tri-
layer eco-friendly polymer composites for interior parts of aerospace application. In Sustainable Composites 
for Aerospace Applications (pp. 35–53). Woodhead Publishing. doi:10.1016/B978-0-08-102131-6.00003-7

Sepe, R., Bollino, F., Boccarusso, L., & Caputo, F. (2018). Influence of chemical treatments on mechanical 
properties of hemp fiber reinforced composites. Composites. Part B, Engineering, 133, 210–217. doi:10.1016/j.
compositesb.2017.09.030

Sreekumar, P. A., Thomas, S. P., Saiter, J., Joseph, K., Unnikrishnan, G., & Thomas, S. (2009). Effect of fiber 
surface modification on the mechanical and water absorption characteristics of sisal/polyester composites 
fabricated by resin transfer molding. Composites. Part A, Applied Science and Manufacturing, 40(11), 1777–1784. 
doi:10.1016/j.compositesa.2009.08.013

Sreenivasan, V. S., Ravindran, D., Manikandan, V., & Narayanasamy, R. (2012). Influence of fibre treatments on 
mechanical properties of short Sansevieria cylindrica/polyester composites. Materials & Design, 37, 111–121. 
doi:10.1016/j.matdes.2012.01.004

Sunny, T., Pickering, K. L., & Lim, S. H. (2020). Alkali treatment of hemp fibres for the production of aligned 
hemp fibre mats for composite reinforcement. Cellulose (London, England), 27(5), 2569–2582. doi:10.1007/
s10570-019-02939-3

Todkar, S. S., & Patil, S. A. (2019). Review on mechanical properties evaluation of pineapple leaf fibre (PALF) 
reinforced polymer composites. Composites. Part B, Engineering, 106927. Advance online publication. 
doi:10.1016/j.compositesb.2019.106927

Valadez-Gonzalez, A., Cervantes-Uc, J. M., Olayo, R., & Herrera-Franco, P. J. (1999). Effect of fiber surface 
treatment on the fiber–matrix bond strength of natural fiber reinforced composites. Composites. Part B, 
Engineering, 30(3), 309–320. doi:10.1016/S1359-8368(98)00054-7

http://dx.doi.org/10.1016/j.matpr.2020.02.423
http://dx.doi.org/10.1016/j.matpr.2020.02.414
http://dx.doi.org/10.1007/s13196-020-00272-y
http://dx.doi.org/10.1177/1350650121991412
http://dx.doi.org/10.1002/(SICI)1097-4628(19960531)60:9<1483::AID-APP23>3.0.CO;2-1
http://dx.doi.org/10.1002/(SICI)1097-4628(19960531)60:9<1483::AID-APP23>3.0.CO;2-1
http://dx.doi.org/10.1016/S0266-3538(02)00267-1
http://dx.doi.org/10.1016/j.ijadhadh.2015.01.013
http://dx.doi.org/10.1016/j.biortech.2004.03.003
http://dx.doi.org/10.1016/j.biortech.2004.03.003
http://www.ncbi.nlm.nih.gov/pubmed/15364076
http://dx.doi.org/10.1515/9783110435788-003
http://dx.doi.org/10.1016/B978-0-08-102131-6.00003-7
http://dx.doi.org/10.1016/j.compositesb.2017.09.030
http://dx.doi.org/10.1016/j.compositesb.2017.09.030
http://dx.doi.org/10.1016/j.compositesa.2009.08.013
http://dx.doi.org/10.1016/j.matdes.2012.01.004
http://dx.doi.org/10.1007/s10570-019-02939-3
http://dx.doi.org/10.1007/s10570-019-02939-3
http://dx.doi.org/10.1016/j.compositesb.2019.106927
http://dx.doi.org/10.1016/S1359-8368(98)00054-7


International Journal of Manufacturing, Materials, and Mechanical Engineering
Volume 12 • Issue 1

25

Prasanta Sahoo is Professor at the Department of Mechanical Engineering, Jadavpur University, Kolkata, India. 
He received Bachelor of Mechanical Engineering from Jadavpur University and MTech and PhD in Mechanical 
Engineering from Indian Institute of Technology, Kharagpur, India. His research area is tribology and structural 
mechanics. He is the supervisor of 30 PhD theses and 30 Master’s theses. He has authored two books and 30 book 
chapters, and edited three volumes. He has co-authored more than 500 technical papers in international journals 
and conference proceedings. He is Associate Editor (computational mechanics and tribology) of International 
Journal of Engineering, Science and Technology (Multicraft) and International Journal of Materials Forming and 
Machining Processes (IGI Global). He is on the editorial board of J International Journal of Manufacturing, Materials 
and Mechanical Engineering (IGI Global), International Journal of Engineering and Technologies (SciPress) and 
Journal of Materials and Engineering Structures (Mouloud Mammeri University). He has been ranked among top 
2% World scientists.

Zaman, H. U., Khan, M. A., Khan, R. A., Rahman, M. A., Das, L. R., & Al-Mamun, M. (2010). Role of potassium 
permanganate and urea on the improvement of the mechanical properties of jute polypropylene composites. 
Fibers and Polymers, 11(3), 455–463. doi:10.1007/s12221-010-0455-4

Zhou, Y., Fan, M., & Chen, L. (2016). Interface and bonding mechanisms of plant fibre composites: An overview. 
Composites. Part B, Engineering, 101, 31–45. doi:10.1016/j.compositesb.2016.06.055

Zubaidah, I., Norfatriah, A., Amali, Z., Noorul, S., & Zuruzi, A. S. (2018). Preparation and Behavior of Bamboo 
Fiber-Reinforced Polydimethylsiloxane Composite Foams during Compression. Fibers (Basel, Switzerland), 
6(4), 91. doi:10.3390/fib6040091

http://dx.doi.org/10.1007/s12221-010-0455-4
http://dx.doi.org/10.1016/j.compositesb.2016.06.055
http://dx.doi.org/10.3390/fib6040091

