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ABSTRACT
Tiles are generally manufactured using ceramic materials or concrete. An attempt has been made here to
manufacture tiles using thermoset polymer epoxy resin as matrix and waste wheat straw residue as filler. Wheat
straw residual filler was efficiently incorporated within epoxy resin matrix to fabricate a range of biocomposite
tiles. Two different loading levels of filler were subjected to either alkali (NaOH) treatment or a combination
of silane and alkali treatment. These biocomposite tiles were investigated for microstructural changes and
various mechanical, physical and thermal properties. Fourier transform infrared (FT-IR) spectroscopy studies
indicated strong interactions of the functional groups of epoxy resin and wheat straw filler. Fractured
biocomposite samples observed under field emission scanning electron microscopy (FE-SEM) further
suggested better bonding between filler and matrix. Thermogravimetric analysis (TGA) showed enhanced
thermal stability upon dual treatment. Substantial improvements in water resistance, flexural strength and
flexural modulus of biocomposite samples also could be achieved upon dual treatment.
KEYWORDS: Biocomposite, Wheat straw, Alkali treatment, Silane coupling agent, Epoxy resin,
Waste filler.

INTRODUCTION

their renewability, abundance, biodegradability and low
carbon footprint, these biocomposites are becoming
popular in automobile (Agunsoye et al., 2016; D.
Chandramohan and J. Bharanichandar, 2013), aerospace
(Gopi et al., 2017; Zin et al., 2016), medical (Abu et al.,
2011; Htun et al., 2016; Naushad et al., 2017;
Simionescu & Ivanov, 2016) and construction
(Bouguenina et al., 2018; Lau et al., 2018) industries.
From the performance point of view, bio-composites
have been found to have high mechanical, thermal,
impact and moisture resistance properties (Awal et al.,
2009; Bhosale et al., 2016; Kadam et al., 2019).
Biocomposites have gained considerable research
interest in recent times because of their environmental
benefits, ‘green’ incentives and government legislation
on carbon reduction (Formela et al., 2016; Ghaffar &
Fan, 2015; Hejna et al., 2015; Manouchehri et al., 2019;

With an increased focus on sustainable green
materials, there is a growing interest among researchers
to use bio-based fillers in the polymer matrix to
manufacture composite materials. Biofillers, in general,
are renewable materials, owing primarily to their plantbased resources. There have been several reports on the
use of plant-based biofibres such as sisal (Li et al.,
2000), banana (Sapuan et al., 2006), jute (Gopinath et
al., 2014), flax (Zhu et al., 2013), kenaf (Fiore et al.,
2015), cotton (Zonatti et al., 2015), ramie (Gu et al.,
2014), soya-polyol (Mohammed et al., 2013) and so on
for development of biocomposite materials. Owing to
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enhance the interfacial compatibility of the hydrophilic
biofillers and hydrophobic polymer matrices (R.N.Rao,
2013). However, there have been very few attempts on
the investigation of the combined effects of alkali
treatment and silane treatment on wheat straw-based
biofillers along with epoxy resin-based polymer matrix.
Moreover, studies on polymer-based bio-composites for
civil engineering applications are limited. Tiles are
usually produced using ceramic-based materials like
clay or by using concrete. Moreover, the average
percentage wastage in tiles in many countries is high,
which ultimately increases the solid waste (Sweis et al.,
2021). With the ever-increasing demand for raw
materials and the depletion of natural resources,
alternative materials must be found to produce tiles for
sustainable development. Here, an attempt has been
made to manufacture tiles with epoxy polymer matrix
and wheat straw agricultural waste. The current study
has looked into the effects of chemical treatments (silane
and alkali) on the mechanical, physical and thermal
properties
of
the
prepared
biocomposites.
Microstructures of these biocomposites have also been
investigated for understanding structure- property
correlation.

Meira de Souza et al., 2017; Rad et al., 2019; Zedler et
al., 2018). For superior mechanical, thermal and
electrical properties, researchers have also explored the
properties of epoxy nanocomposites in recent years
(Jouyandeh et al., 2020; Nonahal et al., 2018; Rastin et
al., 2017; Saeb et al., 2015; Sari et al., 2018; Yarahmadi
et al., 2018).
However, commercial applications of biocomposites
depend on mitigating the challenges faced by biofibre
reinforcement such as uneven fibre quality, limited fibre
length, low thermal stability, hydrophilicity and so on
(Bilal et al., 2014; Bismarck et al., 2005; la Mantia &
Morreale, 2011; Mohanty et al., 2002; Rahman et al.,
2018; Thakur, 2013). There have been several attempts
to overcome the aforementioned challenges. The major
concerns on utilization of biofibres have been the
indiscriminate use and loss of natural plant resources
(deforestation) and use of food crops. To this end, the
use of agricultural wastes such as wheat straw, rice husk
and so on can play an important role. Besides, such
agricultural wastes are similar in structure and chemical
composition, which makes them suitable candidates for
reinforcements. Additionally, the use of these
agricultural wastes can reduce the dependence on woody
resources. In particular, wheat straw is the most
promising candidate out of those lignocellulosic
biofillers, owing to its highest cellulosic content.
Unfortunately, however, this potential filler, although
available in abundance, is traditionally disposed of
through incineration, which can lead to a serious
environmental hazard (Devi et al., 2017; Yasmin et al.,
2019). However, untreated wheat straw as a filler faces
certain challenges including its hydrophilicity and poor
interfacial compatibility with commodity polymer
matrices. Besides, the environmental benefits of such
untreated wheat straw-reinforced biocomposites are
often negated because of their significantly poor
mechanical properties (Panthapulakkal & Sain, 2014).

MATERIALS AND METHODS
Materials
Wheat straw fillers were procured from a local
agricultural field. Diglycidyl ether of bisphenol-A
(DGEBA)-based synthetic epoxy resin (with commercial
name SMR 2085) having an epoxide number of 4.93 and
a viscosity of 3200 centipoise at room temperature was
procured from Asson Bond. The curing agent triethylene
tetraamine (TETA) with a density of 0.98 g/cc and 1.499
refractive index was purchased from Loba Chemie. Bis[γ-(triethoxysilyl)-propyl]-tetrasulfide (C18H42O6S4Si2)
(also known as Si 69) was obtained from Sigma Aldrich.
Sodium hydroxide (NaOH) was also acquired from Loba
Chemie.

Previous researchers have reported that the use of
alkali treatment on natural fibres can lead to increased
amenability to chemical reaction through the removal of
several unwanted components from lignocellulosic
biomass (Ghaffar & Fan, 2015; Mittal & Sinha, 2017a,
2017b, 2018). The use of coupling agents -such as
silane-based coupling agents- has also been found to

Composite Fabrication
A standard mixer was used to grind wheat straw and
it was sieved through a 450 µ sieve. The sieved wheat
straw was treated with 5% NaOH (Boran Torun et al.,
2019; Nam et al., 2011) solution for one day(Tan et al.,
2017). NaOH was used in pellet form. The 5% (w/v)

- 321 -

Investigating Synergistically…

Firoz Alam Faroque et al.

aqueous solution of NaOH was prepared by dissolving
the NaOH in deionized water. These treated fibres were
washed properly with distilled water (Oushabi et al.,
2017) multiple times. The fibres were then kept in the
oven for 24 hours at 60ºC temperature. For silanetreated samples, Si 69 was added to the DGEBA epoxy
resin as per the formulation given in Table 1.

Fourier Transform Infrared Spectroscopy (FT-IR)
FT-IR analysis is used to understand the interaction
between various functional groups present in the fibre
and matrix. FT-IR spectroscopy of the composite
samples (in powder form) was carried out in potassium
bromide (KBr) pellet mode. Around 5 mg of powdered
biocomposite was mixed with the KBr powder and then
pressed in the form of a pellet. These samples in the form
of pellet were subjected to 32 scans in the range of 5004000 cm-1 by using a Bruker Alpha-T
spectrophotometer.

As shown in Table 1, two loading levels (10 g and
15 g) of wheat straw fibres were mixed with per 100 g
of epoxy resin matrix to prepare the composite samples
by using mechanical stirring at 300 rpm for 30 minutes
to ensure efficient dispersion of bio-fibres within the
thermoset matrix (Mat Daud et al., 2019). The
epoxy/wheat straw suspension was thereafter mixed
with a curing agent with constant stirring for 5 minutes
at 300 rpm. The formulation was then poured in a
silicone mould (100×100×6 mm). The process of
fabrication of these biocomposites is also shown in
Figure 1. The fabricated samples were then kept in a
vacuum oven for 24 hours at 70ºC temperature for
removal of moisture and curing of the sample. Samples
of different sizes were cut from the composites as per
the test requirements.

Field Emission Scanning Electron Microscopy (FESEM)
Scanning electron microscopy (SEM) plays a vital
role in polymer characterization to understand the
microstructure and fibre/matrix interfacial interactions.
Flexure-fractured composite specimens were observed
under FE-SEM (Apreo LoVac, FEI). The samples were
first coated with gold/palladium (Au-Pd) to enhance the
electrical conductivity by using a sputter coater. A high
vacuum and an accelerating voltage of 20 kV were used
during operation.

Table 1. Composition of the biocomposites
Sample

Epoxy resin (g)

Biofibre (g)

Alkali
treatment

Silane treatment

Epoxy

100

0

-

-

A1

100

10

No

No

A2

100

10

Yes

No

A3

100

10

Yes

Yes

B1

100

15

No

No

B2

100

15

Yes

No

B3

100

15

Yes

Yes
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Figure (1): Schematic diagram of the manufacturing process of the biocomposites

Measurement of Mechanical Properties
International standard code of practice ISO 178 was
used to evaluate the flexural strength of the
biocomposite samples. A universal testing machine
(Model no. UTB-9202, Dak Systems, Inc.) with 10 kN
load cell capacity was used to measure the flexural
properties of the specimens (of size 80 × 10 × 4 mm)
using three-point bending mode. Shore D hardness
measuring instrument (Yuzuki RHTPPD), by ASTM
D2240, was used to evaluate the hardness of the
composites. The average strength of five samples for a
particular composition was taken to arrive at the results.

Thermogravimetric Analysis (TGA)
Thermo-gravimetric analysis (TGA) of the
biocomposite samples was conducted using DTG-60h,
Shimadzu thermo-gravimetric analyzer. Around 15 mg
of powered sample was taken for each composition and
put in an alumina ceramic crucible. The prepared
samples were heated from 25 to 800°C temperature with
a heating rate of 10°C/min in ambient conditions.
Water Absorption
Three samples of size 40 x 10 x 4 mm (length x width
x thickness) of each composition were prepared
according to ASTM D570 and kept in the oven at 100º
C for 3 hours. The weight of these samples was taken
and then they were submerged in a static water bath at
27º C, in which the water level above the surface of the
specimen was kept at 60 mm. The water absorbance
values of the biocomposites were measured after every
24 hours for 10 days till the values reached the saturation
level after removing the samples from the water bath and
properly wiping them.

RESULTS AND DISCUSSION
Fourier Transform Infrared Spectroscopy (FT-IR)
The FT-IR spectra of all the composites are shown
in Figure 2(a). A broad spectrum of hydroxyl stretching
(-OH) can be seen from 3000 to 3600 cm-1, which can
be attributed to the reaction of the epoxy group of the
resin matrix and the amine group of the hardener
(TETA). It is important to note that no distinct peaks
from amine groups were detected in the range of 3300

- 323 -

Investigating Synergistically…

Firoz Alam Faroque et al.

to 3500 cm-1, which can be attributed to the formation of
a tertiary amine, which in turn could result from the
complete reaction of primary and secondary amine
groups present in TETA. The peak at 828 cm-1 can be
accredited to the existence of an aromatic ring present in
the epoxy resin. The peaks at 2972 and 2875 cm-1 are
due to the presence of methyl and methylene groups
present in the cellulose of the wheat straw fibre. The
band at 1762 cm-1 in epoxy, attributed to -C=O was
found to be shifted to 1745 cm-1 following treatment by
alkali and then silane coupling agent in A3 sample as
shown in Figure 2(b), indicating a strong interaction
between wheat straw and DGEBA resin. It is also
important to highlight that A3 samples showed reduced
intensities throughout the spectrum, indicating limited
availability of functional groups and in turn better
interaction between matrix and wheat straw. The
enhanced interaction of epoxy resin and silane-treated
wheat straw and in turn the limited availability of
hydrophilic functional groups in A3 samples as evident
from FT-IR analysis, is anticipated to improve
mechanical, thermal and water resistance properties.
Indeed, the FT-IR studies are in good agreement with
the experimental results obtained from water absorption,
thermal and flexural strength measuring tests as the
double treated A3 samples showed improved thermal,
flexural and water resistance. The limited availability of
hydrophilic functional groups led to a lower value of
water absorption in the dual treated samples (A3 and
B3). Due to better bonding between fibre and matrix
upon dual treatment, A3 and B3 samples showed
increased values of flexural strength. The flexural
strength and water resistance capacity of these dual
treated samples were found to be highest among all the
samples taken under this study. The intensification of
the peaks between 1100 cm-1 and 1060 cm-1 in the
silane-modified epoxy matrix as shown in Figure 2(b)
can be attributed to the development of Si-O-C bonds

between the silane coupling agent and the epoxy matrix.
Transmission peaks at 927 cm-1 corresponding to C-H
functionality in the pure epoxy group were found to be
shifted to 951 cm-1 in the A3 sample, further indicating
macromolecular entanglements between wheat straw
fibers and epoxy resin.

Field Emission Scanning Electron Microscopy (FESEM)
The FE- SEM images of the fractured surfaces of the
wheat straw/ epoxy biocomposites are represented in
Figure 3. The micrographs show no major
agglomeration of wheat straw particulates within the
composites, indicating efficient dispersion of bio-fillers
within the matrix. The non-treated samples reveal weak
interfacial bonding between hydrophobic epoxy resin
matrix and hydrophilic wheat straw filler particulates.
Wide gaps, cracks and voids can be observed between
epoxy matrix and wheat straw filler in untreated samples
as shown in Figure 3a and Figure 3b, which, in turn, led
to poor mechanical properties. However, in alkalitreated samples (Figure 3c and Figure 3d), better
bonding between fibre and matrix can be observed
because the surface of fibres became rougher after alkali
treatment (Tsegaye et al., 2017). There are no major
cracks or voids present in these samples and the gap
between fibre and matrix is also reduced. Figures 3(e)
and 3 (f) show the morphology of fractured planes of the
samples where both alkali treatment and saline treatment
have been provided. There are no obvious cracks or
voids that can be observed in these samples. Figure 3e
shows that wheat straw fibres are attached to polymer
matrix even after flexural failure, indicating a stronger
bond between wheat straw fibres and polymer matrix
because of better impregnation of fibres in the epoxy
matrix following dual treatment.
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Figure (2): FTIR spectra of biocomposite samples
also start to degrade. It is interesting to note that
following the dehydration-related weight loss, the
silane-treated samples registered higher thermal stability
(lower weight loss at a particular temperature) as
compared to untreated and NaOH-treated samples. Dual
treated samples registered the highest thermal stability
in terms of weight loss. Moreover, in the final
decomposition zone, it was observed (Table 2) that char
formation was maximum (37.37% at 500oC
temperature) in the A3 sample, which in turn indicated
enhanced thermal stability. This could be ascribed to
better cross-linking in the cured samples, facilitated by
the presence of a silane coupling agent. Char values
were found to be lowest for untreated samples A1 and
B1. At higher loading, the thermal degradation stability
was observed to be reduced as compared to lower
loading levels. This can be attributed to the possibility
of fibre particulate agglomeration within the
biocomposite samples at higher loading, thereby leading
to reduced structural integrity against thermal
degradation.

Thermogravimetric Analysis (TGA)
The thermal degradation performance of the
biocomposites was studied by thermogravimetric
analysis. In Figure 4, the TGA curves of the prepared
wheat straw/epoxy composites are shown. The plots
represent the percentage weight loss of the
biocomposites as a function of temperature. The change
in weight was reached by loss of moisture,
decomposition and oxidation of the biocomposite
samples with respect to temperature. Multiple thermal
degradation peaks were observed for all samples. An
initial degradation in terms of weight loss in the samples
could be found in the range of 80-120º C, which can be
attributed to loss of moisture from the wheat straw fibre
present in the composites. The second zone of
degradation was found between 210-400º C which is
probably due to the degradation of different components
like cellulose and hemicellulose existing in the biofibres. The third and final zone of degradation can be
found above 400o C temperature. In this zone, the highly
crossed-linked entities with higher molecular weights
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Figure (3): FE-SEM images of the biocomposite samples
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Figure (4): Thermal degradation behavior of biocomposite samples
Table 2. Char values of the biocomposites
Sample code

Char values (% weight remaining) at different temperatures
100 º C

200 º C

300 º C

400 º C

500 º C

600 º C

A1

97.55

94.25

74.87

53.79

20.30

1.25

A2

97.57

93.99

76.47

56.11

26.85

2.97

A3

97.34

93.10

77.47

58.09

37.37

12.18

B1

96.46

93.24

74.92

53.40

21.39

0.95

B2

95.62

91.76

73.77

53.13

21.41

2.35

B3

96.85

92.15

75.90

56.21

24.88

10.86

uptake capacity of the wheat stray epoxy biocomposites
was determined using the following equation (Mittal and
Sinha, 2017b):

Water Absorption
The water absorption capacities of all the prepared
composite samples are represented in Figure 5. Water
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possibility of hydrogen bond formation, thereby leading
to lower water absorbance of 6.9% and 13.2% for A2
and B2, respectively. The reduction in water uptake was
more prominent at higher loading as compared to that at
lower loading levels. This could be ascribed to the fact
that the NaOH treatment primarily modified the biofillers and at a higher loading; therefore, the effect was
more prominent. After the combined treatment of NaOH
and silane, the water uptake values reduced to 5.8% and
6.8%, respectively for A3 and B3 samples. The
combined treatment was therefore found to be effective
in bringing down the moisture content. The significant
change in water uptake values at higher loading level
further indicates the efficacy of the treatment in
enhancing the fibre/matrix adhesion, as was also
observed during FE-SEM and FT-IR investigations.
Water absorption values were also in good agreement
with flexural strength values of the biocomposites. As
the water absorption values of the samples decreased,
the flexural strength of the samples increased and vice
versa. Considering that fibre/matrix interfacial
compatibility is directly related to mechanical
performance, it was anticipated that the mechanical test
results would follow a similar trend.

1

where Ws is the water absorption capacity, while W0
and W are the weight of the dry sample and the weight
of the wet samples, respectively. At least five replicates
of each composition were used for the experiment. It is
observed that all the biocomposite samples achieved
water uptake saturation level approximately after 190
hours. At this equilibrium stage, the micro-voids in the
cured biocompsoites are filled with water molecules. As
can be seen in Figure 5, the untreated wheat straw/epoxy
composite samples A1 and B1 showed high water intake
capacity, which can be attributed to the hydrophilic
nature of the untreated natural fibre owing to the
presence of hydroxyl functional groups available for
forming hydrogen bonds with water. Sample B1
registered a higher water uptake value (18.8%) as
compared to sample A1 (10.9 %), which could be
attributed not only to the higher loading level of wheat
straw fillers, but also due to insufficient fibre wetting,
possible phase separation and presence of cracks and
voids. However, following alkali treatment, the
chemical modification of the hydroxyl groups limits the

Figure (5): Various water uptake values with time for biocomposite samples
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values of the biocomposites when compared to the neat
epoxy samples, suggesting that the bio-fillers did not
have any major influence in affecting the hardness of a
composite and that it is primarily dependent on the
matrix.

Mechanical Properties
Hardness
The hardness values of bio-composites and that of
epoxy resin are presented in Figure 6. It can be observed
that there was no significant change of shore D hardness

Figure (6): Shore D hardness number of the biocomposites
strengths of around 9.8% and 12.3%, respectively, with
an overall increase of 22.6% and 22.9% as compared to
the untreated samples. A similar trend was observed for
flexural
modulus
values,
where
additional
improvements of 9.9% and 8.8% were observed for A3
and B3 samples, respectively with an overall increase of
41.7% and 33.3% when compared to the samples,
prepared without any treatment. The significant
reduction in flexural strengths and moduli of the
untreated biocomposite samples (A1 and B1) can be
attributed to the incorporation of hydrophilic raw fibres
and the formation of weak fibre/matrix interphase,
which in turn resulted in increased crack propagation
and ultimately the failure of the samples. With increased
fibre content, the reduction in flexural strengths and

Flexural Properties
The flexural modulus and flexural strength of all the
samples are represented in Figures 7(a) and 7(b),
respectively. It can be observed that there was a
significant drop in both flexural strength and flexural
modulus for the untreated samples, which can be
attributed to the poor interfacial interactions of wheat
straw fillers and epoxy matrix as established by our
previous observations during FT-IR studies. With the
introduction of alkali treatment, there was an
improvement of 11.6% and 9.4% in flexural strength for
the samples A2 and B2, respectively, while, for flexural
modulus, the improvements were 28.9% and 22.5%,
respectively. Additional treatment by silane coupling
agent further resulted in enhancement of flexural
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samples. It is important to note that, with the increase in
loading of fibres, the flexural strength values decreased,
whereas the flexural modulus values were higher with
an increase in fibre loading levels. The reduction in
flexural strength with increased fibre loading can be
ascribed to the fact that at greater loading levels, the
increased population of fibre ends and fibre defects leads
to early failure. However, with an increase in filler
loading, the flexural moduli were higher for all cases,
owing to the fact that short wheat straw fibres could
possibly be able to impart restrictions to crack
propagation and epoxy chain mobility. These results are
in agreement with previous research articles (Eng et al.,
2014).

moduli was more prominent owing to the reason stated
above. It is interesting to note that the subsequent
treatments of NaOH and combined NaOH-silane
resulted in the enhancement of both flexural strengths
and moduli values. This can be attributed to the
synergistic effect of dual chemical treatment which
removes the unwanted parts like pectin and wax from
the fibres and swells the fibres, which makes them more
amenable for a chemical bond. This subsequently
restricts the chance of interfacial failures which
ultimately leads to better flexural properties. The results
are in excellent agreement with our previous results and
can be attributed to improved interfacial bonding,
decreased water absorption and formation of the more
efficient cross-linked network as compared to untreated

a

b

Figure (7): (a) Flexural strengths (b) Flexural moduli of the biocomposites
current study, the following conclusions can be drawn:
 The FT-IR study showed shifting of several
functional peaks after dual chemical treatment of the
wheat straw fibres, indicating stronger interaction
between the fibres and the epoxy matrix.
 The FE-SEM micrographs did not reveal any phase
separation, major cracks or voids for dual treated
samples, which in turn indicated strong interfacial
interactions.
 Thermogravimetric analysis indicated that the dual

CONCLUSIONS
The current study reports the utilization of bio-based
residual filler (wheat straw) as effective reinforcement
within the di-glycidal ether of bisphenol A (DGEBA)based epoxy resin. The fillers were treated with alkali
(NaOH) and a combination of silane and alkali. A range
of properties, including physical, thermal and
mechanical properties of the aforementioned
biocomposite samples, was evaluated. Based on the

- 330 -

Jordan Journal of Civil Engineering, Volume 16, No. 2, 2022

treatment of silane and alkali of wheat straw fibres
resulted in enhanced thermal stability of
biocomposites as compared to untreated and alkalitreated fibres. The study also revealed that the
thermal degradation stability decreases with the
higher loading of wheat straw fibre.
 The water absorption studies indicated an increase in
water absorption values with the incorporation of
wheat straw. However, dual chemical treatments
could improve the water resistance value from
18.8% (B1 sample) to 6.8% (B3 sample).
 The hardness values of the biocomposites were
unaffected by both chemical treatment and fibre
loading, thereby indicating no adverse effects on
hardness values.
 An improvement between 9% and 12% in the
flexural strength values could be observed after
alkali treatment; the dual treatment could achieve an
improvement of around 22% in the flexural strength

values.
 Significant improvement in flexural modulus values
could also be observed upon chemical modifications,
with the dual treatment achieving improvement
values of around 41.7% (A3 sample) and 38.8 % (B3
sample) as compared to the untreated wheat straw
sample.
Thus, it can be concluded that these wheat straw
filler-based biocomposite tiles provide a promising
potential as structural materials.
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