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Abstract

This work investigated the effects of the crystallinity index (CI) of cellulose on the flexural properties
of hybrid-cellulose epoxy composites. The CI was varied by combining cellulose microfibrils (CMF)
and microcrystalline cellulose (MCC), extracted from coir and eucalyptus, respectively, in various
mixing ratios. From the XRD analysis, it was shown that the CI values and the CMF/MCC content
follow a parabolic-fitting pattern, reaching a maximum value of 82.06% for the CMF/MCC of 30/70.
The composites with cellulose of different CI values were fabricated and the flexural properties were
measured. The results showed that the flexural strength increased as the CI increased, reaching
a maximum of 105.45 MPa for a CI value of 81.87%. However, the flexural modulus displayed
a parabolic relationship with respect to the CI value, reaching a maximum of 3,015.53 MPa for a CI
value of 81.45%. FTIR spectroscopy was used to study the correlation between the interfacial bonding
via hydrogen bonding of hydroxyl groups in cellulose and epoxy, the CI value, and the flexural
properties. It was suggested that the strength of the cellulose was an important factor for the flexural
strength of the composite, whereas both cellulose strength and interfacial bonding were crucial for

1. Introduction

Polymer composite materials have been extensively used in
various industries [1]. This is due to their outstanding advantages over
conventional materials, e.g., high strength-to-weight ratio, abrasion
resistance, corrosion resistance, chemical resistance, smoother surfaces,
and excellent design flexibility [2,3]. However, for demanding
applications such as automobile and aerospace, the mechanical
properties are usually the main factor to be considered. Though the
mechanical properties of a composite are the combination of those
of its constituents, reinforcement predominates over the matrix since
it carries most of the load. Hence, an appropriate selection of material
for use as a reinforcement is crucial.

Typically, there are two kinds of reinforcement: synthetic [4-8]
and natural [9-11]. The commonly used synthetic reinforcement
is glass, carbon, aramid, etc., whereas the natural ones are natural fibers
and cellulose from plants or animals. Though synthetic ones have
already been utilized extensively, natural fibers are also acquiring
interest over the years [11-14]. Natural fibers, particularly cellulose
fibers, have low density, better machinability, a more reactive surface,
low price and good availability, decent mechanical properties, and
better recycling capability [15-17]. More importantly, they are also
abundant in nature, resulting in their low price. Cellulose can be derived
from plants or animals. The plant-based cellulose can be extracted
from, e.g., coir [9] and eucalyptus [18] which exists in two crystalline
forms, i.e., cellulose I and cellulose I [19]. Figure 1 shows the chemical
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the enhancement of the flexural modulus.

structure of cellulose with the chemical formula [C¢H10Os]a. They
normally exist in the form of microfibril bundles enclosed by impurities,
i.e., hemicellulose, lignin, pectin, wax, and other substances [4-8].
Various kinds of chemical treatments [9,18,20] are required to remove
those impurities.

Cellulose is a polymer called polysaccharide made of thousands
of repeating units of §-(1—4)-D-glucopyranose monomers [21].
The glycosidic linkage between pyranose rings forms a linear chain
of a homopolymer with high rigidity [15]. The hydroxyl groups around
the chain can form intermolecular hydrogen bonds between the chains,
and intramolecular hydrogen bonds within the same chain as shown
in Figure 2. The intermolecular hydrogen bonding between chains
holds the cellulose molecules together closely resulting in highly
ordered structures called crystalline regions as shown in Figure 3.
This gives the microfibrils high strength. However, there are also
regions with less ordered structures called amorphous regions, where
the chains are less linked and further apart. Thus, there are more
free hydroxyl groups available for bonding with other substances,
e.g., with composite, the polymer matrix.

An interfacial bonding between the reinforcement and matrix is
also equally important in determining the overall mechanical properties.
A good interfacial bonding can help transfer load from the matrix
to reinforcement more effectively. Generally, there are three main
types of interfacial bonding: mechanical, physical, and chemical [22].
For a cellulose-reinforced polymer composite, the principal interfacial
bonding is mechanical interlocking as well as physical bonding,

DOI: 10.55713/jmmm.v34i3.1902



2 POOPAKDEE, N., and THAMMAWICHAL W.

e.g., hydrogen bonding between fibers and matrix. The intermolecular
hydrogen bonding between cellulose molecules and matrix depends on
the number of interacting hydroxyl (-OH) groups. Although cellulose
fibers have a high surface area and high tensile strength [23,24],
their usability in a polymer matrix, e.g., polypropylene and epoxy,
is still limited. This is because of their compatibility issues resulting
in low dispersibility and low interfacial bonding, subsequently
leading to poor mechanical properties. Various approaches were
explored to solve this problem, but they involved the use of chemicals,
e.g., compatibilizers, and surfactants [25-28]. This work will explore
an alternative method to improve hydrogen bonding through
manipulation of the crystallinity index (CI) of cellulose without
involving chemicals and complicated procedures.

The CI of cellulose microfibrils is the ratio between the crystalline
regions and amorphous regions. Cellulose microfibrils with more
amorphous regions and fewer crystalline regions contain more free
—OH groups to interact with the matrix, while the ones with fewer
amorphous regions will contain fewer free -OH groups and will be
less reactive [29,30]. Nevertheless, having too many amorphous
regions will reduce the strength of the fibers, resulting in poorer
mechanical properties [31]. Conversely, having too many crystalline
regions will decrease the intermolecular hydrogen bonds with the
matrix, which might result in poorer mechanical properties as well.
Hence, by adjusting the CI of the cellulose reinforcement, we could
optimize the mechanical properties of the composite, where a balance
between interfacial bonding and reinforcement strength is achieved.
One way to adjust the CI is to use ball milling [32, 33]. However, it is
difficult to control the resultant CI. Owing to its highly destructive
nature, fibers were damaged and broken very rapidly, resulting in
a rapid reduction of CI value, thereby reducing the strength of the
fibers dramatically.

In this work, we adjusted the CI of cellulose reinforcement by
combining cellulose microfibrils (CMF) [9] extracted from coir and
microcrystalline cellulose (MCC) [32,34,35] extracted from eucalyptus,
which have different CI, in various mixing ratios. Then we investigated
the effects of the CI on the mechanical properties of hybrid-cellulose
epoxy composites. Moreover, the correlation between the hydrogen
bonding of —OH groups in cellulose and epoxy molecules and the
flexural properties of the composites was also explored.
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Figure 1. The chemical structure of a cellulose molecule.
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Figure 2. Intramolecular and intermolecular hydrogen bonding in cellulose
molecules.
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Figure 3. Crystalline and amorphous regions in cellulose microfibrils.
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2. Experimental

2.1 Materials

The CMF was prepared in-house from a coconut coir purchased
from a local source. The MCC was supplied by SCG Packaging Pub
Co., Ltd. The epoxy resin was purchased from BRP Composite Part., Ltd.

2.2 Preparation of CMF

The CMF was prepared by first cutting the coir into shorter fibers,
washing with boiled DI water, and drying in an oven at 70°C. With
a coir-to-solution ratio of 1:70, the coir was then treated with 10% w/v
NaOH at 90°C for 2 h. After that, the NaOH-treated fibers were
thoroughly washed with DI water numerous times until pH 7 was
achieved, and dried at 70°C. Next, with a fibers-to-solution ratio of
1:60, the NaOH-treated fibers were treated with 30 wt% H2O» at
90°C for 3.5 h. The H20»-treated fibers were rinsed with DI water
numerous times. After that, they were ultrasonicated in DI water at
room temperature for 1 h using Elma Elmasonic E30H ultrasonic
bath at 37 kHz. Finally, they were air-dried for 24 h.

2.3 Fabrication of hybrid-cellulose epoxy composites

CMF and MCC were combined in various mixing ratios, added
into ethanol, and stirred at 500 rpm for 10 min using an IKA RW
20 digital overhead stirrer. The combined cellulose reinforcement
was homogeneously dispersed in ethanol using a technique called
“Couple Ultrasonication” [36]. This technique uses both ultrasonic bath
(ELMA E 30 H Elmasonic) and ultrasonic probe systems at the same
time. The ultrasonic probe system, Cole-Parmer 500 W Ultrasonic
Homogenizer, comprises an ultrasonic processor model CP505 with
an operating frequency of 20 kHz and a maximum power of S00 W,
and an ultrasonic probe model CV334. The Couple Ultrasonication
was performed with a probe amplitude of 60% and an ON/OFF pulse
interval of 30/20 s for 30 min. After that, the ultrasonicated mixture
was mixed with epoxide by stirring at 800 rpm for 5 min. The ethanol
was then removed from the mixture by heating at 50°C using a hot plate
while stirring at 500 rpm using an overhead stirrer. This process
was performed until there was no more than 10 wt% of ethanol left
in the mixture, which was determined by weighing. The mixture was
then cooled down to room temperature. Later, the cellulose-epoxide
mixture was couple-ultrasonicated for 30 min under the same
conditions previously used and cooled down to room temperature
before thoroughly mixing with hardener. The resin casting technique
was used to fabricate the composite specimens for flexural properties
testing according to ASTM D790 [37] with a span-to-thickness ratio

of 16:1, a span length of 48 mm, a thickness of 3 mm, an overall
length of 90 mm, and a width of 12.7 mm. Table 1 shows the amounts
of CMF, MCC and epoxy resin used for the fabrication of five
composite test specimens. The total weight content of the combined
cellulose reinforcement was kept at 2 wt%.

2.4 Characterizations
2.4.1 Flexural properties testing

The flexural properties testing was performed using a universal
testing machine (NRI-TS500-50B) according to procedure A specified
in ASTM D790 [37]. The rate of crosshead motion of 1.28 mm-min!,
which results in a strain rate of 0.01 mm-min~!, was used. The force
applied and the deflection depth of the specimens were recorded.
The crosshead displacement was used as the deflection depth. The
tests were carried out until the failure of the specimens was reached
and repeated for five specimens. The stress-strain curves were plotted,
and the flexural properties were analyzed.

2.4.2 X-ray diffraction (XRD)

In this work, we examined the CI of the cellulose reinforcement
by XRD employing a Rigaku SmartLab X-ray Diffractometer
(Synchrotron Light Research Institute: SLRI). The test was performed
in the range of x-ray diffraction angle (26) of 10° to 30° with a step
width of 0.02° and a scan speed of 2.4225° per min. The XRD patterns
were in the form of reflected intensities against 20 angle. A peak
height method [38, 39] was used for the determination of CI. The
ClI can be calculated by taking the difference between the intensity
of'the crystalline peak of the crystal plane (0 0 2), Iyo,, at 26 =22.5°
and that of the amorphous peak, Iy, at around 26 = 18.0°-19.0°,
and then divided by Iy, and times 100%, as shown in Equation (1).

— doo2-Lam 100%
102

CI (M

2.4.3 Fourier transform infrared spectroscopy (FTIR)

In this work, FTIR was used for two purposes. The first was to
verify the product of the extracted cellulose and the removal of
impurities, such as lignin and hemicellulose, from the cellulose
microfibrils. The second was to investigate the hydrogen bonding
between the cellulose reinforcement and epoxy matrix by tracking
the characteristic peak at 3350 cm™! which corresponds to the vibration
of “OH groups. The FTIR was performed in the range of 4000 cm™!
to 800 cm™! using Bruker Tensor 27 spectrometer with Hyperion
3000-MCT microscope (SLRI) with a resolution of 4 cm™! and 64
scans. Diamond anvil cells and a Ge ATR-crystal were employed.

Table 1. Summary of the composition of cellulose-reinforced epoxy composite.

Mixing ratio

Quantity (g)

(CMF/MCC) CMF MCC Epoxy
100/0 0.61 0.00 29.89
75125 0.46 0.16 29.89
50/50 0.31 0.31 29.89
30/70 0.19 0.43 29.89
0/100 0.00 0.61 29.89
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2.4.4 Scanning electron microscopy (SEM)

The morphology of the untreated coir and extracted cellulose
were examined using a Zeiss EVO 10 scanning electron microscope
(Technical Division, Directorate of Armament, Royal Thai Air Force)
operating at 25 kV.

3. Results and discussion

3.1 Characterizations of cellulose reinforcement

The CMF and MCC were examined by SEM analysis and FTIR
spectroscopy to confirm that the impurities such as hemicellulose,
lignin, wax were successfully removed, as shown in Figure 4 and
Figure 5.

Figure 4 compares the photographs and SEM micrographs of
the untreated coir fibers, the CMF, and the as-received MCC. Originally,
the untreated fibers were light brown. They were bundles of cellulose
microfibrils covered with hemicellulose, lignin, wax, etc., making
their diameters as large as 100 pm. After the chemical treatment,
the fibers were an off-white color. The diameters were dramatically
smaller, ranging from 14 pm to 20 pm. This suggests that the impurities
were removed and individual microfibrils were separated. The as-
received MCC was whiter and much shorter than the CMF. Figure 5
compares FTIR spectra of the untreated coir, the CMF, and the
as-received MCC, in the wavenumber range 800 cm™ to 4000 cm.
For the untreated coir, the spectrum shows a peak at 1738 cm™
which is attributed to the stretching vibrations of the C=0O bonds of
ketone, carbonyl, aliphatic, carboxylic and ester groups in hemicellulose,
lignin, waxes, and fats [40-44]. Moreover, there are also peaks around
1649 cm™! to 1600 cm™! which correspond to aromatic ring vibration

in hemicellulose and lignin [42,45]. In addition, there is a peak at
1512 cm™! attributed to benzene ring stretching vibrations in lignin
[45]. Another evidence of lignin and waxes present in the untreated
coir is a peak around 1300 cm™! to 1200 cm™! which is attributed to
the vibrations of the C—O bonds of the esters, ethers, and phenols
[46] and aromatic skeletal vibration [47]. After the chemical treatment,
those peaks are absent, indicating a removal of all impurities. The
FTIR spectrum of MCC is similar to that of the CMF.

3.2 Crystallinity index of cellulose reinforcement

The cellulose reinforcements of CMF/MCC mixing ratios 100/0,
75/25, 50/50, 30/70, and 0/100 were examined by XRD. The XRD
spectra are shown in Figure 6. The characteristic peaks of crystalline
cellulose are shown at 20 = 14.5°, 16.5°, and 22.5°, which correspond
to the crystal planes (1 0 1), (1 0 1) and (0 0 2), respectively [39].
Table 2 shows the crystallinity index of the cellulose reinforcements,
which were calculated according to Equation (1).

The CI values were then plotted against the MCC content as
a representation of CMF/MCC mixing ratios, as shown in Figure 7.
The data points were also curve-fitted in a blue dashed line. The fitting
results illustrating the relationship between the MCC content and CI
values indicate that they follow a parabolic-fitting pattern. The 100/0
mixing ratio (100% CMF) exhibits the lowest CI of 75.21%. As the MCC
content gets higher (lower CMF content), the CI reaches a maximum
value of 82.06% at 30/70 mixing ratio, but then slightly declines to
81.81% at 0/100 mixing ratio. The reason for the higher CI value for
the 30/70 mixing ratio might be that the small amount of CMF may
interact with the MCC, and they interconnect to form a more rigid
network via hydrogen bonding [48,49]. This demonstrates that CI was
successfully adjusted by mixing CMF and MCC in various ratios.

250 pm o
— P

Figure 4. The photographs (top) and SEM micrographs (bottom) of the untreated coir (a), the CMF (b), and the as-received MCC (c).

Table 2. The crystallinity indexes of cellulose-reinforced epoxy composite at different CMF/MCC mixing ratios.

Mixing ratio (CMF/MCC) Crystallinity index (%)
100/0 75.21
75/25 79.06
50/50 81.45
30/70 82.06
0/100 81.87
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Figure S. The FTIR spectra of the untreated coir (black solid line), the CMF
(red solid line), and the as-received MCC (blue solid line).
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Figure 6. The XRD patterns of cellulose reinforcements with CMF/MCC
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Figure 7. The crystallinity index of CMF/MCC cellulose reinforcement
as a function of MCC content and the fitted curve (blue dashed line).

3.3 Mechanical properties

The flexural properties of the composite samples with the CMF/
MCC mixing ratios 100/0, 75/25, 50/50, 30/70, and 0/100 were studied
according to ASTM D790. Figure 8 shows the flexural stress-strain
curves of the test results. The flexural properties were determined
from the stress-strain curves and plotted as bar charts, as shown in

Figure 9-11. The flexural stress-strain curves show a rather obvious
trend regarding the change in the CMF/MCC mixing ratio. The flexural
strength increases as MCC increases and CMF decreases. The results
as shown in Figure 8 and Figure 9 demonstrate that the addition of
MCC improves the flexural strength of epoxy composites. The highest
value is reached by the composition with a 0/100 mixing ratio.

For the flexural strain, the 0/100 sample shows the broadest plastic
deformation region. This region then vanishes when the CMF content
is higher than 30%. As shown in Figure 10, the 0/100 sample shows
the highest flexural strain-at-maximum of 6.5% and strain-at-break
0f'9.5% The 100/0 sample shows the lowest flexural strain of 3%.
This suggests that an increase in CMF content can reduce the plastic
deformation region.

The slope of the flexural stress-strain curve signifies the flexural
modulus of a material. The slope of the curves gets steeper when
increasing MCC content from 100/0 towards 50/50 where the slope
is steepest. Hence, Figure 11 shows that the modulus increases to 50/50
mixing ratio and then decreases as the amount of MCC increases.
The 50/50 has the highest flexural modulus of about 3,000 MPa.
The steepness of the slope then declines for the 30/70 sample and
the lowest for the 100/0 sample. Thus, the flexural modulus of the
composite does not simply follow the amount of CMF or MCC.
This might be also attributed to the interfacial bonding between
reinforcement and matrix, as will be discussed later.
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Figure 8. Flexural stress-strain curves of the composite samples with the
CMF/MCC mixing ratios of 100/0 (black), 75/25 (red), 50/50 (green), 30/70
(yellow) and 0/100 (pink).
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Figure 9. Flexural stress-at-maximum and stress-at-break of the composite samples
with the CMF/MCC mixing ratios of 100/0, 75/25, 50/50, 30/70, and 0/100.
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Figure 11. Flexural modulus of the composite samples with the CMF/MCC
mixing ratios of 100/0, 75/25, 50/50, 30/70, and 0/100.
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3.4 Effect of crystallinity index on mechanical properties

In this section, we investigate the correlation between the CI
and the mechanical properties of the corresponding composites.
The CI, flexural strength and flexural modulus of the corresponding
composites reinforced with different CMF/MCC mixing ratios are
shown in Table 3.

The flexural properties were plotted against the CI, as shown in
Figure 12 and Figure 13. The fitting results of the relationship between
the flexural strength and CI exhibit proportional linearity; the flexural
strength increases as the Cl increases. However, the relationship
between flexural modulus and CI follows a parabolic-fitting pattern.
The flexural modulus gradually increases as CI increases from 75.21%
and reaches its peak when CI is approximately 79%. It is then lower
when the CI is higher.

3.5 Interfacial interaction via hydrogen bonding

We investigated the interfacial bonding via hydrogen bonds
between the cellulose and epoxy with FTIR spectroscopy. The
hydrogen bonding is observable through the absorption band for
the hydroxyl (-OH) group in the FTIR spectrum. The spectra of the
neat sample (EP) and the hybrid-cellulose epoxy composite samples
were compared in Figure 14. The composite samples are 100/0-EP,
75/25-EP, 50/50-EP, 30/70-EP, and 0/100-EP. The —OH characteristic
peaks in the FTIR spectra for each sample were plotted in the range
0f 3600 cm™ to 3050 cm™! with an inset showing the full range of
spectrum of 4000 cm™! t0700 cm™. Typically, free -OH groups exhibit
a narrow and strong characteristic absorption peak because of the
stretching vibrations of the O-H bond around 3600 cm™' [50]. However,

Table 3. The crystalline index and flexural properties of epoxy composite reinforced with different CMF/MCC mixing ratios

CMF/MCC CI (%) Strength (MPa) Modulus (MPa)
100/0 75.21 77.89 +£7.80 2,832.38 +£39.87
75/25 79.06 91.13+1.24 2,992.63 £35.22
50/50 81.45 94.51 +£7.69 3,015.53 +£35.44
30/70 82.06 103.11 £4.27 2,853.93 £46.21
0/100 81.87 105.45+£1.01 2,660.14 + 13.59

J. Met. Mater. Miner. 34(3). 2024
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the formation of hydrogen bonds will lead to a shift slightly to
a lower wavenumber, a broadening of the peak, and a change in the
peak intensity of the absorption band [40,42,47,51-53]. This is because
cooperative hydrogen bonding increases the O—H bond length while
causing the weakening of the O—H bond [54]. Consequently, the
stretching vibration frequency is lower. In the present work, the -OH
stretching peak is observed around 3350 cm™ [51].
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Figure 14. The FTIR spectra of the neat epoxy (EP, black) and the hybrid-
cellulose epoxy composites 100/0-EP (pink), 75/25-EP (cyan), 50/50-EP (blue),
30/70-EP(green), and 0/100-EP (red).
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maximum (c), position (d) of the -OH characteristic peaks in the FTIR spectra,
and the flexural strength (¢) and flexural modulus (f) of the hybrid-cellulose
epoxy composites.

By observing the change in peak intensity, peak width, and peak
position, the hydrogen bonding of the ~OH groups can be analyzed.
In order to study the correlation between the CI and hydrogen bonding
and their effects on the flexural properties of the hybrid-cellulose
epoxy composite, peak height, peak position, and full-width half
maximum (FWHM) were decomposed using Gaussian deconvolution.
Figure 15 shows the comparison of the degree of crystallinity, the
normalized peak height, peak position, and full-width half maximum
of the Gaussian-fitted peaks of the O—H stretching mode of the hybrid-
cellulose composites compared with flexural strength and flexural
modulus. As shown in Figure 15, the peak intensity is weakened, and
the peak width becomes narrower as the CI value is higher, whereas
the peak position is shifted toward a higher frequency. The 100/0-EP
has the strongest and broadest -OH peak and the largest shift to the
lower wavenumber. This indicates that there are a lot of free -OH
groups from the CMF forming either intramolecular or intermolecular
hydrogen bonding. This agrees well with the lowest CI value of the
CMF. With the increasing CI value from 79.06% for the 75/25-EP
to 81.45% for 50/50-EP, there was a weakening of peak intensities,
narrowing down of the band, and peak shifting to higher wavenumber.
This suggests a decrease in the number of -OH groups forming hydrogen
bonding and weakening of hydrogen bonding [32,54-56]. When the
CI value increases from 81.45% for the 50/50-EP to 82.06% for the
30/70-EP and to 81.87% for the 0/100-EP, there is a slight decrease
in peak intensity and a smaller shift in peak position. However,
the peak width of the 30/70-EP is significantly smaller than those of
50/50-EP and 0/100-EP.

The CMF has a high surface area with an enormous amount of
hydroxyl groups [54], which reacts with epoxides with less amount
of hydroxyl groups [57]. Hence, this leads to the strong tendency to
form intermolecular hydrogen bonding with each other, which could
contribute to the steric hindrance [58] lowering interfacial bonding,
together with lower fiber strength due to low CI, thereby contributing
to the lowest flexural strength [41,56]. As the CI gets higher from
79.06% for the 75/25-EP to 82.06% for 30/70-EP, the number of free
—OH is lower while the strength of the cellulose is higher. As a result,
the flexural strength is higher. The 0/100-EP sample has the highest
flexural strength because the MCC has high CI (fewer free —OH and
high fiber strength). This suggests that the flexural strength of the
hybrid-cellulose epoxy composite largely depends on the strength
of the cellulose, rather than the interfacial bonding.

The flexural modulus is lower for the 100/0-EP due to a similar
reason as with flexural strength. There are enormous amount of -OH
groups in the CMF [54] forming hydrogen bonding with each other
rather than with epoxy [57,58], thereby lowering interfacial bonding,
resulting in a decrease in the flexural modulus of the composite.
The flexural modulus is higher for the 75/25-EP and reaches the
maximum for the 50/50-EP. This is because of the lowering of CMF
content in the composite, which results in a reducing amount of free
—OH groups, and the raising of MCC content, which results in an
increase in the strength of reinforcement. In addition, the formation
of the rigid network of cellulose reinforcement via hydrogen bonding
is one of the keys to the enhancement of the elastic modulus of the
composite [48,49]. The 50/50-EP sample may have a suitable amount
of free —OH groups from CMF and MCC that can interact with each
other, forming a stronger network, while also forming hydrogen bonds
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with epoxy. The flexural modulus of 30/70-EP and 0/100-EP drops
dramatically, albeit with a relatively higher fiber strength (higher
CI). This may be because of the low aspect ratio of the MCC and
a reducing amount of free —OH groups that prevent them from
forming a solid network between themselves and with the epoxy,
which will subsequently diminish the mechanical properties [59].
In conclusion, the CI value of 81.45% (50/50-EP) appears to be the
sweet spot for enhancing the flexural modulus where the balance
between the strength of reinforcement and hydrogen bonding is
achieved.

4. Conclusions

This work studied the effects of the crystallinity index of cellulose
reinforcement on the flexural properties of the hybrid-cellulose epoxy
composites. The CI of the cellulose reinforcement was varied by
combining two types of cellulose: cellulose microfibrils from coir
and microcrystalline cellulose from eucalyptus in various mixing ratios.
The flexural properties of the cellulose composites were measured and
the correlations between the CI, the flexural properties, and the
interfacial bonding via hydrogen bonding were examined using FTIR
spectroscopy. The results showed that the cellulose reinforcement
with a higher degree of CI (higher fiber strength) enhanced the flexural
strength of the composite, i.e., the flexural strength increased as the
CI values increased proportionally. In contrast, both fiber strength
and interfacial bonding played a critical role in the enhancement of
the flexural modulus. The flexural modulus displayed a parabolic
relationship with respect to the CI value. The flexural modulus was
highest when the CI value reached 81.45% (50/50-EP) and it was
lower when the CI value was higher or lower. It appears that at this
CI value, the balance between the strength of reinforcement and
hydrogen bonding is achieved.
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