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Abstract Using bacterial cellulose (BC) prepared from Vietnamese nata-de-coco
via an alkaline pre-treatment followed by a solvent exchange process, epoxy resin
(EP)/BC biocomposites were fabricated using three different dispersion techniques:
mechanical stirring only, both mechanical stirring and grinding, and both
mechanical stirring and ultrasonication. The surface of BC was modified with a
silane coupling agent to improve the chemical affinity between BC and epoxy resin.
The biocomposite materials comprising BC, epoxy resin, and methylhexahy-
drophthalic anhydride as a curing agent were obtained from hot curing processing.
The morphology and mechanical properties such as fracture toughness, enhanced
Kjc values, and tensile and flexural properties of the bio-based composites were
compared with those of the virgin epoxy resin. The silane coupling agent had a vital
role in improving the mechanical characteristics of the bio-based composites. For
instance, Kjc values, tensile strength, Young’s modulus, and flexural strength of the
0.3 wt% BC/epoxy composites with the presence of 2.0 wt% silane coupling agent
were 0.7740 MPa m'?, 53.32 MPa, 1.68 GPa, and 83.05 MPa. These values rep-
resent improvements of 36.77, 17, 15.86, and 14.42%, respectively, compared to a
neat epoxy resin. Scanning electron microscopy revealed the rough fracture surface
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of epoxy resin/BC-based biocomposites with a multipathway crack, requiring more
energy before breakage.

Keywords Epoxy resin - Bacterial cellulose - Bio-based composite - Nata-de-coco -
Mechanical property - Fracture toughness

Introduction

Along with the huge development of polymer-based composite materials, many
kinds of reinforcement materials, such as glass fiber [1], carbon fiber [2], and Kevlar
[3] have been used for composites with great improvements in the mechanical
properties. On the other hand, all of these usually come from chemical industries
through chemical synthesis or from petroleum sources, causing a range of
environmental problems during their synthesis and uses. In recent years, researchers
have paid more attention to finding new materials with renewable and biodegradable
features due to a decrease in non-renewable resources and environmental concerns
[4]. In addition, the use of renewable resources has brought many economic
advantages at low cost compared to non-renewable resources. In this context, a re-
enforcer with cost-effective and sustainable resources can replace industrial
resource-based fillers. Cellulose is the most renewable and abundant natural
biopolymeric resource on Earth [5]. Among its various sources, bacterial cellulose
(BC) is a type of biological resource [6] that can be used as a filler for biocomposite
fabrication. BC exists in one kind of coconut palm product, called nata-de-coco.
In Vietnam, coconut palms are planted widely in all regions of the Mekong Delta,
especially in Ben Tre Province, which is called the capital of coconut production
[7]. Coconut water is also the most valuable product of the coconut palm and many
applications, such as beverages or for the production of nata-de-coco. Nata-de-coco
is produced from coconut water medium enriched with carbon and nitrogen through
fermentation processing using genera Acetobacter bacteria [8]. Under such
conditions, nanosized BC fibrils are secreted through Acetobacter bacterial cell
wall [9], with dimension of 70—100 nm in width and several micrometers in length.
Nanosized BC fibers are characterized by the high water holding capacity, high
hydrophilicity due to many hydroxyl groups located in their structure, high
crystallinity (due to no other ingredients such as lignin and hemicellulose in
comparison to plant cellulose), and high strength and modulus with very large
specific surface area [10]. Furthermore, owing to its excellent properties, BC has
become an essential part of the biocomposite materials based on different kinds of
resins, such as epoxy [11, 12], PLA [13, 14], and PVA [15, 16], with significant
enhancement of their mechanical properties. Epoxy resin, as one of the most
important thermoset resins, possesses many favorite features, such as high strength,
high modulus, good chemical resistance, and compatibility with various kinds of
fillers. For this reason, epoxy resin is used widely in various industrial applications,
such as marine [17], automobile, airplane [18], and medical devices. On the other
hand, owing to its high cross-linking density, the epoxy resin has many serious
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drawbacks in terms of brittleness or poor crack resistance at normal condition
testing, which limits its applications to areas requiring high mechanical strength.
Therefore, many studies have focused on enhancing the fracture toughness of epoxy
resin. The common methods are either chemical modification to make the epoxy
chain longer [19] or incorporation of hard particles [20, 21], thermoplastics [22],
and nanofiber [23]. Among these, Liu et al. [24] used nanosilica—rubber core—shell
nanoparticles to achieve 39.4% improvement of the impact strength at a 2 wt %
loading. They also showed that the main causes for this phenomenon are crazing,
microcracks formation, and debonding of nanoparticles from the matrix. Ladani
et al. [25] used aligned carbon nanofibers to improve both the toughness and
electrical conductivity of epoxy resin based nanocomposites. Vu et al. [19] reported
that adducts obtained from thiokol showed improved fracture toughness of both
epoxy resin and epoxy-based composite materials, because the epoxy chains are
longer and more flexible and also reduce the degree of cross-linking. In this content,
the BC nanosized fibrils were chosen as a toughening agent to overcome the
inherent brittleness of epoxy networks because of its abundant availability, low cost
and high mechanical strength. Apart from it, various filler/polymer composites with
enhanced properties have been synthesized through different methodologies. Boland
et al. [26] fabricated high stiffness nanocomposite fibers from polyvinyl alcohol
filled with graphene and boron nitride by coagulation spinning using polyvinyl
alcohol as a matrix. Son et al. [27] studied the compatibility of thermally reduced
graphene (TRG) with multiblock copolyesters, composed of poly(butylene tereph-
thalate) (PBT) segments and poly(tetramethylene ether) glycol segments. Reddy
et al. [28] successfully synthesized the poly(ortho-toluidine) (POT)-gold (Au) and
palladium (Pd) composite nanospheres by the reaction of o-toluidine with the
corresponding metal (Au or Pd) colloidal solution through the self-assembly process
in the presence of dodecylbenzenesulfonic acid (DBSA), which acts as both a
dopant and surfactant, and ammonium peroxydisulfate as an oxidizing agent. Han
et al. [29] fabricated the graphene modified lipophilically by stearic acid and its
composite with low density polyethylene. Reddy et al. [30] have an overview about
hybrid nanostructures based on titanium dioxide for enhanced photocatalysis. In
another work, Reddy et al. [31] report the synthesis of conducting polyaniline-
functionalized multi-walled carbon nanotubes (MWCNTs-f-PANI) containing noble
metal (Au and Ag) nanoparticle composites (MWCNTs-f-PANI-Au or Ag-NC).
MWCNTs-f-PANI. Reddy et al. [32] fabricated the nanostructured titanium dioxide/
polyaniline hybrid with enhanced photocatalytic activity. Khan et al. [33]
synthesized carbon nanotube (CNT) composites in a colloidal system with
poly(styrene) or PS to form a nanostructured brush.

Although BCs have been used as effective and sustainable filler for epoxy resin
using difference dispersion method, to the best of our knowledge the comparison
between dispersion methods using mechanical stirrer only, both mechanical and
grinding and both mechanical and ultrasonic have been seldom reported. The
solvent exchange method used to prepare the solution of BC in ethanol is considered
to be new. The current study focuses on the preparation and characterization of bio-
based composite materials from epoxy resin and BC. A suspension of BC in ethanol
was used as a bio-filler source to prepare EP/BC mixtures. The (3-
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glycidyloxypropyl)trimethoxy silane coupling agent (GS) was also added along with
a suspension of BC in ethanol into the epoxy resin to enhance the stability of BC in
the epoxy matrix. The mechanical properties, such as tensile properties, flexural
properties, and fracture toughness of bio-based composite materials, are greatly
affected by the dispersion of fillers, and their interfacial interactions with epoxy
resin were investigated.

Experimental
Materials

Nata-de-coco used as a bacterial cellulose source was obtained from Dang Khoa
coconut company, Ben Tre Province, Vietnam with a 10 wt% dry content (90 wt%
of nata-de-coco is water). Epoxy resin (trade name Epikote828, epoxy con-
tent = 22.63%, molecular weight ~383 g/mol, viscosity = 12-13 Pa s, den-
sity = 1.16 g/lem® at  25°C) was supplied by  Shell Chemical.
Methylhexahydrophthalic anhydride (MHHPA) procured from Jiaxing Alpharm
Fine Chemical Co., China, was used as the curing agent. 1-Metylimidazol (NMI)
and polyol (BASF, Germany) was used as the accelerators. (3-Glycidy-
loxypropyDtrimethoxysilane (GS) was purchased from Sigma-Aldrich. Ethanol
and acetone were used as the solvent without further purification.

Methods of BC dispersion in epoxy resin

Initially, the suspension of 20 wt% BC in ethanol was prepared from nata-de-coco
by combining two processes of an alkaline pre-treatment followed by a water
exchange process. The aim of this processing is to replace water in nata-de-coco
with ethanol. First of all, nata-de-coco was maintained in a 2.5 M NaOH solution
for 8 h at room temperature to remove the bacterial cells, followed by washing with
distilled water until neutralization. The alkaline pre-treated nata-de-coco was well
blended using a food mixer for 20 min to obtain a cellulosic pulp. In the next step,
the water in the slurry was removed using a vacuum filter before obtaining the BC
sheet containing approximately 80 wt% water and 20 wt% BC. Subsequently, the
BC sheet was immersed in ethanol and blended using a food mixer for 20 min and
filtered with the help of a vacuum filter. This processing was repeated three times
before producing the suspension of 20 wt% BC in ethanol. The obtained suspension

suspension of BC in ethanol

nata-de-coco mixing in blender slurry vacuum filter product-1 (20 wt% BC)
=
A imersed in ethanol
s A 1 —>
o R iy well mixed in blender @
and vacuum filter

(repeat three times)

Fig. 1 Preparation of the suspension of 20 wt% BC in ethanol
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was used for the preparation of EP/BC mixtures as well as bio-based composite
materials. Figure 1 shows the details of this processing.

In this study, three different dispersion methods were used to incorporate BC in
the epoxy resin, in which the BC contents were in the range 0-0.4 wt% with respect
to the mass of epoxy resin. As the first mixing method of using a high speed
mechanical stirrer only (MS), the epoxy resin was processed in an Ultra-Turrax
homogenizer (IKA-werne/T50 basic/S50 N-G45G) at 2000 rpm for 20 min at
70-80 °C, followed by the slow addition of the suspension of 20 wt% BC in ethanol
until the required BC content was reached. The time for this processing took 5 h.
Subsequently, the ethanol was removed completely from the mixture using a
vacuum oven at 60 °C for 3 h before curing processing.

The second mixing method uses both a high speed mechanical stirrer and grinder.
First, the suspension of BC in ethanol was calculated and dispersed in epoxy resin
using a high speed mechanical stirrer at 2000 rpm, at 70-80 °C for 5 h.
Subsequently, the obtained mixture was ground at 400 rpm for 720 min using a
grinder, and the ethanol in the mixture was removed completely using a vacuum
oven at 60 °C for 3 h.

For the third method, the dispersion of BC in epoxy resin was mixed using a high
speed mechanical stirrer and ultrasonic technique. Initially, the suspension of BC in
ethanol was dispersed in epoxy resin using a high speed mechanical stirrer at
2000 rpm, at 70-80 °C for 5 h. Subsequently, the resulting mixture was agitated by
ultrasonication for 30 or 60 min. An ice bath was also used in this step to prevent
the evaporation of ethanol. Finally, the ethanol in the mixtures was removed
completely using a vacuum oven at 60 °C for 3 h.

Preparation of bio-base composite materials

The epoxy resin was well mixed with a curing agent of MHHPA (molar ratios of
MHHPA/EP change in the range from 0.8 to 1.01), accelerators of NMI and polyol
(1.5 wt% with respect to the total mass of the MHHPA/EP mixture) at 60 °C for
60 min using a magnetic stirrer. The mixture was degassed, poured into a mold
coated with a release agent and cured in a vacuum oven via two steps: at 80 °C for
60 min followed by 100 °C for 60 min. Similar procedures were used to prepare the
bio-based composite materials containing 0.1, 0.2, and 0.3 wt% BC in the epoxy
resin.

Characterization

The degree of crystallinity (%) of BC was analyzed by X-ray diffraction (XRD) on a
theta—theta type XRD-D8 ADVANCE, Bruker (Germany) using Cu-radiation
generated at a voltage of 40 kV and a current of 40 mA with a D/texUltra detector.
The scan range was 10°-50° 20. The crystallinity index of BC was determined by
the XRD peak height method using the following equation [34]:
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cr = 1002[ fam ) (1)

002
where Iy, is the maximum intensity of the peak corresponding to the plane with
Miller indices of 002 and I, is the minimal intensity of the diffraction of the
amorphous phase at 18° 20.

The thermal stability of both the treated and untreated BC was examined by
thermogravimetric analysis [TGA, Setaram TG (France)]. The samples (~ 5-8 mg)
were heated in air from 30 to 600 °C at a heating rate of 10 °C min .

The gel content of the cured samples, which is represented as the undissolved
part of the sample, was determined using a Soxhlet extractor and acetone as the
solvent. The process included multi-steps. First, the filter paper was extracted in
acetone for 20 h to remove the dissolved parts. Subsequently, the extracted filter
papers were dried until a constant mass was obtained and weighed (c). The samples
were packed and weighed with dried extracted filter paper (b) and extracted with
acetone for 20 h. The samples after being extracted with acetone were dried and
weighed again (a). The gel content (X) was calculated using the following equation:

a—

X=3 € % 100%, (2)

—C

where a is the weight in grams of extracted samples including filter paper, ¢ the
weight in grams of the extracted filter paper, and b the weight in grams of the
pristine samples including the filter paper. The relationship between the gel content
and curing rate versus curing time was also calculated. The morphology of the
fracture surface of both the virgin epoxy and bio-based composite materials was
examined by scanning electron microscopy (SEM, S-4800 Hitachi, Japan). The
samples were coated with a ~5 nm Pt overlayer to avoid charge accumulation
during electron irradiation.

Regarding their mechanical characterization, both the tensile and flexural
properties were measured using a mechanical tester (INSTRON 5582-100KN, USA)
at 25 4 2 °C and 60 + 5% RH at a crosshead speed of 2 mm min~"' according to
the ISO 527 and ISO 178 standards, respectively. Five specimens for each type of
bio-based composite material were measured. IZOD notched impact strength tests
were also carried out on a Tinius Olsen Model 92T Plastic Impact (USA) impact
tester in accordance with ISO 180. The measurements were taken at 25 + 2 °C and
60 £ 5% RH. The data correspond to the average value of at least five specimens.
The fracture toughness of all cured samples was evaluated using the critical stress
intensity factor (Kjc) according to the ASTM D5045-99 standard by single-edge-
notched (SEN) tests in a flexural three-point bending setup. Testing analysis was
performed using a Lloyd 500N machine. The dimensions of the single-edge notch
specimen (SEN) were approximately 30 x 6 x 3 mm with an initial notch length
of approximately 2.54 mm. The specimen was then slid with a fresh razor blade to
generate cracks. The span length was set to 24 mm, which is approximately four
times the width of the specimen, and the load was applied with a crosshead speed of

10 mm min~".
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Results and discussion

The effects of the alkaline pre-treatment on the surface and thermal stability of BC
were considered. The newly synthesized nata-de-coco contained a very low dry
content (2—4 wt%) and its most part is water. To easily store and transport it, the
water content in nata-de-coco needs to be removed using a pressing method. After
this processing, the water content in nata-de-coco was approximately 90 wt% and it
was cut into smaller pieces, as shown in Fig. 1.

The nata-de-coco was maintained in an NaOH solution to remove the remaining
bacterial cell wall and any other chemicals. The effects of the alkaline pre-treatment
on the morphology and dimensions of BC were evaluated from the SEM images of
dried BC film, as shown in Fig. 2.

Figure 2 shows that the bacterial cell wall still existed in the untreated BC film
with an individual or aggregation state, 2—4 um long, which needs to be removed
from the BC film for further analysis. At high magnification (10,000x), it can be
observed easily that the BC exists in long fibers with a diameter of a few nanometers
to several tens of nanometers and interlaced to form a web-shaped network
structure.

On the other hand, the SEM of alkali-treated BC showed no bacterial cell wall
and the surface of the fibers appeared cleaner. By comparison, the SEM image of the
untreated BC film with the pre-treated BC film at the same magnification shows that
the diameter of the alkali pre-treated BC fibers was approximately about few
nanometers to several tens nanometers and there was no difference. Based on the
results above, the vital role of the alkali pre-treatment is to remove the bacterial cell
wall and clean the fiber surface without affecting the dimensions of the BC fiber.

Regarding the thermal properties of the samples, Figs. 3 and 4 show the TGA and
DTG curves of both the untreated and alkaline pre-treated BC.

As shown in Fig. 3, the temperatures at which untreated BC reached the
maximum weight loss (~64.8 wt%) (Tax) and almost entire decay (7)) were
355.5 and 484.8 °C, respectively. In contrast, the T},.x and Ty values of the alkali
pre-treatment BC were 361.4 and 490.7 °C, respectively. The decomposition

Fig. 2 SEM images of a untreated BC, b alkali-treated BC
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temperature of the alkali pre-treated BC was slightly higher than that of the
untreated BC due to the removal of some volatile components as well as bacterial

cell wall after this processing.
The crystal structure and degree of crystallinity of both the untreated and alkali

pre-treated BC were examined by XRD, as presented in Fig. 5.

Fig. 5 XRD patterns of 1500 o
untreated and alkali-pre-treated 1000

BC ] Untreated BC
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500 - Alkali pretreated BC
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Intensity/counts

Diffraction angle (degrees)
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Both the untreated and alkali pre-treated BC showed peaks at 18.5 and 22.6° 20
with a similar height. The calculated degree of crystallinity of the untreated and
alkali pre-treated BC were 91.06 and 91.34%, respectively. These results showed
that alkali pre-treatment processing had no additional effects on both the crystalline
state and the degree of crystallinity of BC.

On the other hand, the distribution and the existent state of BC in the epoxy resin
strongly affect both the mechanical characteristics and the morphology of the bio-
based composite materials, depending on the dispersion method treatment. Three
different methods have been applied: using (MS) mechanical stirrer only, (MS + G)
both mechanical stirrer and grinder treatment, and (MS + U) by combining
mechanical stirrer and ultrasonics for the incorporation of BC in the epoxy matrix.
To enhance the compatibility and avoid the aggregation of BC in the epoxy resin,
the hydrophilic surface of BC was treated with a (3-glycidyloxypropyl) trimethoxy
silane (GS) coupling agent co-added with a suspension of BC in ethanol into the
epoxy resin. The role of GS on the dispersion of BC in epoxy resin was evaluated by
SEM. Figure 6 shows the SEM images of the uncured EP/BC film produced using a
mechanical stirrer for 300 min.

The SEM images of uncured epoxy/BC film in the presence of GS (Fig. 6b)
showed a better distribution of BC fibers in the epoxy compared to the uncured
epoxy/BC in the absence of GS (Fig. 6a). In the absence of GS, the BC fibers
aggregated as result of the lesser compatibility between BC and epoxy resin, and
high hydroxyl groups existed on the BC surface and H bond. In the next step, after
300 min with a mechanical stirrer treatment, the BC/epoxy mixtures in the presence
of GS were treated further with either a grinder or ultrasonic technique. Figure 7
shows the effects of the dispersion treatment methods on the optical transparency of
the BC/EP films.

The results show that the optical transparency of the uncured BC/EP film treated
with a mechanical stirrer for 300 min and an ultrasonic treatment for 60 min
(Fig. 7b) is higher than that of the uncured film treated with a mechanical stirrer for
300 min and grinder treatment for 720 min (Fig. 7a). These results also indicate that

(@) o - b

Fig. 6 SEM images of uncured epoxy/BC film with the absence of GS (a) and presence of GS (b)
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Fig. 7 Comparison of the optical transparency of uncured epoxy film received by combining mechanical
strirer and grinder treatment (a) and by combining mechanical stirrer and ultrasonication treatment (b)

by combining the mechanical stirrer and ultrasonication, the resulting BC/EP
mixture showed a better dispersion of BC with single nanoscale fibers.

Curing processing of epoxy/BC mixture with MHHPA catalyst

The effects of various factors, such as MHHPA/EP molar ratios, curing temperature,
NMI, and polyol contents, on the gel content and curing rate of the epoxy resin,
were examined to determine the optimal curing conditions for the bio-based
composite material fabrication.

In this experiment, the MHHPA/EP molar ratios were used in the range from
1/0.8 to 1/1.05. The bio-based composite materials were processed at 120 °C in the
presence of 1.5 wt% of NMI and polyol as accelerators. Figure 8a shows the
relationship between the gel content and curing time.

When the proceeded curing time was shorter than 7 min, the effects of the
MHHPA/EP molar ratios on the gel content were negligible. The increasing trend of
the gel content at higher molar ratios was observed when the curing time reached
more than 10 min. On the other hand, when the MHHPA/EP molar ratio reached
1.05, the gel content was similar to that with an equivalent ratio (MHHPA/EP = 1).
All samples almost reached the maximum gel content after 30 min under the curing
conditions.

The relationship between curing rate and curing time was calculated and plotted
in Fig. 8b based on the gel content and curing time.

The results showed that the curing rate increased with increasing MHHPA/EP
molar ratios. The curing rate showed no change when the MHHPA/EP molar ratio
was 1.05 compared to an equivalent ratio. All samples showed the maximum curing
rate after 5 min. The curing temperature has a strong effect on the structure and
mechanical characteristics of the epoxy resin. Generally, at high temperatures, the
epoxy resin reached the maximum gel content at a short time with very brittle
characteristics. Note that finding a suitable temperature for this process is essential.
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Fig. 8 Effect of MHHPA/EP molar ratios (a, b) and curing temperature (c, d) on gel content and curing
rate of epoxy resin

The effects of the different curing temperature on the gel content and curing rate of
epoxy resin was investigated, as shown in Fig. 8c.

All samples had an MHHPA/EP molar ratio of 0.8 in the presence of 1.5 wt% of
both NMI and polyol. The results showed that when the curing temperature
increased, the gel content reached higher values for a short time. The curing times
for the maximum gel content at 80, 90, 100, 110, 120 and 130 °C were 130, 90, 60,
40, 30 and 17 min, respectively. Figure 8d also indicates the effect of the curing
temperature on the curing rate of epoxy resin. At different curing temperatures, the
time for the maximum gel content was different and longer when the temperature
decreased.

In the curing processing of epoxy resin, the key role of NMI is as an accelerator
that is greatly affected by both the gel content and curing rate. The effects of the
NMI contents in the range 0-2 wt% at 100 °C and the MHHPA/EP molar ratio, 0.8,
on the gel content and curing rate were also investigated, as shown in Fig. 9a, b.

The data in Fig. 9a, b suggests that the curing reaction did not occur in the
absence of NMI, and the gel content was nearly zero. On the other hand, in the
presence of only 0.5 wt% NMI, the curing reaction proceeded easily, and after
60 min the gel content reached approximately 80%. In the presence of 2 wt% NMI,
the gel content reached a maximum for only 10 min. These results corroborate the
curing rate results. The curing rate of the epoxy resin in the absence of NMI was
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Fig. 9 Effect of NMI (a, b) and polyol (¢, d) contents on gel content and curing rate of epoxy resin

zero and increased with increasing NMI content. At 2 wt% NMI, the curing rate of
the epoxy resin reached the maximum value after 7 min.

Similar to NMI, polyol plays a vital role in the curing reaction of epoxy as an
accelerator. Therefore, the effect of the polyol content on the gel content and curing
rate of epoxy resin needs to be examined. Polyol was used in the range from O to 1.5
wt% with the other conditions fixed, such as temperature, NMI content and EP/
MHHPA molar ratio of 100 °C 1.5 and 0.8 wt%, respectively. Figure 9c, d shows
the relationship between both the gel content and curing rate with curing time. The
curing rate increased with increasing polyol content.

Regarding the effect of the BC contents on the curing characteristics of epoxy,
several curing parameters, such as curing temperature, MHHPA/EP molar ratio,
NMI and polyol content were fixed at 100 °C, 0.8, 1.5 and 1.5 wt%, respectively.
The results are also presented in Fig. 10.

The data showed that when the BC contents changed in the range from 0 to 0.3
wt%, the gel content of epoxy resin did not change significantly. After 40 min under
the curing conditions, the gel content of all samples reached approximately 90%.
The results also showed that the curing rate of the epoxy decreased with increasing
BC content. At 0.3 wt% BC incorporation in EP, the maximum curing rate
decreased significantly compared to the pristine epoxy due to the reduction of the
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Fig. 10 Effect of BC contents on gel content and curing rate of epoxy resin

hydroxyl groups as the active group in the epoxy resin via formation of H bonds
between the BC surface and epoxy resin.

Fracture toughness and mechanical characteristics of bio-based composites

Finding the optimal mechanical characteristics of epoxy resin as a matrix for fiber-
reinforced polymer (FRP) is necessary due to the mechanical properties of FRP
depending on not only the strength of the fiber, but also on the strength of the
matrix. Therefore, this study focused on the effects of BC on the mechanical
properties and fracture toughness of the epoxy resin. The fracture toughness
parameters (critical stress intensity factor, Kjc) of the virgin epoxy and bio-based
composite materials were calculated, as shown in Fig. 11.

The Kjc of the virgin epoxy was 0.5659 MPa m'? revealing poor impact
strength due to its inherent brittleness. This was overcome by the incorporation of

12
K. (MPam™)

Virgin EP 0.1 wt% 0.2 wt% 0.3 wt% 0.4 wt%

Fig. 11 Effect of BC loadings on Kjc value of epoxy resin

@ Springer



2620 Polym. Bull. (2018) 75:2607-2625

BC such that the fracture toughness was improved with a 0.3 wt% BC content. In
addition, the K;c was calculated to be 0.7641 MPa m'?, exhibiting the optimal Kjc
of all BC-based formulations. On the other hand, at a higher loading of BC (0.4
wt%), the K¢ value started to decrease. The enhancement of the Kjc values in the
presence of BC suggests that nanosized fiber BC prevents and changes the path of
crack growth, which requires more energy. Such experimental results also agree
with the morphological results of fracture surface of the epoxy resin.

Figure 12 shows the SEM images of the bio-composites in the presence and
absence of 0.3 wt. % BC after the K¢ tests. As shown in Fig. 12a, b, the fracture
surface of the virgin epoxy was smooth, which is typical for the fracture of brittle
materials. Figure 12c¢, d shows rough fracture surfaces with numerous tortuous and
fine river-like structures, suggesting that a large amount of energy was required to
fracture the samples.

The effects of dispersion treatment methods, such as those (1) using a mechanical
stirrer for 300 min (MS), (2) using both mechanical stirrer for 300 min and grinder
for 720 min (MS + G) and (3) by combining the mechanical stirrer for 300 and
60 min of ultrasonication (MS + U), on the Kjc values were also investigated and
the results are shown in Fig. 13.

In this test, the BC content was fixed to 0.3 wt% for all samples. All methods
resulted in great improvement of the Kjc values compared to the virgin epoxy. The
Kic values corresponding to MS, MS + G and MS + U methods were 0.774,

- sl 18mm BEEZ / HE sls Epoixu

Fig. 12 SEM images of the fracture surface of neat epoxy (a, b) and epoxy/0.3 wt% BC-based composite
(c,d)

@ Springer



Polym. Bull. (2018) 75:2607-2625 2621

0.9

0.8 -

0.7 1

0.6 -

0.5 1

0.4 1

1/2.
K (MPam™)

0.3 1

0.2 1

0.1 1

0.0 -

Virgin EP MS MS+G MS+U

Fig. 13 Effect of dispersion methods on Kjc value of 0.3 wt% of BC in epoxy resin: (MS)-mechanical
stirrer only, (MS + G)-mechanical stirrer for 300 min and grinder for 720 min, (MS + U)-mechanical
stirrer with 300 and 60 min of ultrasonication

0.8167 and 0.8044, respectively. Based on these results, MS + U was chosen as the
best method for incorporating BC into the epoxy matrix due to both the high
transparency and Kjc value compared to the other methods. On the other hand, the
dispersion of BC in the epoxy matrix received by this method depends greatly on the
ultrasonic time. The effects of the ultrasonic times on the fracture toughness were
also evaluated, as shown in Fig. 14.

The K¢ values of EP in the presence of 0.3 wt% of BC for 30 and 60 min
ultrasonication were 0.7754 MPa m'? and 0.8044 MPa m”z, which was 37 and
42.1%, respectively, higher than that of the pristine epoxy. This was attributed to the
good dispersion of all BC fibers in the epoxy resin.

0.9

0.8 4

0.7 4

0.6 4

0.5 4

0.4 4

Kjc(MPa.m!/2)

0.3 4
0.2 4

0.1 4

0.0 4

Virgin EP 30 min 60 min

Fig. 14 Effect of ultrasonication times on Kjc value of epoxy resin: Bl—neat epoxy, B2—0.3 wt% BC
for 30 min of ultrasonication and B3—0.3 wt% BC for 60 min of ultrasonication
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As discussed above, the surface of the BC fibers was treated with a silane
coupling agent to enhance the compatibility between the BC and epoxy matrix. The
most suitable silane compound for the epoxy resin should have an oxirane group in
its structure. Therefore, the GS with a mono-oxirane group was chosen for this
purpose. The curing agent can react with the oxirane group in both the GS and
epoxy resin, which helps link the BC and epoxy chain. At higher contents, however,
the silane compound will tend to aggregate on the BC surface and reduce these
effects. Therefore, finding the optimal content of silane coupling agent is necessary.
Figure 15 shows the effects of the silane contents from O to 3 wt% on the Kjc values
of EP/BC 0.3 obtained by a mechanical stirring treatment for 300 min.

In the presence of GS, the Kjc values of the EP/BC 0.3 samples increased
significantly compared to the case of the absence of GS. The prepared bio-
composite with 2 wt% GS exhibited the optimal fracture toughness,
0.7740 MPa m'?, which was 36.8% higher than the sample in the absence of GS.
On the other hand, at a higher GS content, about 3 wt%, the K;c value decreased due
to the relationship between the excessive content of GS and the structure of the
cured epoxy resin as discussed above.

The effects of the BC contents on the mechanical properties of the epoxy resin,
such as tensile and flexural properties, and impact strength were also examined. The
bio-based composite materials comprising the BC contents (0-0.4 wt%), MHHPA
and EP with an MHHPA/EP molar ratio of 0.8, NMI (1.5 wt%), polyol (1.5 wt%)
and in the absence and presence of GS (2 wt%) were fabricated. The BC was well
dispersed in the epoxy resin using both a mechanical stirrer for 300 min and
ultrasonication for 60 min. The mechanical properties were examined after all the
samples were stored at room temperature for 10 days, as listed in Table 1.

The results in Table 1 reveal the significant effects of GS on the tensile properties
of cured EP/BC 0.3. The tensile strength of EP/BC 0.3 in the presence of 2 wt% GS
was 9% higher compared to EP/BC 0.3 without GS and was 14.5% higher compared
to virgin epoxy caused by the effects of GS on the good dispersion of BC in the

0.8 1

=4
[=)}
1

12
K, (MPam™)
o
S

0.2 1

0.0 -
Virgin EP 0% GS 1% GS 2% GS 3%GS

Fig. 15 Effect of silane coupling agents: 0% GS (EP/BC 0.3, 0 wt%), 1% GS (EP/BC 0.3, 1 wt %), 2%
GS (EP/BC 0.3, 2 wt%) and 3% GS (EP/BC 0.3, 3 wt%) on fracture toughness of epoxy resin
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Table 1 Effect of BC and GS contents on the mechanical characteristics of epoxy resin

Samples Virgin 0.1 BC2 0.2BC2 03 BC2 04 BC2 03BCO
epoxy GS GS GS GS GS

Tensile strength 45.57 51.31 52.04 53.32 45.82 48.51
(MPa)

Tensile modulus 1.45 1.52 1.53 1.68 1.43 1.57
(GPa)

Flexural strength 72.58 79.04 78.52 83.05 69.03 75.32
(MPa)

Flexural modulus 2.95 3.56 3.58 4.15 2.61 3.63
(GPa)

Impact strength (kJ/ 7.52 6.23 6.78 7.29 6.32 5.05
m?)

epoxy resin. The same trend was also observed with the tensile modulus, and the
tensile modulus was also increased slightly in the presence of GS.

The increasing trend of the flexural properties in the presence of GS was also
confirmed. The flexural strength and flexural modulus of the epoxy in the presence
of 2 wt% GS and 0.3 wt% BC (EP/BC 0.3) were 9.3-12.4% higher compared to the
EP/BC 0.3 samples in the absence of GS. Both the tensile and flexural properties
showed optimal values at 0.3 wt% BC in the epoxy resin and a decreasing trend with
higher contents (0.4 wt%). The results of the impact test also indicated that the EP/
BC 0.3 sample with 2 wt% of GS had higher values than the EP/BC 0.3 sample
without GS, but the values did not change significantly when the BC contents were
in the range 0.1-0.4 wt%. It is easy to realize that the fracture toughness which was
obtained in this work was lower than the value of epoxy resin filled with nanosilica
in Dittanet et al. [20] and thermal plastic resin in Jones et al. [22]; however, it was
similar to epoxy filled and silica cured with anhydride or amine in Hsieh et al. [21].
This may be because the fracture toughness of the cured epoxy resin strongly
depends on the type of epoxy, curing agent, reinforcement materials and fabrication
methods.

Conclusions

This study examined the effects of nanosized BC fibers on the morphological and
mechanical characteristics, and investigated the fracture toughness of epoxy-based
biocomposites. The BC fabricated from an ethanol nata-de-coco suspension via an
alkali pre-treatment, followed by solvent exchange was used for bio-based
composite material preparation. The results indicated that BC enhanced the fracture
toughness and mechanical properties due to the strong covalent bonds formed
between the silane coupling agent and the fibers as well as between the silane
coupling agent, epoxy resin and curing agent. This entailed a strong interface
interaction between the fiber filler and epoxy matrix. Various factors affecting the
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gel content and curing rate were also investigated. The fracture toughness, tensile
strength and flexural strength of the composites with 0.3 wt% of BC and 2 wt% GS
obtained by combining the mechanical stirrer for 300 min and 60 min of
ultrasonication were 0.77641 MPa m'?, 53.3 MPa and 83.05 MPa, respectively.
These values represent corresponding improvements of 35.0, 14.5 and 12.6%
compared to the pristine epoxy.
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