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ARTICLE INFO ABSTRACT

Keywords: Cellulose is a biomass filler with low environmental impact; however, its application presents challenges such as
C§11}11°S§ o poor affinity between hydrophobic plastics and hydrophilic cellulose and the aggregation of cellulose. In this
Citric acid modification study, citric acid-modified cellulose (CAC) was used as an environment-friendly filler for enhancing the me-
Defibration . . . . P . oo .

Enoxy resin chanical properties of epoxy composites. CAC was prepared via the esterification of cellulose with citric acid. In
Cgmgosite addition, a defibrated CAC (F-CAC) with a fiber diameter of ~140 nm was produced using a grinder. The addition

of F-CAC doubled Young’s modulus increased it from 1.07 GPa to 2.08 GPa, and raised the glass transition
temperature by 1.8 °C. The microscopic observations of composites revealed that CAC demonstrated a greater
affinity for matrix than that of unmodified cellulose, whereas F-CAC exhibited enhanced dispersibility within the
composites. Carboxyl groups introduced during the citric acid-modification may have contributed to the inter-
action between the filler and epoxy network. The incorporation of CAC or F-CAC as fillers improved the me-
chanical and thermal properties of epoxy composites. This research expands the range of applications for CAC, an
environmentally friendly filler. It is anticipated that CAC will facilitate the development of high-strength, low-
environmental-impact epoxy.

1. Introduction

Epoxies synthesized from epoxides and curing agents are categorized
as thermosetting resins and recognized for their excellent performance
in terms of mechanical strength, toughness, and chemical and thermal
resistance [1]. These attributes are crucial for their versatile applications
in coatings, electronics, construction materials, and adhesives [2,3].
Chemically, a three-membered ring of epoxide forms a covalent bond
with a curing agent molecule via a ring opening, and the curing agent
molecule and epoxide react continuously, building a three-dimensional
network. In industry, bisphenol-A (BPA) diglycidyl ether (DGEBA),
which contains epoxides at both ends, is the most commonly used epoxy
resin (ER) [4,5]. When a specific performance characteristic such as low
viscosity or heat resistance is desired, double-ended epoxides with
different molecular structures are used alone or in combination with
DGEBA [6,7]. However, DGEBA is produced from petroleum-derived
BPA and epichlorohydrin. Their ongoing utilization and the resultant
depletion of nonrenewable resources in the mass production of epoxies
have prompted environmental concerns, with greenhouse gas emissions
contributing to climate change and global warming [8].

* Corresponding authors.

Epoxies are not biodegradable, and once they spill into the ocean, the
plastic remains crushed. Therefore, from the perspective of the sus-
tainable development goals proposed by the United Nations, a solution
to this problem is urgently required. Consequently, there is growing
interest in bio-based epoxies that leverage renewable resources to
mitigate their environmental impact [9]. These bio-based epoxies
incorporate biomass components [10] such as lignin [11] and vanillin
[12] derived from lignin, gallic acid [13], sorbitol [14,15], and iso-
sorbitol [16]. For example, lignin, which is a natural aromatic polymer,
is epoxidized using bio-based epichlorohydrin to produce epoxies.
Vanillin can be synthesized from lignin, which contains an alcohol
substituted for an aromatic ring and alcohol in the benzyl position.
Vanillin is epoxidized with epichlorohydrin to produce a completely
bio-based epoxy [17]. However, their current commercial use is limited
by their strength, which is comparable to that of conventional resins.

To address these issues, fillers have been extensively integrated into
resins to enhance their strength. Typical fillers such as glass [18] and
carbon fibers [19,20] pose challenges in terms of recovery,
post-composite processing, and disposal, exacerbating environmental
burdens. Eco-friendly alternatives have gained considerable attention as
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replacements for traditional fillers to alleviate these issues, with cellu-
lose being a promising candidate [21]. Cellulose, which is a naturally
abundant fiber, has a chain structure that comprises a six-membered
ring of glucose dehydrated and condensed by hydroxyl groups at posi-
tions C1 and C4 [22]. This intricate arrangement imparts notable
properties to cellulose, including structural strength [23], biocompati-
bility, and lightweight [24]. These characteristics promote the industrial
use of cellulose as a renewable resource. In the field of materials, there
are high expectations for using cellulose as a raw material or filler to
produce materials with higher biomass resources and lower environ-
mental impact [25]. However, despite these advantageous qualities, the
hydrophilic nature and limited affinity [26] of cellulose for resins by
three hydroxy groups per glucose unit, which is attributed to the
numerous hydroxyl groups and hydrogen bonding, hinder its dis-
persibility and application as a filler [27].

Thus far, various types of modified cellulose have been reported,
including 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) oxidized cel-
lulose nanofibers (TOCF) [28] and cellulose nanocrystals (CNC) [29]. In
TOCEF, the hydroxyl group at the C6 position of cellulose is oxidized to a
carboxyl group by the oxidants TEMPO and sodium hypochlorite [30].
The sodium salt of the carboxyl group at the C6 position inhibits
hydrogen bonding, enabling the easy preparation of nanofibers.
Although TOCF exhibits high strength as nanofibers, TEMPO is expen-
sive, and TOCF has low recovery as well as long oxidation times [31].
CNCs, on the other hand, are crystalline colloids obtained by
heat-treating cellulose with sulfuric or other acids [32]. Their addition
can improve the strength and water-barrier performance of the com-
posites; however, their intricate synthetic processes and reliance on
toxic reagents hinder their widespread industrial applications [33]. As
such, ongoing research is directed toward the development of modified
cellulose fibers with a simpler and greener production to serve as a filler
for epoxies.

Ma and Webster have previously investigated the use of water-
soluble natural acids, namely citric acid (CA), which acted as a cross-
linker in their epoxidized sucrose soybean system [34]. It was found
that with the excellent water solubility of CA, the cross-linking occurred
very rapidly along with the main ring-opening reaction during the
curing process. On top of this, the resulting thermoset could fully
degrade with aqueous sodium hydroxide solutions, making them fully
green [34]. A study by Kocaman, Ahmetli & Temiz found that adding CA
into an epoxy resin with almond shell waste filler (mixture of cellulose,
hemicellulose, and lignin) could elevate the adhesion between them and
their resultant tensile strengths [35]. In a previous study, a method for
modifying cellulose through esterification with CA was found to be
environmentally conscious, given that CA-modified cellulose (CAC) can
be synthesized easily by amalgamating cellulose and CA in an aqueous
medium, followed by a heating process [36]. The degree of substitution
of the hydroxyl groups of cellulose by esterification can be controlled by
varying the heating conditions [37]. Carboxyl groups introduced into
CAC have been reported to improve their compatibility with polylactic
acid and the bending properties of composites [38]. In addition, CAC can
be modified with magnesium stearate to improve its compatibility with
polyesters by grafting alkyl chains, which improves the tensile proper-
ties of the composites [39].

In this study, cellulose was modified with CA and defibrated to
improve the mechanical properties of epoxy composites. Defibrated CAC
(F-CAC) was composited with the epoxide 1,6-hexanediol diglycidyl
ether (HDDGE) (Fig. 1). The influence of the addition of CAC as a filler
on the mechanical and thermal properties of the composites was
investigated by comparing untreated cellulose, CAC, and F-CAC
composites.
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Cellulose

Epoxy resin
composite

F-CAC

Fig. 1. Illustration of the epoxy resin composite with F-CAC from cellulose.
2. Experimental section
2.1. Materials

Cellulose powder (Nacalai Tesque Corporation, Kyoto, Japan) and
citric acid powder (FUJIFILM Wako Pure Chemical Corporation, Osaka,
Japan) were used to prepare CAC. For neutralization titration, 0.05 mol/
L sodium hydroxide solution (Nacalai Tesque Corporation, Kyoto,
Japan) and 1 mol/L hydrochloric acid (Nacalai Tesque Corporation,
Kyoto, Japan) were used. A sodium hydroxide solution (1 and 8 mol/L;
Nacalai Tesque Co., Ltd., Kyoto, Japan) was used for neutralizing CAC
before defibration.

Epoxies (composites) were prepared using HDDGE (Nagase ChemteX
Corporation, Osaka, Japan), 4-methylcyclohexane-1,2-dicarboxylic an-
hydride (MHHPA) (Tokyo Chemical Industry Co., Ltd., Tokyo, Japan),
and tetraethylammonium bromide (TEAB) (FUJIFILM Wako Pure
Chemicals Corporation, Osaka, Japan). Deionized water (DIW) was
purified using a Milli-Q. Methanol and acetone were purchased from the
FUJIFILM Wako Pure Chemical Corporation. All reagents were used
without further purification.

2.2. Synthesis and defibration of CAC

CA (90 g) was added to 200 mL of DIW and stirred with magnetic
stirring at room temperature for 15 min. Next, 30 g of cellulose powder
was added, and the mixture was stirred at room temperature for 30 min.
Then, the dispersion was heated in an oven at 130 °C for 13 h with the
container lid open, which resulted in CAC by esterification (Table 1)
(Fig. 2). CAC was neutralized, and any unreacted components were
removed by washing with DIW. CAC-1.0 powder was obtained after
washing with 500 mL of methanol and 300 mL of acetone, followed by
vacuum drying. The same procedure was used for preparing CAC-2.1 by
heating at 140 °C for 15 h. After heating at 140 °C for 15 h by the same
procedure, 200 mL of DIW was added to the unrefined CAC to prepare a
dispersion solution, which was again heated at 140 °C for 15 h.
Following the third heating, this resulted in CAC-2.7, which was then
purified using the same procedure. Each powder was stored in an
airtight compartment at room temperature.

CAC (0.4 g) was added to 200 mL of DIW, stirred with magnetic
stirring, and the pH was adjusted to 2.5-3.0 by adding 1 mol/L hydro-
chloric acid. Then, 0.05 mol/L sodium hydroxide solution was added in
0.3 mL increments, and the pH and conductivity of CAC dispersion were
measured using a pH and conductivity meter. With the addition of the

Table 1
Conditions for CAC synthesis.

Temp. Time Heating cycle Introduced carboxyl group
[°C] [h] [times] [mmol/g]

CAC-1.0 130 13 1 1.0

CAC-2.1 140 15 1 2.1

CAC-2.7 140 15 3 2.7
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Fig. 2. Illustration of the synthesis of CAC and F-CAC from cellulose.

sodium hydroxide solution, the electrical conductivity decreased, pla-
teaued, and then increased. The number of carboxyl groups introduced
was calculated from the drop volume and concentration of the sodium
hydroxide solution, while the electrical conductivity showed a plateau.

The obtained CAC powder was placed in DIW to form a CAC
dispersion and adjusted to pH 8.5-9.0 using 1 and 8 mol/L sodium hy-
droxide solutions. The alkaline CAC was collected after three rounds of
centrifugation and washing. This alkaline CAC was then defibrated using
a Supermasscolloider (Masuko Sangyo, Saitama, Japan) with 15 passes
at 1200 rpm and squeezed to the 25th scale to obtain an F-CAC
dispersion. The powdered F-CAC was recovered after ultrasonication for
1 h, followed by lyophilization and pulverization (Lab Mill; Osaka
Chemical Co., Ltd., Osaka, Japan). F-CAC powder was stored in an
airtight compartment at room temperature.

2.3. Preparation of epoxy composites

The epoxy group (15 mmol) from HDDGE was added to the reaction
vessel, along with MHHPA (21 mmol) and TEAB (0.105 mmol). The
subsequent ratio would be 1:2.8:0.007 of epoxide to the carboxyl group
on the catalyst. From the weight of reagents added, the filler was added
at 1, 3 or 5 wt % of the total and was stirred with magnetic stirring under
vacuum for 1 h. The fillers used in this study were untreated cellulose,
defibrated cellulose (F-Cellulose), CAC, and F-CAC. The resulting solu-
tion was transferred to an aluminum mold and degassed under vacuum
for 3 h. The mold would then be heat cured in a sealed oven at 150 °C for
3 h to obtain the composites, Neat ER, Cellulose/ER, F-Cellulose/ER,
CAC/ER, and F-CAC/ER.

For composites with 10 or 15 wt % filler, the reagent and filler were
added, and the mixture was stirred for 5 min in a planetary centrifugal
mixer (Awatori Renntaro AR-100, Shinky Corporation, Tokyo, Japan).
Subsequently, the mixture was agitated under vacuum, degassed, and
heated.

2.4. Characterization

2.4.1. Fourier transform infrared spectroscopy (FI-IR)

The FT-IR (Nicolet iS5 Spectrometer, Thermo Fisher Scientific Cor-
poration, Tokyo, Japan) was used to confirm the modification by CA.
Measurements were made in the wavenumber range of 400-4000 cm .

2.4.2. Morphology

Scanning electron microscopy (SEM, SU3500, Hitachi High-Tech,
Tokyo, Japan) was used to observe morphology, operating at 5.0 kV
with 3 nm platinum sputter coating. Samples for cross-sectional obser-
vation were prepared by immersing the composites in liquid nitrogen for
10 s and then breaking them off.

2.4.3. Titration

The pH meter (LAQUA F-74; HORIBA, Ltd., Osaka, Japan) was used
for titration. The number of carboxyl groups on the cellulose surface was
quantified by electrical conductivity titration using an aqueous sodium
hydroxide solution (See Chapter 2-2 for details).

2.4.4. Mechanical property

The mechanical properties of the composites were determined using
a tabletop material-testing machine (EZ Graph; Shimadzu Corporation,
Kyoto, Japan) for tensile testing. The composites were cut into dumbbell
pieces (type 7) for testing, and the average value and standard deviation
were calculated from the results of five dumbbell pieces. A 500 N load
cell was used, the distance between the gripping fixtures was 10 mm,
and the tensile speed was 10 mm/min.

2.4.5. Thermal property

Dynamic mechanical analysis (DMA, DMA7100, Hitachi High-Tech
Corporation, Tokyo, Japan) was used for the thermal analysis. Mea-
surements were performed in tensile mode, with 20 mm between
holders. Thermal conditions ranged from —30 to 130 °C, with a tem-
perature increase rate of 3 °C/min and a sampling time of 3 s.

3. Results and discussion
3.1. Synthesis of CAC and F-CAC

Cellulose was added to the CA solution and heated at 130 °C for 13 h
to allow esterification. CAC was prepared under three different tem-
peratures and time conditions for esterification (Table 1). The initial
cellulose was a white powder. After CA-modification, the obtained CAC
was a light-yellow powder (Fig. 3a-d). According to the FT-IR results for
CAC with cellulose, a new peak appeared at 1727.9 cm™!, indicating the
C = O stretching vibration of CA, thereby confirming the introduction of
carboxyl groups into CAC (Fig. 4) [40]. Subsequently, the number of
introduced carboxyl groups was calculated from the conductivity titra-
tion against sodium hydroxide as done by Masruchin &Park (2015) [41],
to further verify the change in the introduced carboxyl groups in
different heating conditions. The higher the reaction temperature or the
longer the reaction time, the more carboxyl groups were introduced.
CAC-2.7 was prepared by heating the dispersion, in which DIW was
added back to CAC immediately after the completion of heating for a
total of three heating cycles. With an increase in the number of heating
cycles, the number of carboxyl groups introduced increased
correspondingly.

F-CAC was synthesized via the defibration of CAC. Comparison of
CAC and F-CAC was analyzed via SEM, and the images showed a
reduction in the fiber diameter from 10 pm to 140 nm followed by an
increase in the aspect ratio after defibration (Fig. 3e-f).

3.2. Dispersibility of CAC and F-CAC as a filler

Composites with untreated cellulose, F-Cellulose, CAC, and F-CAC as
fillers were prepared along with epoxy without a filler as control, and
then, they were lyophilized to analyze their morphologies (Fig. 5a-50).
The epoxy without filler (Neat ER) was clear and colorless, with a
smooth fracture surface (Fig. 5a-5c). However, on adding cellulose to
the epoxy, the composite (Cellulose/ER) turned white (Fig. 5d-5f).
From the cross-section, the filler was not dispersed uniformly but
accumulated on one side because of the possible aggregation and pre-
cipitation of the cellulose filler during the degassing process. Further,
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Fig. 3. Pictures of (a) Cellulose, (b) CAC-1.0, (c) CAC-2.1, (d) CAC-2.7. SEM images of (e) Cellulose, (f) CAC-1.0, and (g, h) F-CAC-1.0.

M —CAC-27
—CAC-2.1

CAC-1.0
—Cellulose

Abs.

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber [cm™]

Fig. 4. Fourier transform infrared spectra of fillers.

there was an apparent separation between the cellulose filler and the
matrix, which suggests the inability of the filler and matrix to adhere
and homogenize. This can be attributed to the hydrophilicity of cellulose
from its surface hydroxyl groups, which contributes to its low affinity for
the matrix.

The F-Cellulose/ER using defibrated cellulose as a filler showed a
white color caused by F-Cellulose (Fig. 5g-5i). The cross-section shows
that F-cellulose was dispersed throughout the composite. F-cellulose
suppresses precipitation and improves dispersion because the fiber
diameter of cellulose decreases owing to defibration.

However, in the CAC/ER, the composite was partly tinted a slight
yellow compared to CAC (Fig. 5j-51). Observation of the cross-section
confirmed that CAC was accumulated on one side (red square in
Fig. 5k). On the other hand, CAC adhered to the matrix better than
cellulose, verifying the improved affinity of the filler to the matrix. With
the CA-modification, the number of hydroxyl groups decreased, whereas
the number of carboxyl groups increased. Similar results were obtained
for all the CAC composites (CAC-1.0, 2.1, and 2.7).

Furthermore, with the defibrated filler in the F-CAC/ER composite,
the yellow color was well-dispersed, which was in agreement with the
cross-section that showed a uniform distribution (Fig. 5m-50). The
decrease in the fiber diameter improved the dispersibility of the filler,
consequently suppressing the precipitation of the filler and allowing the
filler to fully adhere and spread in the composite. The modification of
cellulose with CA improved the affinity of the filler, and the defibration
enhanced the dispersibility of the filler. This has been reported previ-
ously by Habibi (2014) [42] that with modification on cellulose nano-
fibers, both the surface-area ratio and its chemical surface can improve
the dispersibility as well as mechanical interlocking within the matrix.

3.3. Mechanical properties of CAC and F-CAC/Epoxy composites

The mechanical properties of the composites with cellulose, F-Cel-
lulose, CAC, and F-CAC were evaluated using uniaxial tensile tests, as
described previously (Table 2, Fig. 6). Neat ER exhibited Young’s
modulus of 1.07 GPa, maximum stress of 58.0 MPa, and elongation at
break of 12.2 %.

Cellulose/ER showed an increase in Young’s modulus and a

decrease in maximum stress and elongation at break (51.3 MPa, 7.1 %)
with the addition of rigid cellulose compared to Neat ER. The maximum
stress was lower in Cellulose/ER because of the stress concentration
caused by the nonuniform dispersion of cellulose in the composite.

With three different numbers of carboxyl groups in CAC, the com-
posite with the lowest number of carboxyl groups, CAC-1.0 (CAC-1.0/
ER), exhibited a higher Young’s modulus than Neat ER and Cellulose/
ER. Thus, it was confirmed that CAC had a better effect on improving
mechanical properties than using cellulose. However, the nonuniform
dispersion of CAC resulted in a lower maximum stress than Neat ER, and
the elongation at break was similar to that of Neat ER. Composites with
higher carboxyl group contents fillers (CAC-2.1 and CAC-2.7) showed a
lower Young’s modulus and similar maximum stress and elongation at
break compared to CAC-1.0/ER, which can be attributed to the excess
carboxyl groups in CAC impeding the formation of the epoxy network by
epoxide and acid anhydride.

F-Cellulose/ER exhibited a higher Young’s modulus, maximum
stress, and lower elongation at break than that of Cellulose/ER. The
maximum stress did not decrease and was 57.7 MPa, which was almost
the same value as that of Neat ER. As the cellulose fibers decreased in
diameter due to defibration, they were more dispersible in the matrix, as
indicated in the SEM images. By defibrating CAC-1.0 to produce F-CAC-
1.0 as the filler, the highest Young’s modulus, maximum stress, and
lowest elongation at break of F-CAC-1.0/ER were observed among other
composites with a Young’s modulus of 2.08 GPa, which was 1.9 times
higher than that of Neat ER. The improved dispersibility of F-CAC
caused by defibration resulted in an even greater improvement in me-
chanical properties than that of CAC. These results suggest that the
modification with CA and defibration of cellulose improved the per-
formances of cellulose as a filler for epoxy.

The effect of the amount of F-CAC-1.0 added (1, 3, 5, 10, or 15 wt %)
on the overall mechanical properties of the composites were also eval-
uated (Table 3, Fig. 7a). From 1 to 5 wt %, there was a gradual increase
in Young’s modulus from 1.33 GPa, 2.00 GPa to 2.08 GPa and maximum
stress with an increased filler amount. The elongation at break decreased
at 3 and 5 wt % compared to 1 wt %. However, at 10 wt % and 15 wt %
filler content, both Young’s modulus and maximum stress dropped to
1.67 GPa, 59.4 MPa (10 wt %) and 1.07 GPa, 46.2 MPa (15 wt %),
respectively. These results were less than that of the composite with 5 wt
% F-CAC-1.0 filler. The elongation at break increased at 10 and 15 wt %
compared to 5 wt %. In composites with filler contents of 10 wt % or
more, the amount of filler powder is large relative to the reaction so-
lution. Therefore, the solution mixed with filler before curing was less
uniform, and the filler aggregated in the composites (Fig. 7b-d). Filler
aggregation deteriorated the mechanical properties of composites with
>10 wt % filler. Thus, the optimum amount of F-CAC-1.0 was 5 wt %
because of its maximum mechanical properties, and this amount of filler
was used in further experiments.
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Table 2

Tensile test results of the composites.

Young’s modulus
[GPa]

Maximum stress
[MPa]

Elongation at break
[ %]

Table 4

Polymer Degradation and Stability 240 (2025) 111482

Storage modulus (E’) at 30 °C, the maximum value of tand, glass transition
temperature (Tg), and cross-linking density (n) at 90 °C of each composite.

Neat ER 1.07 £ 0.11 58.0 + 2.5 122+ 1.4
Cellulose/ER 1.21 £+ 0.05 51.3 £8.2 71+1.3
F-Cellulose/ 1.43 £ 0.09 57.7 £ 3.4 59+09
ER
CAC-1.0/ER 1.56 + 0.05 55.9 + 5.0 11.9+21
CAC-2.1/ER 1.08 + 0.07 51.7 + 7.8 7.6 +2.3
CAC-2.7/ER 1.17 £ 0.04 56.7 + 4.8 10.8 £1.9
F-CAC-1.0/ 2.08 £ 0.10 69.8 £ 7.9 4.7 +£ 0.3
ER
80
70 —Neat ER
60 L ~——Cellulose/ER
= ‘ —F-Cellulose/ER
g0 r —CAC-LO/ER
40 —CAC-2.1/ER
830 L CAC-2.7/ER
@ F-CAC-1.0/ER
20
10
0 1 1 1 1 1 1
0 2 4 6 8 10 12 14
Strain [%]
Fig. 6. Stress-strain curve of the tensile test.
Table 3

Tensile test results of F-CAC-1.0/ER with different additives.

F-CAC [wt Young’s modulus Maximum stress Elongation at break [
%] [GPa] [MPa] %]
1 1.33 + 0.07 60.6 + 4.7 8.2 + 0.4
3 2.00 £ 0.07 59.7 £ 2.7 41+0.3
5 2.08 + 0.10 69.8 +£7.9 4.7 £ 0.3
10 1.67 + 0.07 59.4 + 3.7 7.4 +0.7
15 1.07 £ 0.01 46.2 £ 0.2 11.1 £ 0.6
(a) 80
70 /
?60 i —1 wt%
E 50 - —3 wt%
40 —5 wt%
7] / 0,
830 | 10 wt%
& —15 wt%
20
10
0 1 1 1 1 1

0 2 4 6 8 10 12
Strain [%]

Fig. 7. (a)Stress—strain curves of F-CAC-1.0/ER with different additions. Pic-
tures of F-CAC-1.0/ER (b) 5 wt %, (c) 10 wt %, (d) 15 wt %.

3.4. Thermal properties of composites

The viscoelasticity of Neat ER, Cellulose/ER, F-Cellulose/ER,
CAC-1.0/ER, and F-CAC-1.0/ER at —30 °C to 130 °C was evaluated by
DMA (Table 4, Fig. 8). The values of the storage modulus E’ at 30 °C
were higher for CAC-1.0/ER and F-CAC-1.0/ER than those for Neat ER,
Cellulose/ER, and F-Cellulose/ER, which showed a correlation with

(5 wt %) E’ (30 °C) tand Ty [°C] n (90 °C)
[x 10° MPa] [x 107* mol/cm®]
Neat ER 2.45 1.89 56.0 5.7
Cellulose/ER 2.25 1.66 56.9 10.5
F-Cellulose/ER 2.44 1.17 54.9 8.7
CAC-1.0/ER 2.73 1.14 55.6 6.7
F-CAC-1.0/ER 2.60 1.35 57.8 13.5
(a)
10000
1000
— —Neat ER
& ——Cellulose/ER
2 100 f ——F-Cellulose/ER
S CAC-1.0/ER
10 —F-CAC-1.0/ER
—
1 . . .
-30 10 50 90 130
Temp. [°C]
(®) 2.0
L5 —Neat ER
——Cellulose/ER
210 | —F-Cellulose/ER
= CAC-1.0/ER
\ —F-CAC-1.0/ER
05 \
00 1 1 1 _ 1

30 40 50 60 70 80 90
Temp. [°C]

Fig. 8. Measurements of (a)
each composite.

storage modulus E’ and (b) tand for

the mechanical properties (Fig. 8a). The cross-linking density n was
calculated from the storage modulus E’ in the rubber plateau range (Eq.
(1)) [43,44]. T is the absolute temperature, and R is the gas constant.
The n of neat ER represents the density of the network formed by ep-
oxides and acid anhydrides. Due to the interaction between the filler and
the matrix, the n of each composite was higher than that of neat ER. The
n of F-CAC-1.0/ER exhibited the highest value, and it is hypothesized
that this is attributable to the extensive interaction resulting from the
superior dispersibility of the filler and the formation of bonds between
the filler and epoxide. In Cellulose/ER, the interaction between cellu-
lose fillers may be a contributing factor to the elevated n. The maximum
value of tand was smaller for each composite than that for Neat ER,
thereby confirming the increased elasticity of the composites (Fig. 8b).
Furthermore, the peak top of tand yielded the glass transition temper-
ature Ty (Table 4), which was close to that of Cellulose/ER and
CAC-1.0/ER. A higher T was obtained for F-CAC-1.0/ER compared to
that for Neat ER. It is suggested that when F-CAC with its excellent af-
finity and dispersibility was used as filler, numerous cross-linking re-
actions proceeded between the filler and the matrix. As a result, the
formation of a strong network structure was inferred, and the T, of the
composite increased. Thus, the addition of F-CAC-1.0 improved the
thermal properties of the composite.
E
n=3pT (€8]

3.5. Schematic illustration

The possible mechanism behind the improvement in the filler per-
formance is illustrated (Fig. 9), with a comparison between cellulose,
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Fig. 9. Schematic of the filler action within composites.

CAC, and F-CAC in a network of epoxy. Although cellulose filler was
aggregated within the composite, the strength of the composite
improved because of the interactions between the hydroxyl groups of
cellulose and the carboxyl oxygen in the epoxy network, which formed
hydrogen bonds. While in CAC, the affinity between the matrix and the
filler is improved compared to that of cellulose because the cellulose
surface is modified with CA. The CA moiety interacts with the network
via hydrogen bonding, and a new network can be formed between the
carboxyl groups of CAC and the epoxides to further improve the strength
of the composites. This reasoning also applies to F-CAC; however, with
defibration, the filler can disperse better throughout the composite,
promoting interaction and network formation in the composite and
resulting in a significant improvement in its mechanical properties.

4. Conclusion

In this study, F-CAC was used as a filler to improve the mechanical
and thermal properties of epoxy composites. CAC was easily prepared by
mixing and heating cellulose and citric acid for esterification, and the
number of introduced carboxyl groups could be controlled by heating
conditions. Additionally, CAC was defibrated to prepare F-CAC, which
has a smaller fiber diameter than CAC. Morphology observations of the
composites confirmed that CAC has a higher affinity for matrix than
cellulose and that F-CAC has improved dispersion in the composites. The
Young’s modulus in tensile tests of the composites with F-CAC increased
approximately double that of epoxy without filler. The Ty of the com-
posite with F-CAC, as measured by DMA, was higher than that of epoxy
without filler. The postulated mechanism for improving the mechanical
properties of CAC and F-CAC is hydrogen bonding between the carbonyl
groups of CA and the epoxy network. Furthermore, the storage modulus
by DMA indicates a high cross-linking density of the composites with
CAC or F-CAC, suggesting that a cross-linking reaction between the
carboxyl groups of CAC or F-CAC and epoxides may have progressed.
This research contributes to sustainable development by providing a
method to strengthen epoxy with a small environmental impact filler,
citric acid modified and defibrated cellulose.
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